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Visual Abstract

Significance Statement

Parkinson’s disease (PD) causes the specific degeneration of a small number of neuroanatomically and neu-
rochemically defined neuronal populations. Current hypotheses suggest that these neurons are vulnerable
because of their specific physiology and morphology. In this study, using mouse primary neurons, we dem-
onstrate that, when compared with neuronal populations that are suspected to be resilient in PD, neuronal
populations that are more vulnerable in PD are more sensitive to cell stress induced by hydrogen peroxide,
and that the overt length and complexity of their axonal arborizations is larger. Furthermore, vulnerable neu-
rons show a strikingly elevated proportion of axonal varicosities that are positive for synaptotagmin 1 (Syt-1),
suggesting that they contain more active axon terminals.
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Several populations of neurons are purported to degenerate in Parkinson’s disease (PD). One current hypothe-
sis suggests that vulnerable neurons in PD share common characteristics including projecting to voluminous terri-
tories and having extremely long and branched axonal domains with large numbers of neurotransmitter release
sites. In this study, we used a mouse in vitro culture system to compare the axonal domain of neuronal popula-
tions suspected to be vulnerable in PD to that of neuronal populations considered at a lesser risk. In the first cate-
gory, we included dopamine (DA) neurons of the substantia nigra, noradrenergic neurons of the locus coeruleus
(LC), serotonin neurons of the raphe nuclei (R), and cholinergic neurons of the dorsal motor nucleus of the vagus
(DMV). In the second category, we included DA neurons of the ventral tegmental area, cholinergic neurons of the
hypoglossal nucleus, and cholinergic interneurons of the dorsal striatum. Validating their differential vulnerability,
we find that, when compared with neurons presumed to be resilient in PD, a larger proportion of neurons pre-
sumed to be vulnerable in PD degenerate in response to cell stress induced by hydrogen peroxide. We also find
that they are endowed with larger axonal domains, that are more complex, have more axonal varicosities with a
higher proportion of varicosities that are positive for synaptotagmin 1 (Syt-1). Notwithstanding the obvious limita-
tions related to the dissection of small brain nuclei and to the growth of these neurons in vitro, these findings sup-
port the hypothesis that axonal domain structure is a key characteristic of neuronal vulnerability to oxidative stress.
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Introduction
There are no disease modifying treatments available for

people living with Parkinson’s disease (PD). This is clearly
related to our limited understanding of why varying PD-re-
lated risk factors converge in causing selective dysfunc-
tion and degeneration of several neurochemically and
anatomically restricted neuronal populations. A better
understanding of the origin of selective neuronal vulner-
ability in PD is therefore critical.
Canonically, PD pathology is described by the presence

of Lewy bodies in the brain (for historical review, see
Goedert et al., 2013) and by the loss of neuromelanin-
containing dopamine (DA) neurons in the substantia nigra
pars compacta (SNc). However, the relationship between
Lewy pathology and cell loss in PD is unclear and has not
unequivocally revealed why certain neurons degenerate,
while others do not (Surmeier et al., 2017a; Espay and
Lang, 2018). Importantly, the pathology and degeneration
in PD is not limited to DA neurons of the SNc, but rather
appears to occur in several nuclei, including the locus co-
eruleus (LC; Huynh et al., 2021) and pedunculopontine
nucleus (Hirsch et al., 1987; Tubert et al., 2019). However,
more systematic stereological quantifications are clearly
required to confirm the nuclei showing frank cell loss and
not only Lewy pathology, as well as the sequence of this

cell loss (Giguère et al., 2018). A better understanding of
what determines the vulnerability of neurons that are af-
fected in PD is essential for progress (Surmeier et al.,
2017b).
An increasing amount of work supports the hypothesis

that the neurons that are most vulnerable in PD share dis-
tinguishing morphologic and physiological characteristics,
cell-autonomous factors, that render them selectively vul-
nerable. Among these, two have been increasingly gaining
experimental support. The first is autonomous pacemaking,
with broad spikes, and high intracellular calcium oscillations
(Surmeier et al., 2017b). The second is being endowed with
a very long, and highly branched axonal domain, with or-
ders of magnitude more neurotransmitter-release sites
than most other neuron types (Parent and Parent, 2006;
Pissadaki and Bolam, 2013; Pacelli et al., 2015; Wong et
al., 2019). It is thought that these features converge in
leading to elevated bioenergetic demands and an associ-
ated high level of chronic oxidative stress (Pissadaki and
Bolam, 2013), making the neurons less resilient to mito-
chondrial dysfunction, proteostatic burden (Lehtonen et
al., 2019), or dysfunction in essential cellular systems such
as the endolysosomal system (Vidyadhara et al., 2019).
However, two important foundations underlying this

working hypothesis require additional investigation. One,
is the purported identity of PD-vulnerable neurons, which
is still unclear because comparative stereological count-
ing of multiple nuclei in postmortem brains from PD sub-
jects has not been achieved (Giguère et al., 2018; Lunt et
al., 2021). And two, work comparing cell-autonomous fac-
tors in PD-vulnerable neuronal populations has been
mainly limited to a comparison of SNc and VTA neurons
(albeit some exceptions; Goldberg et al., 2012; Sanchez–
Padilla et al., 2014).
Previous work has shown that cell-autonomous differ-

ential vulnerability of SNc and VTA DA neurons is main-
tained in vitro, including a striking correlation between
bioenergetic demands, vulnerability to PD-relevant cell
stress, and axonal arbor size (Pacelli et al., 2015). In the
present study, we use a similar in vitro system to examine
the characteristics and vulnerability of several PD-relevant
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neuronal populations, with the objective to evaluate the
hypothesis that the outright size, complexity, and exten-
sive number of neurotransmitter release sites is linked to
vulnerability. We compared neurons from regions sus-
pected to be vulnerable in PD [DA neurons of the SNc,
noradrenergic neurons of the locus coeruleus (LC), sero-
tonin neurons of the raphe nuclei (R), and cholinergic neu-
rons of the dorsal motor nucleus of the vagus (DMV)], to
neurons from regions classically hypothesized as more
resilient in PD (DA neurons of the VTA, although their vul-
nerability in PD is controversial; Alberico et al., 2015), cho-
linergic neurons of the hypoglossal nucleus (XII) and
cholinergic interneurons of the dorsal striatum (STR).
We find that globally, neurons previously suspected to be

vulnerable in PD are less resilient to cell stress induced by hy-
drogen peroxide, except for cholinergic neurons of the DMV.
In keeping with the hypothesis of a link between axonal do-
main complexity and vulnerability, we also find that these vul-
nerable neurons, on average, have longer and more complex
axonal domains, with a much higher proportion of varicosities
containing the Ca21 sensor synaptotagmin 1 (Syt-1) and that
are thus likely active. Together, these findings support the no-
tion of a link between axonal complexity and basal vulnerabil-
ity of neurons in the context of oxidative stress.

Materials and Methods
Animals
Procedures with animals and their care were conducted in

accordance with the Guide to care and use of Experimental
Animals of the Canadian Council on Animal Care (Canadian
Council on Animal Care, 1993). Experimental protocols were
approved by the animal ethics committees of the Université
de Montréal. Housing was at a constant temperature of 21°C
and humidity of 60%, under a fixed 12/12 h light/dark cycle,
with food water available ad libitum.

Transgenic animals used
All mice were maintained as heterozygotes.

Tyrosine hydroxylase (TH)-green fluorescent protein
(GFP)
The TH-GFP transgenic mouse line TH-EGFP/21–31,

which carries the enhanced GFP gene under control of
the TH promoter (Matsushita et al., 2002), was maintained
on a C57BL/6J background.

DAT-Ai9
Dat-Ires-Cre animals (catalog #006660, The Jackson

Laboratory; Bäckman et al., 2006) were crossed with Ai9/
tdTomato mice (catalog #007905, The Jackson Laboratory;
Madisen et al., 2010), allowing conditional expression of the
red fluorescent protein tdTomato in DA neurons. Both of
these lines are on a C57BL/6J background.

ChAT-Ai9
ChAT-IRES-Cre (catalog #006410, The Jackson Labora-

tory; Rossi et al., 2011) were crossed with Ai9/tdTomato
mice (catalog #007905, The Jackson Laboratory; Madisen

et al., 2010) allowing conditional expression of the red fluo-
rescent protein tdTomato in cholinergic neurons. The ChAT-
IRES-Cre mice are on a C57BL/6;129S6 background.

SERT-Ai9
Slc6a4-Cre (MMRRC stock #031028-UCD; Gong et al.,

2007) were crossed with Ai9 (catalog #007905, The
Jackson Laboratory; Madisen et al., 2010) mice, allowing
conditional expression of the red fluorescent protein
tdTomato in serotonin neurons. The SERT-Cre mice were
on a C57BL/6J background.

Primary cell culture
Primary neuron cultures were prepared from dissec-

tions of male and female P0 mice as described previously
(Fasano et al., 2008) with slight modification: the manual
dissection of brain nuclei containing target neurons inevi-
tably results in uncontrollable differences in the ratio of
target cells of interest to other cell types. All culture condi-
tions were identical prior to neuronal seeding, where the
only difference was the target region being plated (Fig.
1A). Figure 1B shows the anatomic location of target
structures used in this work. The fluorescence of target
structures was used to enable accurate dissection of tar-
get nuclei. For all experiments, cells were cultured for
10d, before either fixation, or live cell imaging. All experi-
ments were performed on at least three (three to six) inde-
pendent cultures. For analysis of varicosities, cultures
were prepared as previously described, and seeded onto
15-mm cell adhesion-treated glass coverslips (65ml of
100,000 cells/ml; Fasano et al., 2008).

96-Well plates
For cell stress assays and neurite tracing, primary cultures

were prepared as described above, but seeded into 96-well
plates (m-Plate 96 Well Black, ibiTreat: #1.5 polymer cover-
slip, tissue culture treated, sterilized; catalog #89626). Since
dissections of tissue surrounding targeted neurochemically
and anatomically defined nuclei can vary, we pooled cells
from three to five postnatal day 0–2 pups, per multiwell
plate. This enables a reduction in, for example, total DA SNc
neurons variability, culture-to-culture, even where total num-
ber of cells (neurons and glia) seeded varied. This resulted in
;5000 to 10000 cells, in total, being seeded per well. For
cell stress assays, hydrogen peroxide [30% (W/W) solution,
Sigma H-4381] was added at 0, 100, 150, and 200 mM, at
10d in vitro (DIV), and cells were fixed at 11 DIV.

Live cell imaging
For live cell imaging, cultures were prepared as above,

but seeded (200ml of 100000 cells/ml) into 35-mm imaging
compatible glass-bottomed Petri dishes [m-Dish 35 mm,
high ibiTreat: 35 mm, high wall (2-ml volume), #1.5 polymer
coverslip, tissue culture treated, sterilized, catalog #81156].

Immunocytochemistry
Cultures were fixed with 4% paraformaldehyde (PFA; in

PBS, pH 7.4) at 10 DIV, permeabilized with 0.1% Triton X-
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100 during 20 min, and nonspecific binding sites were
blocked with 10% bovine serum albumin for 10min.
Primary antibodies were incubated overnight at room
temperature: anti-TH (1:2000, AB152, Cedarlane), anti-
MAP2 (1:2000, MAB3418, Millipore Sigma), anti-RFP
(1:1000, 600-401-379, Cedarlane), anti-Syt-1 (1:200,

105102, Synaptic Systems). These were subsequently
detected using Alexa Fluor-488-conjugated, Alexa
Fluor-546-conjugated, Alexa Fluor-568-conjugated, or
Alexa Fluor-647-conjugated secondary antibodies (in-
cubated at room temperature at 1:1000 for 1 h,
Invitrogen).

Figure 1. Overview of experimental paradigm, image processing pipeline and neuroanatomical regions and identify of target structures
used for primary cultures. A, The brain of postnatal day 0–2 mouse pups were dissected, and target structures isolated before cell disso-
ciation and culture in 96-well plates for 10 DIV. B, Overview of the eight target structures and subsequent dissection strategy in four
transgenic mouse lines (TH-GFP, DAT-Ai9, ChAT-Ai9, and SERT-Ai9). Additional images are from the Allen Developing Mouse Brain
Atlas (Lein et al., 2007; Allen Brain Atlas, 2008). TH, tyrosine hydroxylase; MAP2, microtubule associated protein 2; DAPI: 49,6-diamidino-
2-phenylindole; LC, locus ceoruleus; DMV, dorsal motor nucleus of the vagus; XII, hypoglossal nucleus; SNc, substantia nigra pars com-
pacta; VTA, ventral tegmental area; SERT, serotonin transporter; DAT, dopamine transporter; ChAT, choline acetyl-transferase.
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Mitochondrial targeting of the reactive oxygen
species (ROS) sensor, roGFP
For all primary neuron cultures in a cre background, we

expressed a MTS (mitochondrially targeted sequence)
form of roGFP by adding 1ml of AAV9-CMV-DIO-MTS-
roGFP-WPRE-bGHpA (;2–3� 1013 vector genome ml�1

titers) to cultures at 1 DIV. For cultures targeting MTS-
roGFP to LC neurons, in C57 primary neurons, 1ml AAV9-
TH-MTSroGFP (;2–3� 1013 vector genome ml�1 titers)
was used. These tools (Sanchez–Padilla et al., 2014)
were kind gifts from the laboratory of D. James Surmeier
(Department of Physiology, Feinberg School of Medicine,
Northwestern University, Chicago, IL).

Imaging and data analysis
Image acquisition
Confocal imaging was conducted on an Olympus

Fluoview FV1000 point-scanning confocal microscope
(Olympus). Images were scanned sequentially to prevent
nonspecific bleed-through signal using 488-, 546-, and
647-nm laser excitation and a 60� (NA 1:42) oil immersion
objective. All other imaging was acquired on a Nikon
Eclipse Ti2-E inverted microscope, using either a CFI Plan
Apo l 20� objective (for cell counting and neurite tracing),
or a CFI Plan Apo l 60� oil immersion objective (for live
cell imaging).

Image processing and analysis, data analysis, and
statistics
Exploratory image visualization and analysis was done

using Napari (Sofroniew et al., 2021). Subsequently, unmodi-
fied images were all processed using ImageJ (Schneider et
al., 2012) and custom analysis scripts written in ImageJ
Macro language (https://github.com/samuelorion/burke-
trudeau-2022).

Raw data availability
Because of the considerable volume of imaging data

(.5 TBs) generated in the present study, sharing of the
primary data on an open data-storage solutions was
not possible. However, these data are available on re-
quest. Derived data are available at https://github.
com/samuelorion/burke-trudeau-2022.

Image analysis
Counts and neurite tracing
To conduct unbiased and high-throughput quantifica-

tions of neuron numbers, we developed our own methods
to count projecting neurons. These analysis scripts can
be found in the associated GitHub repository. Briefly, im-
ages were processed for segmentation to identity cell
bodies. Segmentations were then compared with raw
images and validated for accuracy, where we achieved
;90% accuracy across neuron types. A slightly modified
version (https://github.com/samuelorion/burke-trudeau-
2022) of the above system was adapted to achieve
similar performance for tracing and quantification of
neurites.

ROS quantification
Imaging experiments were performed at room tem-

perature (20–22°C) because previous studies showed
that probe oxidation was nearly complete at physiological
temperatures (Sanchez–Padilla et al., 2014). Regions of inter-
est (ROIs) were generated using an automatic segmentation
approach (https://github.com/samuelorion/burke-trudeau-
2022), where GFP-positive puncta were segmented and
used to measure fluorescence intensity. Recordings where
a drifting baseline of .10% was detected, because of
photobleaching or photo-oxidation of roGFP, were not
included. The maximum and minimum fluorescence of
mito-roGFP was determined according to a previously
described procedure (Guzman et al., 2010), by applica-
tion of 2 mM dithiothreitol (DTT; to reduce the mitochon-
dria fully), and then 100 mM aldrithiol (ALD; to oxidize the
mitochondria fully). ROIs that did not responds to DTT
and ALD were not included. The relative oxidation level
was then calculated as 1� [(F�FALD)/(FDTT� FALD)],
where F represents fluorescence intensity at baseline,
FDTT, F in the presence of DTT, and FALD, F in the pres-
ence of ALD. Image alignment was done using the ImageJ
plugin StackReg (Thévenaz et al., 1998). For quantifications
of intermitochondrial distances, the distance between
roGFP positive puncta was manually measured using
Napari. Mitochondria in the somatodendritic (STD) com-
partment were not quantified because of the very high den-
sity of mitochondria, making this quantification unfeasible.

Varicosities
Confocal images were processed (https://github.com/

samuelorion/burke-trudeau-2022) and varicosities were
segmented. Varicosities were defined as enlargements
along thin neurites with a measured width between 0.2
and 1mm, and a length of 0.3–0.5mm. Segmentations
were then mapped onto images of Syt-1 immunofluores-
cence signal and fluorescence intensity was quantified.
To determine the status of Syt-1 positivity (Figs. 7A, 8B),
we estimated the intensity of Syt-1 signal in segmenta-
tions that were excluded and used this value as a cut off
for Syt-1-positive status.

Statistics
Given previous work in our group quantifying neuron

numbers on coverslips, we conducted an a priori power
analysis to detect an effect size of 25%, with a power of
80%, and an a=0.05, concluding our requirement for n to
be 22 for survival assays. We therefore aimed for this.
However, for some wells, images were excluded because
of contamination. For all other experiments, we aimed to
have an n of at least 12. For statistical analyses and data
visualization we used R (R Core Team, 2017), and the
subsequent packages for all statistical analyses, and data
visualization (RStudio Team, 2020; Ho and Tumkaya,
2020; Müller, 2020; Ogle et al., 2021; Pedersen, 2021;
Slowikowski, 2021; Wickham, 2021; Wilke, 2021]. For
each statistical analysis, we evaluated whether the data
were parametric or nonparametric, and subsequently
conducted appropriate analyses, including appropriate
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post hoc multiple comparisons: described in the available
supplementary .Rmd file (https://github.com/samuelorion/
burke-trudeau-2022). In figures, we include an asterisk to
indicate that, for an a= 0.05, there is a significant differ-
ence compared with the value for the SNc (our reference
neuronal population). All other post hoc comparisons
can be found in the extended data tables. All figures in-
clude box and whiskers plots, in the style of Tukey,
where we indicate the median value, and the lower and
upper hinges correspond to the first and third quartiles
(the 25th and 75th percentiles), and the whiskers extend
to the largest and smallest value (no further than 1.5
times the interquartile range). Furthermore, where appro-
priate, we include individual data points. Following null
hypothesis testing, we also performed estimation based
on confidence intervals using the R package dabestr (Ho
et al., 2019). For all experiments, we conducted shared
control Cumming plots, compared with the SNc. These
Cumming plots have been placed below plots, below
null hypothesis testing. Furthermore, analyses were con-
ducted comparing neurons considered vulnerable in PD
to neurons considered more resilient in PD, where
Gardner–Altman two-group estimation plots are plotted
next to main box and whisker plots.

Results
We used a mouse primary culture system in which neu-

rons from multiple brain PD-relevant regions were grown
on supporting astrocytes (Fig. 1B). These were subse-
quently neurochemically defined, identifying them ei-
ther by immunocytochemistry for their neurochemical
identity, or the presence of the fluorescent reporter
protein TdTomato, expressed in a cre-dependent
manner. For this study, we chose four nuclei that are
considered vulnerable in PD, including DA neurons of
the SNc, noradrenergic neurons of the LC, serotonin
neurons of the raphe nuclei, and cholinergic (ChAT1)
neurons of the dorsal motor nucleus of the vagus
(DMV). We compared these to neuronal populations
considered more resilient in PD, including DA neurons
of the VTA, cholinergic neurons of the hypoglossal nu-
cleus (XII), and cholinergic interneurons of the dorsal
striatum (STR).

Neuronal populations considered vulnerable in PD are
less resilient to cell stress induced by hydrogen
peroxide
Previous work has shown that in line with in vivo ob-

servations, DA neurons of the SNc in vitro are more vul-
nerable than DA neurons of the VTA to cell stress
induced by several PD-relevant stressors (Pacelli et al.,
2015; Lieberman et al., 2017). Here, we extended such
a comparative analysis of neuronal vulnerability in a
much larger set of neuronal populations with distinct
neurochemical identities. Considering the well-estab-
lished contribution of oxidative stress to PD pathophys-
iology, we compared the survival of neurons exposed to
three concentrations of hydrogen peroxide (100, 150
and 200 mM), a cell stressor that is expected to act on all
types of neurons (Fig. 2). A quantification of

neurochemically-defined neurons in these cultures re-
vealed that, considered as a group, neurons from “vulner-
able” nuclei (SNc, LC, R, DMV) were more sensitive to
hydrogen peroxide compared with neurons from “resilient”
nuclei (VTA, XII, STR; Fig. 2B; Extended Data Table 2-1).
A closer examination of the relative vulnerability of each

neuronal population across the increasing doses of hy-
drogen peroxide (Fig. 3) revealed significant effects of hy-
drogen peroxide at doses of 100, 150, and 200 mM

(Extended Data Table 3-1). Notably, at 150 mM hydrogen
peroxide, cholinergic neurons of the DMV, hypoglossal
nucleus and striatum showed less neuronal loss com-
pared with SNc DA neurons, ChAT1 neurons of the DMV
[unpaired mean difference of DMV (n=16) minus SNc
(n=20) 0.197 [95CI 0.0662; 0.34]], ChAT1 neurons of the
XII [unpaired mean difference of XII (n=23) minus SNc
(n=20) 0.152 [95CI�0.0443; 0.388]], and ChAT1 neurons
of the STR [unpaired mean difference of STR (n=12)
minus SNc (n=20) 0.581 [95CI 0.35; 0.831]]. In compari-
son, LC and Raphe neurons showed cell loss comparable
to SNc DA neurons. VTA DA neurons also showed a
tendency for reduced cell loss compared with SNc DA
neurons, although this did not reach significance (Fig. 3).
This differential vulnerability to hydrogen peroxide per-
sisted at 200 mM, with VTA DA neurons and all cholinergic
groups showing reduced vulnerability (Fig. 3). Except for
the DMV, hypothesized to be vulnerable in PD, our find-
ings are in keeping with the hypothesis that in addition to
DA neurons of the SNc, noradrenergic LC neurons and
serotonergic Raphe neurons show elevated intrinsic
vulnerability.

No overt difference in mitochondrial ROS production
is observed between neurons
The origin of the elevated vulnerability of SNc and other

vulnerable neurons in PD has been previously hypothe-
sized to result at least in part from their particularly ele-
vated bioenergetic demands, leading to higher rates of
mitochondrial oxidative phosphorylation and chronically
elevated levels of oxidative stress (Bolam and Pissadaki,
2012; Pacelli et al., 2015). We therefore examined basal
mitochondrially-derived ROS production using the ROS
sensitive GFP probe, mito-roGFP. The construct was ex-
pressed in neurons using a Cre recombinase-dependent
AAV vector or a TH promotor (for LC neurons; Fig. 4A).
The selective expression of mito-roGFP was validated by
confirming that expression was limited to tdTomato-ex-
pressing neurons or to neurons positive for TH (for LC
neurons, see Extended Data Fig. 4-1A). Experiments were
conducted by live time-lapse imaging of baseline mito-
roGFP fluorescence, followed by a determination of the
dynamic range of the reporter by measuring the fluores-
cence increase induced by the reducing agent DTT and
the fluorescence decrease induced by the oxidant mole-
cule aldrithiol (ALD; Fig. 4B). The signal was quantified
both in the neurons’ STD domain and in the neurons’ axo-
nal fields (Fig. 4A). Among the neurons examined, a broad
range of basal oxidant levels were identified, with some
mitochondria within neurons showing low basl oxidation
and others showing high basal oxidation (Fig. 4C). These
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experiments revealed that, contrary to expectation, only
ChAT1 DMV neurons had significantly reduced rela-
tive oxidation, when compared with the DA SNc neu-
rons (Fig. 4C; Extended Data Table 4-1). Furthermore,

intermitochondrial distances within the axonal do-
main were comparable across neuron types, with a
mean of ;13mm (SD of 5.4; Fig. 4D; Extended Data
Table 4-2).

Figure 2. Vulnerable neurons are more vulnerable to hydrogen peroxide than resilient neurons. Neurons were treated with hydrogen
peroxide at 10 DIV, and fixed at 11 DIV. A, Example photomicrographs of all positive-identified neuron types across the vulnerable,
and resilient target structures. B, Normalized number of positive neurons across hydrogen peroxide concentrations. Box and
whiskers plots, in the style of Tukey, where the median value is indicated, and the lower and upper hinges correspond to the first
and third quartiles. * = one-way ANOVA, Tukey’s HSD test, p, 0.05; * = pairwise t test, vulnerable versus resilient, p, 0.05.
Detailed statistical tests and multiple comparisons can be found in Extended Data Table 2-1. TH, tyrosine hydroxylase; MAP2, mi-
crotubule associated protein 2; LC, locus ceoruleus; DMV, dorsal motor nucleus of the vagus; XII, hypoglossal nucleus; SNc, sub-
stantia nigra pars compacta; VTA, ventral tegmental area; R, raphé; STR, striatum.
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Neuronal populations considered vulnerable in PD
have large axonal domains, which are more complex
than neurons considered as more resilient
Previous work has shown that murine DA SNc neurons

have larger and more complex axonal arbors compared
with VTA DA neurons, both in vitro (Pacelli et al., 2015)
and in vivo (Giguère et al., 2019). This observation is in
line with the hypothesis that the total length and complex-
ity of the axonal domain is a cell-autonomous feature that
contributes to rendering these cells most vulnerable be-
cause of its associated bioenergetic burden. Here, given
our working hypothesis, we examined the morphology of

the axonal domain of each neuronal population. Given the
number of neuron subtypes evaluated in this study, we
developed simple and robust methods to quantify the
axonal domain of these projecting neurons, all quantifica-
tions normalized to the number of neurons within each
well (Figs. 5A,B, 6A). Given that the majority of neurites
detected in these neurons were MAP-2 negative, and
thus not dendrites, we considered the neurons’ somato-
dendritic domain as being negligible in size compared
with the axonal domain (Fig. 5A) and therefore quantified
neurite length as a proxy for axonal length. We find that
there is a significant difference in mean total neurite length

Figure 3. Differential vulnerability between neurons to hydrogen peroxide. A–D, Normalized number of positive-neurons, for each
concentration of hydrogen peroxide, and neuronal population. Box and whiskers plots, in the style of Tukey, where the median
value is indicated, and the lower and upper hinges correspond to the first and third quartiles, Kruskal–Wallis multiple comparison,
p-values adjusted with the Bonferroni method, *p, 0.05. Shared control estimation plot: mean difference for comparisons against
the shared control, SNc, using Data Analysis with Bootstrap Estimation, with 5000 bootstrap resamples. All confidence intervals are
bias-corrected and accelerated. Detailed statistical tests and multiple comparisons can be found in Extended Data Table 3-1. LC,
locus ceoruleus; DMV, dorsal motor nucleus of the vagus; XII, hypoglossal nucleus; SNc, substantia nigra pars compacta; VTA, ven-
tral tegmental area; R, raphé; STR, striatum.
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Figure 4. No overt difference in ROS production is observed between neurons. A, The redox sensitive GFP, roGFP, was expressed
in a cre-dependent manner in target neurons. Photomicrographs of roGFP in a TdTomato-positive SNc DA neuron, in the somato-
dendritic (STD) compartment and in the axonal compartment. B, Example traces of GFP fluorescence arbitrary units (AU) in respon-
sive ROIs, in an SNc DA neuron. Two traces are shown: for a GFP-positive puncta showing low relative oxidation status, and for a
GFP-positive puncta showing high relative oxidation status. C, Quantification of the relative oxidative state of mitochondria across
neuron types. Box and whiskers plots, in the style of Tukey, where the median value is indicated, and the lower and upper hinges
correspond to the first and third quartiles, Kruskal–Wallis multiple comparison, p-values adjusted with the Bonferroni method,
*p,0.05. Shared control estimation plot: mean difference for comparisons against the shared control, SNc, using Data Analysis
with Bootstrap Estimation, with 5000 bootstrap resamples. All confidence intervals are bias-corrected and accelerated. D,
Quantification of intermitochondrial distance in the axonal domain (measured from the center of each GFP positive puncta). Box
and whiskers plots, in the style of Tukey, where the median value is indicated, and the lower and upper hinges correspond to the
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when comparing vulnerable to resilient neurons (Fig. 6B;
Extended Data Table 6-1). Surprisingly, only VTA DA neu-
rons were significantly different compared with SNc DA
neurons in terms of mean neurite length per neuron [un-
paired mean difference of VTA (n=22) minus SNc (n=21)
�9450 [95CI �16,900; �5080]]. However, using data anal-
ysis with bootstrap estimation suggests that both hypo-
glossal and striatal cholinergic neurons also have, on
average, shorter axonal arborizations [unpaired mean dif-
ference of XII (n=19) minus SNc (n=21) �6940 [95CI
�15,300;�1850], unpaired mean difference of STR (n=14)
minus SNc (n=21) �5660 [95CI �13,700; �190]]. We also
estimated axonal arbor complexity by measuring the total
number of segmentations and average length of segmen-
tations (Fig. 6C,D). Vulnerable neurons had far more seg-
mentations per neuron compared with resilient neurons.
We find that, compared with SNc DA neurons, VTA DA
neurons and hypoglossal neurons have substantially fewer
segmentations per neuron (Fig. 6C; Extended Data Table
6-1). We finally estimated the average axon branch length,
and no overt difference were observed between vulnerable
and resilient neurons. However, VTA DA neurons, LC nor-
adrenergic neurons, DMV cholinergic neurons and hypo-
glossal cholinergic neurons had longer segmented neurite
length compared with SNc DA neurons [Fig. 6D; Extended
Data Table 6-1; unpaired mean difference of VTA (n=22)
minus SNc (n=21) 64.6 [95CI 31.4; 99.1], unpaired mean
difference of DMV (n=30) minus SNc (n=21) 77.3 [95CI
50.9; 104]]. Together, these results suggest that
although inconsistencies were observed, globally, mean
total neurite length is smaller in neuronal populations sus-
pected to be more resilient in PD and the total number of
neurites is also smaller in these neurons.

Neuronal populations considered vulnerable in PD
have a higher proportion of varicosities that are
positive for Syt-1
Neurotransmitter release sites are known to represent

sites of high energy consumption in neurons (Pulido and
Ryan, 2021). As such, we hypothesize that their density
could represent a defining characteristic of vulnerable
neurons in PD. We therefore estimated the density of po-
tential neurotransmitter release sites (varicosities) along
the axonal domains of these projecting neurons (Fig. 7A,
B). Following 10 DIV, we segmented probable varicosities,
identified them based on morphology and dimensions,
and evaluated the presence of Syt-1, a calcium sensor of
exocytosis that is critical for neurotransmitter release in
DA neurons (Mendez et al., 2011; Banerjee et al., 2020;
Delignat-Lavaud et al., 2021), as an index of release-com-
petent terminals. Strikingly, we find that vulnerable

neurons have a significantly higher proportion of varicos-
ities that are positive for Syt-1 (Fig. 8A,B; Extended Data
Table 8-1), suggesting that these neurons have a higher pro-
portion of active neurotransmitter release sites. Further ex-
amination of axonal varicosity density, calculated as
intervaricosity distance and density per unit length of axon,
revealed that there were no major differences between vul-
nerable and resilient neurons, with an intervaricose distance
in the range ;2–4 mm (Fig. 8C). Raphe serotonin and hypo-
glossal cholinergic neurons nonetheless had slightly higher
intervaricose distances, while DMV and hypoglossal cholin-
ergic neurons had a higher density of varicosities per unit
length [Fig. 8C,D; unpaired mean difference of DMV (n=12)
minus SNc (n=12) 45.6 [95CI 34.2; 72.2]] and XII neurons
[unpaired mean difference of XII (n=12) minus SNc (n=12)
33.2 [95CI 24.8; 47.4]]. Together, these results provide sup-
port for the hypothesis that a distinguishing feature of vul-
nerable neurons is having an axonal arbor endowed with a
high proportion of active neurotransmitter release sites, pre-
sumably linked with higher bioenergetic requirements, plac-
ing a larger load on the neuron’s mitochondrial network, that
is equally dense across neuron types (Fig. 4D).

Discussion
To our knowledge, this is the first study to compare the

intrinsic vulnerability and morphologic characteristics of
several neuronal populations suspected to be vulnerable
in PD, to others considered as more resilient in this disor-
der. The results of this study show that neuronal popula-
tions considered vulnerable in PD, except for cholinergic
DMV neurons, are more vulnerable to oxidative stress in-
duced by hydrogen peroxide: a cellular stress model that
is relevant in the context of the large body of work linking
oxidative stress to cell loss in PD (Jenner, 2003; Monzani et
al., 2019; Tokarew et al., 2021). We also find that vulnerable
neurons are endowed with a broad axonal arbor that bears
a higher proportion of Syt-1-positive axonal varicosities.
Broadly, our work supports a model proposing that a large
and highly arborized axonal domain, coupled with a dense
network of active neurotransmitter release sites render pro-
jection neuromodulatory neurons vulnerable because of
such characteristics being linked to a high mitochondrial-
dependent bioenergetic burden and associated elevated
sensitivity to extrahomeostatic conditions.

Limitations
Some limitations of the present study need to be con-

sidered. We compared the growth of neurons obtained
from different transgenic lines and expressing different
fluorescent reporter proteins (GFP or TdTomato), which
could possibly have influenced the vulnerability of the

continued
first and third quartiles, Kruskal–Wallis p. 0.05. Density plots show distribution of individual measurements. Detailed statistical
tests and multiple comparisons can be found in Extended Data Tables 4-1 and 4-2. Extended Data Figure 4-1 also provides micro-
graphs showing the expression of MTSroGFP in locus coeruleus neurons and comparative data on the relative oxidation in the so-
matodendritic and axon domain of the different neuron types, as well as the normalized number of DAPI-positive nuclei in the
neuron survival experiments performed with hydrogen peroxide. LC, locus ceoruleus; DMV, dorsal motor nucleus of the vagus; XII,
hypoglossal nucleus; SNc, substantia nigra pars compacta; VTA, ventral tegmental area; R, raphé; STR, striatum.
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neurons examined. The growth of the different types of
neurons examined under identical in vitro growth condi-
tions and culture medium could have led to suboptimal
growth for some of the neuronal populations, thus possi-
bly influencing their intrinsic vulnerability and biasing the

results. The dissection of some of the small nuclei exam-
ined could have also been imprecise and thus included
small subsets of nonrelevant neurons of the same neuro-
chemical identity. However, we have previously validated
our dissections of small nuclei such as the VTA and SNc

Figure 5. Overview of neurite tracing for quantification. A, Photomicrograph of SNc DA neurons, and overview of neurite quantifica-
tion method. B, Photomicrographs illustrating the different types of neurons examined, with their neurochemical marker immunocy-
tochemistry. LC, locus ceoruleus; DMV, dorsal motor nucleus of the vagus; XII, hypoglossal nucleus; SNc, substantia nigra pars
compacta; VTA, ventral tegmental area; R, raphé; STR, striatum.
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and our previously published confirmation of the differen-
tial size of their axonal arbor in vitro (Pacelli et al., 2015),
like it is in vivo (Giguère et al., 2019), argues that our in
vitro conditions were sufficient to allow at least some of
the neurons’ intrinsic growth capacity to be maintained in
culture.

Neuronal populations considered as vulnerable in PD
are more sensitive to cell stress induced by hydrogen
peroxide
As hypothesized, neurons considered as more vulnera-

ble in PD were as a class most sensitive to the hydrogen
peroxide cell stress assay. This finding, and in particular

Figure 6. Vulnerable neurons have large axonal domains, which are globally more complex than resilient neurons. A, Overview of
quantification method for neurite segmentations. B, Quantification of mean neurite length (total neurite length, per well, divided by
number of neurons). Box and whiskers plots, in the style of Tukey, where the median value is indicated, and the lower and upper
hinges correspond to the first and third quartiles, Kruskal–Wallis multiple comparison, p-values adjusted with the Bonferroni method,
*p, 0.05. Shared control estimation plot: mean difference for comparisons against the shared control, SNc, using Data Analysis with
Bootstrap Estimation, with 5000 bootstrap resamples. All confidence intervals are bias-corrected and accelerated. C, Quantification of
mean number of segmentations (sections) of neurites segmented per neuron. Box and whiskers plots, in the style of Tukey, where the
median value is indicated, and the lower and upper hinges correspond to the first and third quartiles, Kruskal–Wallis multiple compari-
son, p-values adjusted with the Bonferroni method, *p, 0.05. Shared control estimation plot: mean difference for comparisons against
the shared control, SNc, using Data Analysis with Bootstrap Estimation, with 5000 bootstrap resamples. All confidence intervals are
bias-corrected and accelerated. D, Quantification of mean length of segmentations (sections) of neurites segmented per neuron. Box
and whiskers plots, in the style of Tukey, where the median value is indicated, and the lower and upper hinges correspond to the first
and third quartiles, Kruskal–Wallis multiple comparison, p-values adjusted with the Bonferroni method, *p, 0.05. Shared control estima-
tion plot: mean difference for comparisons against the shared control, SNc, using Data Analysis with Bootstrap Estimation, with 5000
bootstrap resamples. All confidence intervals are bias-corrected and accelerated. B to C have a supplementary plot of all data grouped
as Vulnerable and Resilient, where an independent two-group Mann–Whitney U test was performed, and an asterisk denotes p, 0.05.
Precise values can be found in the supplementary tables alongside unpaired Gardner–Altman two group estimation plots. Detailed statis-
tical tests and multiple comparisons can be found in Extended Data Table 6-1. LC, locus ceoruleus; DMV, dorsal motor nucleus of the
vagus; XII, hypoglossal nucleus; SNc, substantia nigra pars compacta; VTA, ventral tegmental area; R, raphé; STR, striatum.
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the differential vulnerability of SNc and VTA DA neurons,
is in line with previous work (Mosharov et al., 2009; Pacelli
et al., 2015) demonstrating increased vulnerability of SNc
DA neurons to both hydrogen peroxide and the mitochon-
drial toxin MPP1. The finding that cholinergic DMV neu-
rons were relatively resilient to our neurotoxicity assay is
somewhat surprising considering previous data sug-
gesting that these neurons are affected in PD. However,
it is also possible that DMV neurons are vulnerable in
PD via mechanisms that are not directly related to oxi-
dative stress, such as through A-synuclein-dependent

mechanisms (Chiu et al., 2021). However, given the very
limited data derived from stereological counting meth-
ods validating whether DMV cholinergic neurons do, in
fact, degenerate in PD (Giguère et al., 2018), it remains
possible that our observation is explained by the fact
that DMV cholinergic neurons are not particularly vul-
nerable in PD (Kalaitzakis et al., 2008). To strengthen
these assertions, within the context of this experimental
paradigm, it may be pertinent in future work to use
other cellular stress assays, such as A-synuclein over-
expression and/or A-synuclein fibrils.

Figure 7. Identification of potential functional axonal varicosities by Syt-1 immunocytochemistry. A, Overview of the image analysis
strategy used for quantification of Syt-1 positivity of varicosities, and distribution of Syt-1 intensity within varicosities (bottom right).
Arbitrary units (AU) B, Photomicrographs of axonal fields of neurons, with their neurochemical marker and Syt-1 immunocytochem-
istry. LC, locus ceoruleus; DMV, dorsal motor nucleus of the vagus; XII, hypoglossal nucleus; SNc, substantia nigra pars compacta;
VTA, ventral tegmental area; R, raphé; STR, striatum.
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Figure 8. Vulnerable neurons have a higher proportion of varicosities that are positive for Syt-1. A, Density plot of Syt-1 intensity [ar-
bitrary units (AU), fluorescence] in all segmented varicosities included for analysis (red line indicate quintiles). B, Quantification of
the proportion of varicosities that are positive for Syt-1. Box and whiskers plots, in the style of Tukey, where the median value is in-
dicated, and the lower and upper hinges correspond to the first and third quartiles, Kruskal–Wallis multiple comparison, p-values
adjusted with the Bonferroni method, *p, 0.05. Shared control estimation plot: mean difference for comparisons against the shared
control, SNc, using Data Analysis with Bootstrap Estimation, with 5000 bootstrap resamples. All confidence intervals are bias-cor-
rected and accelerated. C, Quantification of intervaricose distance (nearest neighbor analysis of segmentations). Box and whiskers
plots, in the style of Tukey, where the median value is indicated, and the lower and upper hinges correspond to the first and third
quartiles, Kruskal–Wallis multiple comparison, p-values adjusted with the Bonferroni method, *p, 0.05. Shared control estimation
plot: mean difference for comparisons against the shared control, SNc, using Data Analysis with Bootstrap Estimation, with 5000
bootstrap resamples. All confidence intervals are bias-corrected and accelerated. D, Mean number of varicosities per unit length of
axonal domain. Box and whiskers plots, in the style of Tukey, where the median value is indicated, and the lower and upper hinges
correspond to the first and third quartiles, Kruskal–Wallis multiple comparison, p-values adjusted with the Bonferroni method,
*p,0.05. Shared control estimation plot: mean difference for comparisons against the shared control, SNc, using Data Analysis
with Bootstrap Estimation, with 5000 bootstrap resamples. All confidence intervals are bias-corrected and accelerated. B to C have
a supplementary plot of all data grouped as vulnerable and resilient, where an independent two-group Mann–Whitney U test was
performed, and an asterisk denotes p, 0.05. Precise values can be found in the supplementary tables alongside unpaired Gardner–
Altman two group estimation plots. Detailed statistical tests and multiple comparisons can be found in Extended Data Table 8-1.
LC, locus ceoruleus; DMV, dorsal motor nucleus of the vagus; XII, hypoglossal nucleus; SNc, substantia nigra pars compacta; VTA,
ventral tegmental area; R, raphé; STR, striatum.
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ROS production was not significantly different across
neuron types
Using the mitochondrially-targeted ROS sensor mito-

roGFP, we detected relatively similar levels of basal ROS
production across all neuron types examined. We also
found a very large spread of relative baseline oxidation
status in the axonal and somatodendritic compartments
of neurons (Fig. 4C). The lack of significant difference be-
tween neuron types may be a bit surprising considering
that basal ROS production has been found to be signifi-
cantly higher in SNc compared with VTA DA neurons both
in vitro and in vivo (Guzman et al., 2010; Sanchez–Padilla
et al., 2014; Pacelli et al., 2015), as well as in LC
(Sanchez–Padilla et al., 2014) and DMV neurons (Goldberg
et al., 2012). One possibility is that in vitro, the lack of a suf-
ficient level of synaptic inputs severely limits the firing fre-
quency of these neurons and thus the level of metabolic
activity and energy needs. Additional experiments driving
neuronal firing pharmacologically or optogenetically would
be required to further test this hypothesis. The use of a
cell-wide ROS sensor such as DHE, as previously used
(Pacelli et al., 2015), would also help to assess ROS pro-
duction deriving from other sources in addition to mito-
chondrial activity.
Strikingly, we also made the observation that, in our in

vitro system, the distance between mitochondria along
the axonal domain was consistent across neuron types
(Fig. 4D). This observation suggests that vulnerable neu-
rons with highly complex axonal arbors may have a den-
sity of mitochondria along their axons that is comparable
to that of simpler, more resilient neurons. And therefore,
their higher level of vulnerability may not simply derive
from a higher density of mitochondria. It remains that
given the differential vulnerability to hydrogen peroxide
detected in the present study, it can be assumed that cell-
autonomous developmental differences between these
neurons are present in the in vitro postnatal culture model
used.

The complexity and activity of the axonal domain may
be a key component of what renders a neuron
vulnerable
A striking observation arising from the present study is

the finding that globally, the neuronal populations that
were most vulnerable to hydrogen peroxide neurotoxicity
(SNc DA neurons, Raphe serotonin neurons and LC nor-
adrenergic neurons) were also the ones with the largest
axonal domain, and with the largest proportion of Syt-1-
positive axonal varicosities. These findings are in line with
the hypothesis that at least in part, the elevated vulnerability
of long-range projection neuromodulatory neurons is linked
to the very large energetic requirements of their large num-
bers of neurotransmitter release sites found along their vast
axonal domain. This conclusion is compatible with the hy-
pothesis that processes occurring in axon terminals, and in
particular vesicular neurotransmitter packaging, is particularly
costly for neurons in terms of energy requirements (Pulido
and Ryan, 2021).
One relative “anomaly” in the present data set is the sur-

prising resilience of cholinergic DMV neurons, especially

considering their large axonal domain and large propor-
tion of Syt-1-positive release sites. Perhaps, ChAT1 DMV
neurons are significantly less vulnerable to hydrogen per-
oxide as they develop less complex, albeit very long, axo-
nal arborizations. These arborization, in turn, contain far
fewer varicosities per length of axon, despite having a
similar proportion of varicosities that are active. Although
we did not verify this in the present study, it can be reliably
assumed that the presence of Syt-1 in varicosities is a reli-
able indicator of release site functionality (Brose et al.,
1992; Ducrot et al., 2021). A lower proportion of Syt-1-
positive axonal varicosities could result from several rea-
sons, the simplest of which would be a lower relative level
of expression of this gene. One possibility is that since
DMV neurons project in large part to regions outside of
the brain, the culture conditions used in the present study
did not allow these neurons to get sufficient access to fac-
tors secreted by target cells in the peripheral nervous sys-
tem and that are required to maintain these neurons’
excitability and normal baseline activity. Previous work
has provided support for the role of target cells in regulat-
ing the proportion of axonal varicosities formed by SNc
and VTA DA neurons (Ducrot et al., 2021). Furthermore,
there is a vast literature on the role of extracellular signals
regulating axonal development (Bilimoria and Bonni,
2013). Complementary electrophysiological recordings
coupled to the use of genetically encoded sensors of
activity-dependent vesicular cycling would help to ex-
amine this possibility further. It remains important to
note that in the in vitro context used in the present
study, all of the examined long-range projection neu-
rons nonetheless developed a very large and branched
axonal domain, orders of magnitude larger than most
other neuron types under similar conditions, support-
ing the hypothesis that an intrinsic developmental pro-
gram drives such exuberant axonal growth.
In conclusion, taken together, the results presented

provide further support for the general relevance of the
hypothesis that a key component of the selective vulner-
ability of neurons in PD (Wong et al., 2019) takes its origin
in the large axonal domain of long-range projection neu-
rons. We conclude that more efforts are now needed to
better understand the bioenergetic challenges imposed
by having a highly branched axonal domain endowed with
a large number of active neurotransmitter release sites. In
addition to the outright energetic demands imposed by
such an axonal domain and by the firing of these neurons
(Pacelli et al., 2015), it is intriguing to consider the possi-
bility that such features may confer a massive demand on
the endolysosomal system where, notably 12 out of 23
PARK genes (to denote their putative link to PD) are in-
volved (Vidyadhara et al., 2019).
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