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Cav2.3 channels contribute to dopaminergic
neuron loss in a model of Parkinson’'s disease
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Degeneration of dopaminergic neurons in the substantia nigra causes the motor symptoms of
Parkinson's disease. The mechanisms underlying this age-dependent and region-selective
neurodegeneration remain unclear. Here we identify Cav2.3 channels as regulators of nigral
neuronal viability. Cav2.3 transcripts were more abundant than other voltage-gated Ca2+t
channels in mouse nigral neurons and upregulated during aging. Plasmalemmal Cav2.3
protein was higher than in dopaminergic neurons of the ventral tegmental area, which do not
degenerate in Parkinson's disease. Cav2.3 knockout reduced activity-associated nigral
somatic Ca?t signals and Ca2t-dependent after-hyperpolarizations, and afforded full pro-
tection from degeneration in vivo in a neurotoxin Parkinson’s mouse model. Cav2.3 deficiency
upregulated transcripts for NCS-1, a Ca2*-binding protein implicated in neuroprotection.
Conversely, NCS-1 knockout exacerbated nigral neurodegeneration and downregulated
Cav2.3. Moreover, NCS-1 levels were reduced in a human iPSC-model of familial Parkinson's.
Thus, Cav2.3 and NCS-1 may constitute potential therapeutic targets for combatting Ca2™-
dependent neurodegeneration in Parkinson's disease.
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arkinson’s disease is a complex movement disorder that

affects millions of people worldwidel»2. Its primary motor

symptoms are caused by the progressive degeneration of
dopaminergic midbrain neurons, particularly those within the
substantia nigra (SN)1:3. Aging is a major risk factor for the
disease, and although most cases are sporadic, a not insignificant
proportion show monogenic inheritance patterns*. The patho-
genic mechanisms underlying Parkinson’s disease remain unre-
solved and curative therapies are currently not available®”.

Dopaminergic midbrain neurons display autonomous pace-
maker activity, which is crucial for somatodendritic and axonal
striatal dopamine release and voluntary movement control3-11. In
SN dopaminergic neurons, this activity generates oscillatory
increases in free cytosolic Ca?* levels, which are thought to
impart mitochondrial stress and render these neurons more
vulnerable to degeneration by Parkinson’s disease stressors!2-14.
This stressful Ca2*-driven mode of action distinguishes dopa-
minergic neurons in the SN (and other vulnerable neurons®1%)
from neighboring pacemaking dopaminergic neurons in the
ventral tegmental area (VTA), which are spared in Parkinson’s
diseasel>>»1%. The metabolically demanding Ca2* oscillations,
particularly those in distal dendrites of SN dopaminergic neurons,
are sensitive to inhibitors of L-type voltage-gated Ca?* channels,
such as isradipine!3-14,

Consistent with a role for activity-related Ca?* signals in
triggering neuronal demise in Parkinson’s disease is epidemio-
logical evidence, correlating use of blood-brain barrier permeable
L-type voltage-gated Ca* channel blockers with a reduced risk
for developing the disease later in life!7:!8, These blockers are
well-established drugs for treating high blood pressure!”. But a
recent phase-III clinical trial with isradipine to test its potential
for neuroprotection in Parkinson’s disease patients (Clin-
icalTrials.gov NCT02168842)!° was negative?’. Indeed, in Par-
kinson’s disease animal models, there is not full agreement
regarding the extent of neuroprotection by L-type voltage-gated
Ca2* channel inhibition?!. Notably, recent studies have identified
T-type voltage-gated Ca?* channels to be important for stressful
activity-related Ca?t oscillations particularly in proximal den-
drites of SN dopaminergic neurons, and also for their vulner-
ability to degenerative stressors!422-2>. Whether other voltage-
gated Ca?*t channels contribute to degeneration of SN dopami-
nergic neurons in Parkinson’s disease is unclear26-27,

L-type voltage-gated Ca2* channels in the brain and in SN
dopaminergic neurons in particular are built from Cavl.2 and
Cavl1.3 pore-forming a,-subunits?®. These channels are emerging
as key regulators of dopaminergic excitability. On the one hand,
they stabilize pacemaker robustness thus sustaining metabolic
demand!3-222930, But on the other, they can also inhibit spon-
taneous activity in an indirect feedback loop?%30. This feedback
mechanism involves Cavl.3, which serves as a Ca** source for
the neuronal Ca?*t sensor, NCS-1. NCS-1 is a Ca’*-binding
protein that has been linked to a variety of neuronal functions in
health and disease3!=33. In SN dopaminergic neurons, NCS-1
binds in a Ca?*-dependent fashion to inhibitory dopamine D2-
autoreceptors30343>, This interaction prevents D2-autoreceptor
desensitization thereby promoting dopamine autoinhibition30-32,
NCS-1 is therefore suggested to protect SN dopaminergic neurons
from activity-related Ca?T overload, and degeneration313¢ but
direct supporting evidence is currently lacking.

Here, we combine single-cell molecular techniques, brain slice
patch-clamp recordings and Ca2* imaging with pharmacological
and genetic tools to analyze the role of voltage-gated Ca’*
channels and NCS-1 for dopaminergic neuronal viability in
Parkinson’s disease. We identify R-type voltage-gated Ca?*
channels (Cav2.3) as crucial contributors to somatic activity-
related Ca®* signaling in mature SN dopaminergic neurons, and

to their selective degeneration in an in vivo model of Parkinson’s
disease. Moreover, we identify a neuroprotective role for NCS-1.

Results

Cav2.3 is the most abundant Cav subtype in SN dopaminergic
neurons. To probe the role of voltage-gated Ca?*t channels in the
vulnerability of SN dopaminergic neurons, we performed quan-
titative RNAScope analysis to compare numbers of mRNA
molecules encoding Cav a;-subunits in adult mice (Fig. 1a and
Supplementary Table 1). mRNA for L-type (Cavl.2 and Cavl.3),
P/Q-type (Cav2.1), N-type (Cav2.2), R-type (Cav2.3) and T-type
(Cav3.1-3.3) voltage-gated Ca?T channels were readily detected.
Unexpectedly, mRNA for Cav2.3 R-type voltage-gated Ca’*
channels, which have yet to be studied in the context of neuro-
degeneration, were significantly higher than those for the other
isoforms in adult SN dopaminergic neurons (Cav2.3 > Cav2.1 >
Cav2.2 > Cav3.1 > Cavl.3 > Cavl.2 > Cav3.3 > Cav3.2).

We also compared expression of a;-subunits in an independent
approach by reverse transcription quantitative polymerase chain
reaction (RT-qPCR) of single microdissected SN dopaminergic
neurons. In these experiments, we used both juvenile and adult
neurons. As shown in Fig. 1b (and Supplementary Table 4A), the
expression of Cavl.2, Cavl.3 and Cav2.3 was similar in SN
dopaminergic neurons from juvenile mice (PN13). In adult mice,
transcripts for Cavl.3 and Cavl.2 were modestly downregulated
as previously described?”. In contrast, Cav2.3 expression was
markedly upregulated during aging, such that it was the most
abundant in adult neurons, consistent with the RNAScope
analyses.

To extend Cav2.3 expression analysis to the protein level, we
performed immunocytochemical analysis of Cav2.3 in adult mice
(Fig. 1c and Supplementary Table 5A). We confirmed the
specificity of the Cav2.3 antibody using Cav2.3 knockout mice in
western blots and midbrain sections (Supplementary Fig. 6b/d
and Supplementary Table 5B). Cav2.3 protein-derived immuno-
fluorescence signals in the plasma membranes of SN dopami-
nergic neurons were readily detected. Notably, signal intensities
were significantly higher in vulnerable SN dopaminergic neurons
compared to that in VTA dopaminergic neurons, which are much
less affected in Parkinson’s disease. Together these data prompted
us to investigate the role of R-type voltage-gated Ca®* channels,
built by Cav2.3 pore-forming a,;-subunits, in SN dopaminergic
neuron function and viability.

Cav2.3 contributes to activity-related Ca2* oscillations. Pre-
vious work has linked Ca?* entry upon autonomous pacemaking
to Ca®*-dependent stress and degeneration of SN dopaminergic
neurons, and showed that activity-related Ca2* transients in
dendritic compartments of SN dopaminergic neurons are inhib-
ited by L-type and also T-type voltage-gated Ca’t channel
blockers!314, We combined ratiometric Ca** imaging with per-
forated patch-clamp electrophysiology in brain slices to examine
the role of Cav2.3 in activity-related Ca*t dynamics in somata of
dopaminergic midbrain neurons. We took two approaches.

In the first approach, we compared somatic Ca?* signals and
the electrical properties of SN dopaminergic neurons in brain
slices of adult wildtype and Cav2.3 knockout mice. Knockout of
Cav2.3 was confirmed by western blotting and immunocyto-
chemical analysis (Supplementary Fig. 6b/d and Supplementary
Table 5B). As shown in Fig. 2, SN dopaminergic neurons
recorded from wildtype mice displayed spontaneous action
potentials as expected. These action potentials were associated
with transient rises in cytosolic Ca?* concentration in the soma.
In Cav2.3 knockout animals, spontaneous electrical activity of SN
neurons was largely unaffected (although we did note small
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Fig. 1 Cav2.3 is abundantly expressed in mature SN dopaminergic neurons. a Left: Representative images showing Cav2.3 (red) and tyrosine hydroxylase (TH;
green) RNAScope fluorescence signals (combined with nuclear DAPI staining, blue) of individual SN dopaminergic neurons from an adult wildtype mouse. Scale
bar: 10 um. Right: Absolute mRNA transcript numbers per cell in adult SN dopaminergic neurons for distinct voltage-gated Ca%* channel a-subunits, as
indicated (Cavl.2: n=667, Cavl.3: n=>537, Cav2.l: n=425, Cav2.2: n=461, Cav2.3: n= 435, Cav3.l: n=657, Cav3.2: n=7573, Cav3.3: n=498). b Left:
Juvenile and adult mouse brain sections before and after UV-laser microdissection, in brightfield and fluorescent mode, respectively, and striatal injection site
documentation of an in vivo retrogradely traced adult mouse, aligned with the mouse brain atlas. Scale bars: 250 pm and 10 um, respectively. Right: Cell-specific
UV-laser microdissection and reverse transcription quantitative PCR-based transcript molecule quantification in single mouse SN dopaminergic neurons upon
aging for Cav1.2# (juvenile: n = 26; adult: n = 25), Cav1.3# (juvenile: n=24; adult: n = 24) (*data partly modified from ref. 37), and Cav2.3 (juvenile: n=13;
adult: n=27). ¢ Left: Confocal images showing Cav2.3 antibody staining (red) of TH-positive (green) neurons in SN and VTA of an adult wildtype mouse,
respectively. Scale bar: 10 um. Middle: Histogram showing the immunosignal intensity distributions of plasma membrane Cav2.3 signal, and respective
background signal intensities for all analyzed TH-positive SN (red) and VTA (blue) neurons, exemplary of one C57BL/6J mouse (SN: n=145; VTA: n=128).
Right: Mean Cav2.3 immunosignal quantification in SN and VTA dopaminergic neurons for all analyzed mice (n=4). Antibody specificity was confirmed on
Cav2.3 knockout mice. Tukey's box plots are shown. Significances are indicated by asterisks: *p < 0.05, **p < 0.01, ***p < 0.001, ****p <0.0001. All data are
detailed in Supplementary Tables 1, 4A, 5A/B and Supplementary Fig. 6. Source data are available as a Source Data file

changes in spike waveform, Supplementary Fig. 1 and Supple- much smaller somatic Ca?* oscillations (Fig. 2c-e and Supple-
mentary Table 6B). However, the amplitude of the activity-related mentary Table 6A), in agreement with previous work!>14, Ca2-
Ca?*t oscillations (at a frequency of ~1.5Hz) was significantly ~dependent action potential after-hyperpolarizations (AHPs),
reduced by ~50% (Fig. 2a, b, d, e and Supplementary Table 6A).  which are driven in SN dopaminergic neurons by Ca?*-sensitive
VTA dopaminergic neurons from wildtype animals displayed small conductance K+ channels (SK)38-40, were also significantly
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reduced in SN dopaminergic neurons of Cav2.3 knockout mice,
consistent with the reduction in the Ca?* signals (Fig. 2e,
Supplementary Fig. 1c and Supplementary Table 6B).

In a second approach, we examined the effect of acutely
inhibiting Cav2.3 with SNX-482. The use of SNX-482 is

Fig. 2 Cav2.3 contributes to somatic action potential-related Ca2+
oscillations in adult mouse SN dopaminergic neurons. a-¢ Neurons were
recorded in the perforated patch-clamp configuration while somatic Ca2+
dynamics were simultaneously imaged (insert a). Left: Continuous
recordings of a wildtype SN dopaminergic (DA) neuron (a), Cav2.3
knockout SN dopaminergic neuron (b), and wildtype VTA dopaminergic
neuron (c) illustrating the action potential (AP) firing and the associated
Ca?t oscillations. Right: Mean of 20 APs and associated mean Ca2+
oscillations for the neurons from the left. Individual traces are
superimposed in grey. d Average spikes (left) and Ca2* transients (right) of
wildtype SN dopaminergic (black trace, n=15), Cav2.3 knockout SN
dopaminergic (red trace, n =12), and wildtype mesolimbic VTA
dopaminergic (blue trace, n=7) neurons. e Plots showing AP after-
hyperpolarizations (AHP, left), peak CaZt amplitudes (as ARy amax
middle) and area under the curve (right, AU arbitrary units) of AP-induced
Ca2* transients during pacemaking at ~1.5 Hz. f Remaining AHP and
amplitude of the action potential evoked Ca2* signals (see Methods) in SN
dopaminergic neurons of Cav2.3 wildtype (n=6) and Cav2.3 knockout (n
= 8) mice during the presence of 100 nM SNX-482, relative to those before
SNX-482 application. This low concentration likely does not completely
inhibit Cav2.3 and was used as SNX-482 can inhibit other channels at
higher concentrations. A-type KT currents were blocked throughout the
whole experiment by 4 mM 4-AP. Tukey's boxplots are shown.
Significances are indicated by asterisks: *p <0.05, **p < 0.01, ***p < 0.001,
****p < 0.0001. Data values and comparison of all AP parameters are
detailed in Supplementary Table 6A-D and Supplementary Figs. 1/2. Source
data are available as a Source Data file

complicated as it also potently inhibits A-type KT channels in
SN dopaminergic neurons*!-#3 and at higher concentrations
probably also other Ca2* channels*4. We therefore blocked K+
channels with 4-AP (4 mM), and limited the concentration
of SNX-482 to 100nM, which causes only a partial block of
Cav2.3 43, In line with the reduced Ca?* transients upon Cav2.3
deletion, bath application of SNX-482 reduced evoked Ca’*
transients by about 25% in wildtype animals (Fig. 2f and
Supplementary Table 6C). Like Cav2.3 deficiency, SNX-482 also
reduced Ca’t-dependent AHPs (Fig. 2f, Supplementary Fig. 2
and Supplementary Table 6D). These SNX effects were specific to
Cav2.3 channel inhibition, because SNX-482 was without effect in
SN dopaminergic neurons of Cav2.3 knockout mice (Fig. 2f and
Supplementary Table 6C/D). In whole-cell voltage-clamp experi-
ments, SNX-482 (100 nM) inhibited voltage-gated Ca2* currents
in wildtype mouse SN dopaminergic neurons by ~30% (Supple-
mentary Fig. 3 and Supplementary Table 7).

Taken together, these genetic and pharmacological data
identify a significant contribution of Cav2.3 to action potential-
associated Ca?t oscillations in the somata of adult SN
dopaminergic neurons and to Ca?*t-dependent AHPs. The
established link between activity-related Ca?*t oscillations and
vulnerability of SN dopaminergic neurons to Parkinson’s disease
stressors! 31421 raiges the possibility that Cav2.3 contributes to
their preferential degeneration.

Cav2.3 KO protects SN dopaminergic neurons in a Parkinson’s
model. We next explored the role of Cav2.3 in neurodegeneration
using a neurotoxin-based Parkinson’s disease mouse model. To
do this, we compared neuronal viability in wildtype and Cav2.3
knockout mice, subjected to chronic low-dose 1-methyl-4-phe-
nyl-1,2,3,6-tetrahydropyridine (MPTP)/probenecid treat-
ment, which is still the standard model for preclinical testing of
neuroprotective Parkinson’s disease therapies in animals#>40, We
compared the patterns and degrees of neurotoxin-induced loss of
SN and VTA dopaminergic midbrain neurons and their axonal
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striatal terminals by densitometry, unbiased stereology and
automated cell counting after tyrosine hydroxylase (as marker for
dopaminergic neurons) and hematoxylin immunostaining (Fig. 3,
Supplementary Fig. 4a/b/c, and Supplementary Table 8A/B).
Knockout of Cav2.3 in SN dopaminergic neurons was confirmed

a
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by western blotting and immunocytochemical analysis (Supple-
mentary Fig. 6b/d and Supplementary Table 5B).

We first performed immunostaining of tyrosine hydroxylase
and stereology in Cav2.3 knockout mice and wildtype littermates.
As shown in Fig. 3a, MPTP treatment resulted in about 40% loss
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Fig. 3 Full and selective protection of SN dopaminergic neurons in Cav2.3 knockout mice in a Parkinson's disease mouse model. a Left: Tyrosine
hydroxylase (TH) immunostaining of coronal midbrain sections of Cav2.3 wildtype and Cav2.3 knockout mice, repeatedly treated with MPTP/probenecid
or saline as controls, as indicated. Middle: Stereological quantification of SN dopaminergic and VTA dopaminergic neurons (Cav2.3 wildtype saline:n=9;
Cav2.3 wildtype MPTP: n =13; Cav2.3 knockout saline: n = 9; Cav2.3 knockout MPTP: n =10), and relative remaining neurons in MPTP-treated mice. Right:
Mean absolute counted numbers of SN dopaminergic neurons in all analyzed sections for all animals, section position according to bregma. Error bars:
SEM. b Middle: Automated counting of all SN neurons (Cav2.3 wildtype saline: n =9; Cav2.3 wildtype MPTP: n =12; Cav2.3 knockout saline: n=9; Cav2.3
knockout MPTP: n =10), and relative remaining neurons in MPTP-treated mice. Right: Mean numbers of all SN neurons determined by automated neuron
counts for all sections for all animals, section position according to bregma. Error bars: SEM. ¢ Left: TH immunostaining of striatal sections of Cav2.3
wildtype and Cav2.3 knockout mice, repeatedly treated with MPTP/probenecid or saline as controls, as indicated. Middle: Optical density quantification of
TH signal in dorsal striatum (DS) and ventral striatum (VS) (Cav2.3 wildtype saline: n=9; Cav2.3 wildtype MPTP: n=13; Cav2.3 knockout saline: n=9;
Cav2.3 knockout MPTP: n =12), and relative remaining TH signal in MPTP-treated mice. Right: Mean intensities for all analyzed sections for all animals,
section position according to bregma. Error bars: SEM. d Left: Striatal injection site documentation of an in vivo retrogradely traced adult mouse, aligned
with the mouse brain atlas, and a labeled SN dopaminergic neuron, before UV-laser microdissection in fluorescent and brightfield mode. Scale bars: 10 um.
Middle: Cell-specific relative mRNA levels of Cav1.2 (wildtype: n = 8; knockout: n =7), Cav1.3 (wildtype: n=16; knockout: n=17) and Cav3.1 (wildtype:
n=10; knockout: n=10) in single SN dopaminergic neurons from adult Cav2.3 wildtype and Cav2.3 knockout mice. Right: Cell-specific relative mRNA
levels of NCS-1 in single SN dopaminergic neurons from juvenile (wildtype: n =10; knockout: n =10) and adult (wildtype: n =10; knockout: n =10) Cav2.3
wildtype and Cav2.3 knockout mice. Data are given relative to the respective controls. Tukey's boxplots are shown. Significances are indicated by asterisks:
*p <0.05, **p <0.01, ***p < 0.001, ****p < 0.0001. Data values and additional bootstrapping analysis are detailed in Supplementary Tables 8A/B, 4B/C and

Supplementary Figs. 4/5. Source data are available as a Source Data file

of tyrosine hydroxylase-positive SN dopaminergic neurons from
wildtype animals when compared to saline controls. This loss was
selective, as MPTP had little effect on numbers of VTA
dopaminergic neurons (Fig. 3a and Supplementary Table 8A).
In stark contrast, we observed no loss of SN dopaminergic
neurons in Cav2.3 knockout animals after MPTP treatment
(Fig. 3a and Supplementary Table 8A), thus uncovering a
prominent neurodegenerative role for Cav2.3 in SN dopaminergic
neurons.

In an independent approach, we performed hematoxylin
staining and automated counting of the total neuronal population
in the SN (vulnerable dopaminergic and unaffected GABAergic
neurons). This analysis confirmed a significant reduction in SN
neuron number in the wildtype but not the Cav2.3 knockout
animals after MPTP treatment (Fig. 3b, Supplementary Fig. 5b
and Supplementary Table 8A).

We also performed densitometric analysis*” of tyrosine
hydroxylase expression in the dorsal and ventral striatum. These
regions harbor the axonal projections of dopaminergic neurons
from the SN and VTA, respectively. As shown in Fig. 3¢ (and
Supplementary Table 8B), the tyrosine hydroxylase signal was
significantly higher in the dorsal striatum from the Cav2.3
knockout mice compared to wildtype controls after MPTP
treatment. In contrast, no such differences were found in the
ventral striatum, consistent with Cav2.3 deficiency driving
selective protection of highly vulnerable nigro-striatal SN
dopaminergic neurons upon neurotoxin insult.

To determine whether the neuroprotective effects of Cav2.3
knockout on SN dopaminergic neurons might be secondary to
changes in the functional expression of L-type or T-type voltage-
gated Ca2t channels that contribute to dendritic Ca2t oscilla-
tions, we quantified Cavl.2, Cavl.3 and Cav3.1 expression in SN
dopaminergic neurons (Fig. 3d and Supplementary Table 4B).
mRNA levels of all three Cav isoforms were unchanged upon
Cav2.3 knockout. In marked contrast, mRNA levels of the
neuronal Ca?* sensor NCS-1 were elevated by ~40% in SN
dopaminergic neurons from adult but not juvenile Cav2.3
knockout mice (Fig. 3d and Supplementary Table 4C).

Taken together, these data identify Cav2.3 as mediator of SN
dopaminergic neuron vulnerability to a degenerative stressor.

NCS-1 KO enhances SN dopaminergic neuron loss in a Par-
kinson’s model. The increase in NCS-1 levels in Cav2.3 knockout

mice, coupled with our previous study identifying NCS-1 as the
functional linker between activity-related Ca>* entry and sensi-
tization of inhibitory dopamine D2-autoreceptors3?, prompted us
to test whether NCS-1 might protect SN dopaminergic neurons
from degeneration. We therefore applied the same chronic MPTP
Parkinson’s disease model to NCS-1 knockout mice and wildtype
controls.

Knockout of NCS-1 in SN dopaminergic neurons was
confirmed by western blotting and immunocytochemical analysis
(Supplementary Fig. 6a/c and Supplementary Table 5B). As
shown in Fig. 4a, b (Supplementary Fig. 4d/e/f and Supplemen-
tary Table 8C/D), MPTP-induced loss of SN dopaminergic
neurons was significantly greater in the NCS-1 knockout mice
compared to controls. Similar results were obtained when
analyzing axonal projections in the dorsal striatum. In contrast,
no differences to MPTP treatment were observed in the VTA or
the ventral striatum. These data uncover a region-selective
protective effect of NCS-1 on SN dopaminergic neuron viability.

Given the reciprocal effects of Cav2.3 and NCS-1 deficiency on
SN dopaminergic neurodegeneration, and the elevated NCS-1
levels in adult SN dopaminergic neurons from Cav2.3 knockout
mice, we quantified Cav2.3 mRNA levels in individual SN
dopaminergic neurons of NCS-1 knockout and wildtype mice.
Intriguingly, Cav2.3 mRNA levels were significantly lower (~50%)
in SN dopaminergic neurons of NCS-1 knockout mice compared
to those of control mice, suggesting that expressions of Cav2.3
and NCS-1 are linked (Fig. 4c and Supplementary Table 4D). No
differences were observed in NCS-1 mRNA levels between young
and adult mice (Fig. 4d and Supplementary Table 4E), and NCS-1
protein levels between SN and VTA dopaminergic neurons
(Fig. 4e and Supplementary Table 5A).

In our final analysis, we compared NCS-1 and Cav2.3 protein
levels in a human model of Parkinson’s disease. For these
experiments, we derived dopaminergic neurons from induced
pluripotent stem cells (iPSCs) that were obtained from Parkin-
son’s disease patients heterozygous for a point mutation (N370S)
in the GBA gene coding for a lysosomal glucocerebrosidase
(Supplementary Table 9A)*8, Mutations in this gene constitute
the highest genetic risk factor associated with idiopathic
Parkinson’s disease*%*0. Differentiated neurons were positive
for class III beta-tubulin and for tyrosine hydroxylase and showed
the typical pacemaker-activity of dopaminergic neurons (Supple-
mentary Fig. 7)°1-23. Both, NCS-1 and Cav2.3 proteins were
readily detectable in these neurons by western blotting (Fig. 5a).
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Specificity of antibodies was confirmed using the respective
knockout mice (Supplementary Fig. 6a and refs. >4-°0), For
Cav2.3, no significant difference in protein expression was
detected between human dopaminergic neurons from healthy

Supplementary Table 9B). In contrast, NCS-1 protein levels were
about 40% lower in the diseased neurons (Fig. 5b and
Supplementary Table 9B).

NCS-1 thus emerges as protective factor during SN dopami-

controls and Parkinson’s disease patients (Fig. 5b and nergic degeneration, of likely relevance to Parkinson’s disease.
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Fig. 4 Higher vulnerability of SN dopaminergic neurons from NCS-1 knockout mice in a Parkinson’s disease mouse model. a Left: Tyrosine hydroxylase (TH)
immunostaining of coronal midbrain sections of NCS-1 wildtype and NCS-1 knockout mice, repeatedly treated with MPTP/probenecid or saline as controls,
as indicated. Middle: Stereological quantification of SN dopaminergic and VTA dopaminergic neurons (NCS-1 wildtype saline: n =14; NCS-1 wildtype
MPTP: n =13; NCS-1 knockout saline: n=10; NCS-1 knockout MPTP: n =11), and relative remaining neurons in MPTP-treated mice. Right: Mean absolute
counted numbers of SN dopaminergic neurons in all analyzed sections for all animals, section position according to bregma. Error bars: SEM. b Left: TH
immunostaining of striatal sections of NCS-1 wildtype and NCS-1 knockout mice, repeatedly treated with MPTP/probenecid or saline as controls, as
indicated. Middle: Optical density quantification of TH signal in dorsal striatum (DS) and ventral striatum (VS) (NCS-1 wildtype saline: n=14; NCS-1
wildtype MPTP: n =13; NCS-1 knockout saline: n =10; NCS-1 knockout MPTP: n =11), and relative remaining TH signal in MPTP-treated mice. Right: Mean
intensities for all analyzed sections for all animals, section position according to bregma. Error bars: SEM. ¢ Left: Striatal injection site documentation of an
in vivo retrogradely traced aged (1.5 years) mouse, aligned with the mouse brain atlas, and a labeled SN dopaminergic neuron, before UV-laser
microdissection in fluorescent and brightfield mode. Scale bars: 10 um. Right: Cell-specific relative mRNA levels of Cav2.3 in single SN dopaminergic
neurons from juvenile (wildtype: n =14; knockout: n=20) and aged (1.5 years; wildtype: n =15; knockout: n =14) NCS-1 wildtype and NCS-1 knockout
mice. d Cell-specific absolute UV-laser microdissection and reverse transcription quantitative PCR-based transcript molecule quantification in single mouse
SN dopaminergic neurons for NCS-1 (juvenile: n =13; adult: n = 14). e Left: Confocal images showing NCS-1 antibody staining (red) of TH-positive (green)
neurons in SN and VTA of an adult wildtype mouse, respectively. Scale bar: 10 um. Middle: Histogram showing the immunosignal intensity distributions of
cytoplasmic NCS-1 signal, and respective background signal intensities for all analyzed TH positive SN (red) and VTA (blue) neurons, exemplary for one
C57BL/6J mouse (SN: n=157; VTA: n=169). Right: Mean NCS-1 immunosignal quantification in SN and VTA dopaminergic neurons for all analyzed mice
(n=4). Antibody specificity was confirmed on NCS-1 knockout mice. Tukey's boxplots are shown. Significances are indicated by asterisks: *p < 0.05, **p <

0.01, ***p<0.001, ****p < 0.0001. Data values and additional bootstrapping analysis are detailed in Supplementary Tables 8C/D, 4D/E, 5A/B and

Supplementary Figs. 4, 6. Source data are available as a Source Data file

Discussion

Here, we identify Cav2.3 as mediator of SN dopaminergic neuron
loss in an in vivo model of Parkinson’s disease. Together with an
identified protective role of NCS-1 for these neurons, our data
highlight de-regulated Ca®* signaling as a culprit in the disease.
Cav2.3 and NCS-1 thus emerge as potential targets for neuro-
protective therapy.

Voltage-gated Ca2t entry is a key determinant of neuronal
function. Ca®* entry during pacemaking in vulnerable but not in
resistant dopaminergic neurons is coupled to Ca?T uptake by
mitochondria, and to ATP production, particularly under
increased metabolic demand?!:36>7. Such homeostasis sustains
neuronal activity, dopamine release and thus movement, but it
comes at a metabolic cost. Thus, SN dopaminergic neurons, with
their activity-related Ca?* oscillations, and their large, arborized
axonal structures, are energetically living on the edge30-8>9.
Parkinson’s disease stressors such as aging, mitochondrial
complex-I dysfunction, or mutations in PARK genes likely dis-
rupt this delicate balance and tip them over the edge!-3®°8. Such a
scenario might explain the higher vulnerability of SN dopami-
nergic neurons to degeneration compared to those in the VTA in
Parkinson’s disease!3°. Thus, understanding the exact sources of
activity-related Ca?* load and the downstream effectors in
dopaminergic neurons is key to understanding how their viability
is maintained.

Our data show that Cav2.3 is the most abundantly expressed
voltage-gated Ca?t channel subtype in adult SN dopaminergic
neurons. This channel has not yet been linked with metabolic
stress in these neurons or with their degeneration in Parkinson’s
disease. Our data using both, Cav2.3 knockout mice and the
Cav2.3 inhibitor SNX-482, indicate that Cav2.3 contributes sig-
nificantly to Ca®* fluxes and Ca2* currents upon pacemaking in
the somata of SN dopaminergic neurons. SNX-482 inhibits
voltage-gated A-type KT channels with similar affinity as to
Cav2.3%3, and these channels are functionally expressed in SN
dopaminergic neurons*!42. But A-type channel blockade is
unlikely to contribute to observed inhibition of Ca2* signals by
SNX-482, because (i) experiments were performed in the pre-
sence of 4-amino-pyridine, which fully inhibits A-type KT
channels and (ii) we observed no inhibition of Ca?* signals by
SNX-482 in SN dopaminergic neurons from Cav2.3 knockout
animals. Therefore, the congruent effects of knockout and phar-
macological block of Cav2.3 leads us to conclude that the
observed effects in the Cav2.3 knockout mice are rather caused by

the loss of the functional channel
mechanisms.

Previous work showed that Ca?* transients in SN dopami-
nergic neurons were inhibited by the L-type voltage-gated Ca2+
channel blocker isradipine and Cav1.3 shRNA by about 50%!4.
This is similar to the degree of inhibition we observed here upon
interfering with Cav2.3. T-type Ca2* channels also contribute to
Ca’t fluxes in SN dopaminergic neurons'* and to rotenone-
induced cell death in iPSC-derived dopaminergic neurons?3:2°.
Notably, these previous Ca?T recordings were made in
dendrites!314 whereas our measurements were made in the soma,
pointing strongly to subcellular differences in Ca?* channel
activity in SN dopaminergic neurons. Indeed, somatic Ca2*
transients are only modestly sensitive to isradipine’. Of rele-
vance, L-type Ca2t channel blockers failed to protect neurons in
the latter model of Parkinson’s?3, and they also failed in mod-
ifying disease progression in human Parkinson’s patients?(.

SNX-482-sensitive currents have recently been described in
juvenile rat SN dopaminergic neurons?” contributing to ~10% of
voltage-gated Ca?* currents. In adult mouse SN dopaminergic
neurons, the relative contribution of Cav2.3 remains unclear. But
our experiments showing an age-dependent upregulation of
Cav2.3 expression (Fig. 1) coupled with the reported down-
regulation of L-type expression’” and reduction of L-type cur-
rents in SN dopaminergic neurons®® suggest a significant role for
R-type currents. Currently, it remains also unclear to which
extent Cav-mediated Ca2t oscillations!®142! in dopaminergic
neurons are coupled and amplified by Ca?*-induced Ca?™ release
from intracellular Ca* stores®!. Cav2.3 and RyR3 are function-
ally coupled in pancreatic delta-cells®?, raising the possibility that
this may also occur in neurons.

Independent evidence that Ca?* fluxes in SN dopaminergic
neurons are de-regulated upon Cav2.3 knockout or pharmaco-
logical Cav2.3 inhibition stems from our observations that Ca?
T-dependent AHPs are correspondingly reduced. These AHPs in
SN dopaminergic neurons are sensitive to inhibition of small
conductance K+ channels*®%3. Our data strongly suggest func-
tional coupling with Cav2.3 channels. This is similar to coupling
of Cav2.3 and big conductance K* channels underlying AHPs in
hippocampal pyramidal neurons®4.

Pacemaking in VTA dopaminergic neurons was associated
with only modest Ca>t signals in the somata (similar to that
described for dendrites!4) and small AHPs. Thus, loss or blockade
of Cav2.3 shifts the properties of dopaminergic neurons in the SN

than compensatory
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Fig. 5 Lower NCS-1 protein expression in human iPSC-derived dopaminergic neurons from Parkinson's disease patients compared to controls. a Western
blot analysis of Cav2.3 and NCS-1 (normalized to p-actin) protein levels in iPSC-derived SN dopaminergic-like neurons from control and GBA-1 Parkinson’s
disease patients. b Cav2.3 and NCS-1 protein expression (relative to that of p-actin), as well as Cav2.3/NCS-1 ratios in iPSC-derived dopaminergic neurons
derived from control (n=8) and GBA-1 Parkinson's disease (n=10) samples. Data were generated from six differentiations in total with four different
control lines and three different GBA-1 lines (see Supplementary Table 9A). Antibody specificities were confirmed on respective knockout mice. Error bars:
SEM. Significances are indicated by asterisks: *p < 0.05, **p <0.01, ***p <0.001, ****p < 0.0001. All data are detailed in Supplementary Table 9A/B and

Supplementary Fig. 7. Source data are available as a Source Data file

that are vulnerable in Parkinson’s disease toward those in the
VTA which are resistant!340:65,

We used the chronic MPTP/probenecid Parkinson’s dis-
ease model (injection interval 3.5 days) to avoid acute toxicity,
described for other (acute/subacute) MPTP protocols. The toxi-
city mechanism of MPTP and MPP (the neurotoxic metabolite)
has been extensively studied®®%”. MPP* inhibits the complex I of
the mitochondrial respiratory chain and thus mimics the complex
I deficiency, described for mitochondria in human SN dopami-
nergic neurons from Parkinson’s patients®%68,

Although our transgenic mouse model identifies a clear phe-
notype upon Cav2.3 loss, possible compensation is important to
consider particularly for global knockouts. Indeed, we had
described that loss of Cavl.3 upon knockout in mice is
functionally compensated by upregulation of Cav3.1 in SN
dopaminergic neurons*’. Here, we found no such evidence
for compensatory increases in Cav3.1, Cavl.2 or Cavl.3 mRNA
levels in SN dopaminergic neurons of Cav2.3 knockout
mice. Thus, the neuroprotection we observe in these animals is
unlikely to be explained by changes in expression of other Ca2*
channels.

We did however detect an increase in levels of NCS-1 mRNA
in SN dopaminergic neurons from Cav2.3 knockout mice.
Notably, this increase in Cav2.3 knockout mice was manifest only
in SN dopaminergic neurons from adult mice and thus age-
dependent. In contrast, NCS-1 levels remained stable in wildtype
mice, both age-dependent and region-selective. Ca2*-dependent
regulation of NCS-1 expression has been described in yeast®. We
hypothesize that functional expression of protective NCS-1 in SN
dopaminergic neurons might get upregulated in response to
Parkinson’s disease stressors. This view is supported, as NCS-1
stimulates mitochondrial function and neuronal survival promo-
tion in general’%’!, and as NCS-1 mRNA levels are elevated in
remaining human SN dopaminergic neurons from post mortem
Parkinson’s disease brains3. In contrast, the lower NCS-1 levels
detected in iPSC-derived dopaminergic neurons from GBA-1
Parkinson’s disease patients, offers an explanation for their
accelerated degeneration.

Previous work suggested that NCS-1 function in SN dopami-
nergic neurons could have neuroprotective effects3®-32. Con-
sistent with this, knockout of NCS-1 resulted in more severe
dopaminergic neuronal loss in our Parkinson’s disease model.
Importantly, this elevated loss was restricted to the SN, despite
global NCS-1 knockout. Thus, elevated levels of NCS-1 in SN
dopaminergic neurons of adult Cav2.3 knockout mice might
contribute to the observed neuroprotection.

We also found that SN dopaminergic neurons from NCS-1
knockout mice displayed lower Cav2.3 mRNA levels than wild-
type mice. We speculate that the Cav2.3 downregulation reflects a
compensatory response to combat Cav2.3-mediated degeneration
in NCS-1-depleted SN neurons. In this context, Cav2.3 mRNA
levels are also lowered upon overexpression of mutant human a-
synuclein (PARK1) in dorsal motor nucleus tissue of the vagus
nerve’2. Cholinergic neurons in this area display Ca2*-associated
pacemaker activity, similar to SN dopaminergic neurons, and
Lewy-body protein aggregates in Parkinson’s disease. But for
unknown reasons, these neurons are less vulnerable to
degeneration®7%73, Based on our findings, downregulation of
Cav2.3 in response to Parkinson’s disease stressors offers a fea-
sible explanation.

Collectively, our data strongly suggest opposing roles for
Cav2.3 and NCS-1 in Parkinson’s disease. Cav2.3 is neurode-
generative whereas NCS-1 is protective for SN dopaminergic
neurons. Whether this involves any direct functional or molecular
interactions between the two proteins must be clarified in future
experiments.

Importantly, NCS-1 expression is reduced in iPSC-derived
dopaminergic neurons from familial Parkinson’s disease patients
heterozygous for the N370S mutation in the GBAI gene. Previous
studies using iPSC-derived dopaminergic neurons from Parkin-
son’s patients with GBAI mutations identified disrupted Ca2*
homeostasis and increased vulnerability to stress responses that
were rescued by isogenic correction’. Age-dependent dysregu-
lation of Ca?* homeostasis has also been described in patient
fibroblasts carrying the N370S mutation in the GBA gene*s.
Notably, NCS-1 levels are higher in the surviving dopaminergic
neurons from post mortem idiopathic Parkinson’s disease
patients®0. We suggest that the relative activity of Cav2.3 and
NCS-1 within the complex Ca2* signaling and PARK gene net-
work in SN dopaminergic neurons may contribute to define their
viability during stress.

Although epidemiological evidence links use of L-type Ca®*
channel blockers to reduced risk of Parkinson’s disease, isradipine
afforded no protection in Parkinson’s patients in a recently
concluded phase III clinical trial?’. Plasma levels reached during
treatment with a maximal tolerable dose of isradipine might have
been insufficient to fully inhibit L-type voltage-gated Ca’*
channels in SN dopaminergic neurons?!:37. Alternatively, inhi-
bition of L-type voltage-gated Ca?* channels might preferentially
be protective only under distinct conditions, e.g. before motor
symptoms manifest, or in response to transiently elevated dopa-
mine levels’® during dopamine replacement therapy®?l.
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Inhibition of Cav2.3—alone or in combination with inhibition of
L-type and/or T-type voltage-gated Ca?t channels!%23—could
form the basis of a neuroprotective strategy for Parkinson’s dis-
ease in the future. However, the only available Cav2.3 inhibitor
(SNX-482) is unsuitable for neuroprotection in a clinical setting
due to off target effects?®437>. Thus, development of high affinity,
brain-permeable, and selective Cav2.3 channel blockers is
warranted?87>,

Detailed information for all methodological approaches are
given in the Supplementary Methods.

Reporting summary. Further information on research design is
available in the Nature Research Reporting Summary linked to
this article.

Data availability

All data generated or analyzed during this study are included in this published article and
Supplementary Information file, or available from the authors upon request. Source data
underlying Figs. 1-5 are available as a Source Data file.
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