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Abstract 29 

In dopaminergic (DA) substantia nigra (SN) neurons Cav2.3 R-type Ca2+-currents contribute 30 

to somatodendritic Ca2+-oscillations. These may contribute to the selective degeneration of 31 

these neurons in Parkinson’s disease (PD) since Cav2.3-knockout is neuroprotective in a PD 32 

mouse model. However, the typical Cav2.3 gating would predict complete channel inactivation 33 

during SN DA neuronal firing. Here we show that in tsA-201-cells the membrane-anchored β2-34 

splice variants β2a and β2e stabilize Cav2.3 gating properties allowing sustained Cav2.3 35 

availability during simulated pacemaking and enhanced Ca2+-currents during bursts. We 36 

confirmed the expression of β2a and β2e-subunits in the SN and identified SN DA neurons. 37 

Patch-clamp recordings of SN DA neurons in mouse brain slices revealed R-type Ca2+-currents 38 

similar to β2a- or β2e-stabilized Cav2.3-currents and recordings in cultured murine DA neurons 39 

confirmed their activity during pacemaking. Taken together, our data support an important 40 

(patho)physiological role of β-subunit alternative splicing for Cav2.3 Ca2+-signaling in highly 41 

vulnerable SN DA neurons.  42 
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Introduction 43 

Parkinson’s disease (PD) is one of the most common neurodegenerative disorders. Its motor 44 

symptoms are characterized by progressive degeneration of dopamine (DA)-releasing neurons 45 

in the substantia nigra (SN), while neighboring DA neurons in the ventral tegmental area (VTA) 46 

remain largely unaffected (Damier et al., 1999; Giguère et al., 2018; Surmeier et al., 2017). 47 

Current PD therapy is only symptomatic and primarily based on the substitution of striatal DA 48 

by administration of L-DOPA or dopamine D2 receptor agonists. Unfortunately, none of the 49 

existing therapeutic approaches for PD patients is disease-modifying and can prevent disease 50 

progression (for review see Liss & Striessnig, 2019; Surmeier et al., 2011; Surmeier et al., 51 

2017). 52 

The development of novel neuroprotective strategies for the treatment of early PD requires the 53 

understanding of the cellular mechanisms responsible for the high vulnerability of SN DA 54 

neurons. Among these mechanisms elevated metabolic stress appears to play a central role 55 

(for review see Liss & Striessnig, 2019), eventually triggering lysosomal, proteasomal and 56 

mitochondrial dysfunction (Burbulla et al., 2017; Surmeier et al., 2017). Intrinsic physiological 57 

properties of SN DA neurons, in particular increased cytosolic DA levels and high energy 58 

demand due to large axonal arborisation favour metabolic stress (Bolam & Pissadaki, 2012; 59 

Liss & Striessnig, 2019). In addition, these neurons must handle a constant intracellular Ca2+-60 

load resulting from dendritic and somatic Ca2+-oscillations triggered during their continuous 61 

electrical activity (Ortner et al., 2017; Surmeier et al., 2011). Dendritic Ca2+-transients largely 62 

depend on the activity of voltage-gated Ca2+ channels, in particular Cav1.3 L-type (LTCCs) 63 

and T-type channels (Guzman et al., 2018). Cav1.3 channels can activate at subthreshold 64 

membrane potentials (Koschak et al., 2001; Lieb et al., 2014; Xu & Lipscombe, 2001) and do 65 

not completely inactivate during continuous pacemaking activity (Guzman et al., 2018; 66 

Guzman et al., 2009; Ortner et al., 2017). Some, but not all, in vivo studies (Liss & Striessnig, 67 

2019) showed neuroprotection by the systemic administration of dihydropyridine (DHP) L-type 68 

channel blockers in 6-OHDA and MPTP animal models of PD thus further supporting a role of 69 

LTCCs as potential neuroprotective drug target. Based on these preclinical data and 70 

supporting observational clinical evidence (Liss & Striessnig, 2019), the neuroprotective 71 

potential of the DHP isradipine (ISR) was tested in a double-blind, placebo-controlled, parallel-72 

group phase 3 clinical trial (“STEADY-PD III”, NCT02168842; Biglan et al., 2017). This trial 73 

reported no evidence for neuroprotection by ISR. Several explanations have been offered for 74 

this negative outcome (Parkinson Study Group, 2020). One likely explanation is that voltage-75 

gated Ca2+-channels (Cavs) other than LTCCs also contribute to Ca2+-transients in SN DA 76 

neurons. This is supported by the observation that only about 50% of the Ca2+-transients are 77 

blocked by isradipine in the dendrites of SN DA neurons (Guzman et al., 2018) and that action 78 

potential-associated Ca2+-transients in the soma appear to be even resistant to isradipine 79 
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(Ortner et al., 2017). Therefore, in addition to L-type, other types of Cavs expressed in SN DA 80 

neurons (Branch et al., 2014; Evans et al., 2017; Philippart et al., 2016) may also contribute to 81 

Ca2+-induced metabolic stress in SN DA neurons. Cav2.3 (R-type) Ca2+-channels are very 82 

promising candidates. We have recently shown that SN DA neurons in mice lacking Cav2.3 83 

channels were fully protected from neurodegeneration in the chronic MPTP-model of PD. 84 

Moreover, we found that Cav2.3 is the most abundant Cav expressed in SN DA neurons, and 85 

substantially contributes to activity-related somatic Ca2+-oscillations (Benkert et al., 2019). 86 

These findings make Cav2.3 R-type Ca2+ channels a promising target for neuroprotection in 87 

PD. 88 

SN DA neurons are spontaneously active, pacemaking neurons, either firing in a low-frequency 89 

single-spike mode or transiently in a high-frequency burst mode (Grace & Bunney, 1984a, 90 

1984b; Paladini & Roeper, 2014). During regular pacemaking their membrane potential is, on 91 

average, rather depolarized ranging from about -70 mV after an action potential (AP) to about 92 

-40 mV at firing threshold (Gantz et al., 2018; Guzman et al., 2018; Ortner et al., 2017). The 93 

contribution of a particular Cav channel to Ca2+-entry is therefore largely determined by its 94 

steady-state inactivation properties, which determines its availability at these depolarized 95 

voltages. In Cav2.3 channels expressed with auxiliary α2δ and various β-subunits steady-state 96 

inactivation occurs at much more negative potentials being almost complete at voltages 97 

positive to -50 mV. Moreover, Cav2.3 channels inactivate quickly during depolarizations (Jones 98 

et al., 1998; Pereverzev et al., 2002; Soong et al., 1993; Williams et al., 1994; Yasuda et al., 99 

2004). Together these properties predict that most of the Cav2.3 channel current is inactivated 100 

during continuous SN DA neuron pacemaking. 101 

Here we directly addressed this question by stimulating Cav2.3 channel complexes using 102 

command voltages simulating either SN DA neuron-like tonic pacemaking or brief burst 103 

activity. As previously described for LTCCs (Ortner et al., 2017) we expressed Cav2.3 104 

channels together with auxiliary subunits in tsA-201 cells because individual Ca2+-current 105 

components are difficult to resolve in patch-clamp recordings of SN DA neurons in slices. We 106 

found that Cav2.3 currents rapidly decay when co-expressed with β3 and β4 subunits. 107 

However, Cav2.3 remained active during continuous pacemaking in the presence of the β2a 108 

and β2e splice variants, which stabilize steady-state inactivation of Cav2.3 at more positive 109 

potentials (up to 35 mV more positive compared to β3) and considerably slow current 110 

inactivation. In contrast, steady-state inactivation of Cav1.3 channels was largely unaffected 111 

by β2a, suggesting that Cav1.3 availability is much less dependent on the presence of β2a 112 

subunits. Using RNAScope we confirmed the presence of both, β2a and β2e transcripts in 113 

identified mouse SN and VTA DA neurons and quantitative PCR analysis showed that β2-114 

subunits represent about 25% of all β-subunit transcripts in the SN and VTA with about 50% 115 

comprising β2a and β2e variants. In patch-clamp recordings of SN DA neurons in mouse brain 116 
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slices we detected R-type Ca2+-currents similar to β2a- or β2e-stabilized Cav2.3-currents and 117 

recordings in cultured DA neurons confirmed R-type current activity during the pacemaking 118 

cycle. Taken together, our data further support a role of Cav2.3 in SN DA neuron Ca2+-signaling 119 

and reveal an important (patho)physiological role of β-subunit alternative splicing.  120 
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Results 121 

SNX-482 inhibits Ca2+ current (ICa) and reduces spontaneous AP firing in cultured mouse 122 

midbrain DA neurons 123 

We have recently shown that in mouse SN DA neurons Cav2.3 channels contribute to action 124 

potential (AP)‐induced somatic Ca2+-oscillations. In Cav2.3-deficient mice the amplitude of the 125 

Ca2+-oscillations was decreased by about 50%. This continuous Ca2+ load can potentially 126 

contribute to the high vulnerability of these neurons in PD (Benkert et al., 2019). 127 

To further confirm the presence of functional Cav2.3 channels we investigated effects of the 128 

Cav2.3 blocker SNX-482 on firing frequency and AP shape in spontaneously firing cultured 129 

mouse DA midbrain neurons. We employed SNX-482 at a low concentration (100 nM) to inhibit 130 

Cav2.3 current components (IC50=30 nM) but spare L-type channels (IC50>1 µM, Bourinet et 131 

al., 2001; Newcomb et al., 1998). SNX-482 had profound effects on firing properties. In current-132 

clamp recordings it significantly reduced the spontaneous firing frequency from 4.1 ± 0.8 Hz 133 

(control, n=10) to 1.1 ± 0.2 Hz (SNX-482, n=10, p=0.0036, paired Student’s t-test; Fig. 1A, B) 134 

and decreased the regularity of pacemaking (coefficient of variation of the mean interspike 135 

interval increased from 0.25 ± 0.06 (control) to 0.78 ± 0.13 (SNX-482, p=0.0032, paired 136 

Student’s t-test; Fig. 1B)). Slowing of firing was associated with hyperpolarization of the most 137 

negative voltage reached during the afterhyperpolarization (AHP) immediately after the spike 138 

(AHP peak), which decreased from -43.2 ± 1.3 mV (control) to -47.0 ± 1.2 mV (SNX-482, 139 

p=0.0005, paired Student’s t-test; Fig. 1B). Other changes in the AP waveform, which could 140 

represent indirect effects from the slowing of AP frequency or result from inhibition of Cav2.3 141 

channels, were also noted: a reduced mean AP half-width (control: 5.1 ± 0.3 ms, SNX-482: 4.2 142 

± 0.3 ms, p=0.0050, paired Student’s t-test), and a trend towards increased maximum time-143 

derivative of voltage (control: 45.3 ± 4.9 mV/ms, SNX-482: 74.3 ± 13.5 mV/ms p=0.0625, 144 

paired Student’s t-test, estimated from the phase-plane plot of Fig. 1C). The latter is likely due 145 

to the recruitment of more voltage-gated Na+-channels during the AP onset from the more 146 

hyperpolarized interspike membrane potential (Guarina et al., 2018; Tomagra et al., 2019). 147 

We also isolated SNX-482-sensitive Cav2.3 currents in cultured DA midbrain neurons using 148 

voltage-clamp experiments. In order to exclude that part of the Ca2+-current inhibition by SNX-149 

482 could be attributed to the inhibition of L-type channels, we added SNX-482 (100 nM) after 150 

the complete block of L-type currents (comprising about 25% of total Ca2+-current, not shown) 151 

by 3 µM isradipine (ISR). Ca2+-currents were elicited by consecutive depolarizing 50-ms square 152 

pulses to 0 mV from a holding potential of -70 mV every 10 s. Once stable recordings were 153 

obtained in the presence of isradipine (see representative experiments in Fig. 2A, B), 100 nM 154 

of SNX-482 were applied. Application of 100 nM SNX-482 significantly reduced non-L-type 155 

currents by 41 ± 4 % (paired Student's t-test; p<0.001) (Fig. 2C) corresponding to an absolute 156 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted February 10, 2021. ; https://doi.org/10.1101/2021.02.10.430224doi: bioRxiv preprint 

https://doi.org/10.1101/2021.02.10.430224
http://creativecommons.org/licenses/by-nc-nd/4.0/


7 
 

decrease of current amplitude from 529 ± 57 pA to 313 ± 33 pA (n=20, p<0.01, paired Students 157 

t-test) (Fig. 2D). All residual ICa components were blocked by adding 2 μM Cd2+ to the bath 158 

solution (Fig. 2A, B).  159 

Primary cultures of DA neurons are not very different from freshly dissected identified midbrain 160 

DA neurons (Puopolo et al., 2007) and thus behave differently from SN DA neurons in slices 161 

(Guzman et al., 2009). Nevertheless, our experiments clearly demonstrate that Cav2.3 162 

channels contribute to total Ca2+-current and can support pacemaking in cultured mouse DA 163 

neurons. This finding requires that Cav2.3 channels must be continuously available throughout 164 

the average interspike membrane potentials of these cells (between -70 to -40 mV). However, 165 

Cav2.3 α1-subunits have originally been cloned as a low-voltage gated channel with a negative 166 

steady-state inactivation voltage range (V0.5,inact -78 mV; Soong et al., 1993) with almost 167 

complete inactivation at voltages positive to -50 mV. R-type currents with such negative 168 

steady-state inactivation properties have also been described in multiple studies in both native 169 

neocortical neurons (Almog & Korngreen, 2009; Sochivko et al., 2002), neurohypophyseal 170 

terminals (Wang et al., 1999), cerebellar granule neurons (Randall & Tsien, 1997; Tottene et 171 

al., 1996) and recombinant channels co-expressed with α2δ- and various β-subunit isoforms 172 

(Jones et al., 1998; Miranda-Laferte et al., 2014; Nakashima et al., 1998; Williams et al., 1994; 173 

Yasuda et al., 2004). 174 

To explore how Cav2.3 channels can contribute to DA neuron Ca2+-entry during sustained 175 

neuronal activity we expressed Cav2.3 α1-subunits together with its accessory α2δ1 and β-176 

subunits in tsA-201 cells under near-physiological conditions. For this purpose we employed 177 

physiological extracellular Ca2+ (2 mM), weak intracellular Ca2+-buffering (0.5 mM EGTA, see 178 

methods), and used AP waveforms recorded from SN DA neurons in mouse midbrain slices 179 

(2.5 Hz) or simulated bursts as command voltages as described (Ortner et al., 2017; see 180 

methods). Moreover, we employed the Cav2.3e α1-subunit splice variant for our recordings. 181 

Among the 6 major Cav2.3 α1-subunit splice variants we only detected Cav2.3e α1 in UV laser-182 

microdissected mouse SN DA neurons in experiments using a qualitative single-cell RT-qPCR 183 

approach (Suppl. Fig. 2A,B). 184 

 185 

β-subunit isoform-dependent activity of Cav2.3 channels during SN DA neuron-like 186 

regular pacemaking activity 187 

We first employed β3 and β4 isoforms for co-expression experiments in tsA-201 cells, because 188 

Cav2 channels in the brain appear to be biochemically associated predominantly with these 189 

isoforms (Liu et al., 1996; Scott et al., 1996). When we applied the simulated SN DA neuron 190 

regular pacemaker activity (initiated from a holding potential of -89 mV), large inward currents 191 
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were observed in response to single AP waveforms (Fig. 3A). Cav2.3 channels conducted ICa 192 

during the repolarization phase of the AP (IAP) without evidence for inward current during the 193 

interspike interval (ISI, Fig. 3A). However, IAP decreased rapidly during continuous activity and 194 

almost completely disappeared after 1 (co-transfected β3) - 2 min (co-transfected β4; Fig. 3B, 195 

C). The time course of IAP decrease was best fitted by a bi-exponential function (see legend to 196 

Fig. 3). Our data, therefore, suggest that Cav2.3e α1-subunits, in complex with α2δ1 and β3 197 

or β4, cannot support substantial inward currents during continuous SN DA neuron 198 

pacemaking activity. This is in contrast to our previously published finding of stable Cav1.3 199 

Ca2+-channel activity persisting under near identical experimental conditions (Cav1.3 200 

α1/α2δ1/β3 previously published data (Ortner et al., 2017) illustrated for comparison in Fig. 201 

3B, C). In agreement with earlier studies (Jones et al., 1998; Yasuda et al., 2004), we found 202 

that recombinant Cav2.3 channels associated with β3 and β4 inactivate at negative voltages 203 

(V0.5,inact < -70 mV) with a rapid inactivation time course (≥ 50% within 50 ms, Fig. 4A-C, Table 204 

1). These characteristics can explain the observed rapid loss of Cav2.3 activity during regular 205 

pacemaking. 206 

Since Cav2.3 channel gating properties have previously been shown to be fine-tuned by β-207 

subunits in an isoform-dependent manner (Jones et al., 1998; Yasuda et al., 2004), we 208 

hypothesized that other β-subunits may be required to support long-lasting Cav2.3 activity 209 

during firing patterns typical for spontaneously active DA neurons. First, we tested if β-subunits 210 

are required at all for Cav2.3 activity under our experimental conditions, as Cav2.3 α1-subunits 211 

have been reported to mediate ICa even when expressed in the absence of β-subunits (Jones 212 

et al., 1998; Yasuda et al., 2004). In our experiments, all five tested β-subunits (β2a, β2d, β2e, 213 

β3, β4) caused a robust and highly significant (6-12-fold; Fig. 4A, Table 1) increase in current 214 

densities with a similar activation voltage-range. This implies that β-associated Cav2.3 215 

channels contribute more to overall Cav2.3-mediated currents than channel complexes devoid 216 

of β-subunits and thus can be subject to differential modulation by β-subunits. Therefore, we 217 

investigated the modulation of Cav2.3 by β2-subunit isoforms, in which N-terminal alternative 218 

splicing strongly affects their modulatory effects. In particular, β2a and β2e, which contain N-219 

termini that can anchor to the plasma membrane, can slow the inactivation time course and 220 

can affect voltage-dependence of inactivation, especially in Cav2 channels (Jones et al., 1998; 221 

Miranda-Laferte et al., 2014; Miranda-Laferte et al., 2012; Yasuda et al., 2004). In contrast, the 222 

modulatory effects of other, non-membrane anchored β2 splice variants, such as β2d, are 223 

more similar to those of β1, β3 and β4-subunits (Buraei & Yang, 2010). Indeed, also under our 224 

experimental conditions β2a and β2e subunits stabilized Cav2.3 voltage-dependent 225 

inactivation at ~30 mV more positive potentials compared to β4 (and β3), an effect not 226 

observed for β2d subunits (Fig. 4B, Table 1). In contrast, the voltage-dependence of activation 227 

was not affected and was similar to β4 and all other tested β-subunits (Fig. 4B, Table 1). β2a 228 
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and in particular β2e also significantly slowed the inactivation kinetics during prolonged 229 

depolarizations compared to all other β-subunits tested (Fig. 4C, Table 1). β3 stabilized 230 

significantly faster inactivation kinetics than β4 and β2d subunits. Due to the voltage-231 

dependent inactivation at more depolarized potentials and the resulting overlap of the voltage-232 

dependence of inactivation and activation (Fig. 4B), β2a and β2e subunits induce window 233 

currents at negative potentials as shown in Suppl. Fig. 3. 234 

 235 

β-subunit transcripts in mouse SN and VTA 236 

The above findings prompted us to investigate if β2a and β2e are indeed expressed in SN DA 237 

neurons and could, therefore, participate in the formation of R-type currents sustained during 238 

pacemaking. We investigated β1-4 subunit expression patterns in the SN (and VTA for 239 

comparison) (Fig. 5A) dissected from brain slices of 12-14 weeks old male C57Bl/6N mice (Fig. 240 

5C) using a standard curve-based absolute RT-qPCR assay (Schlick et al., 2010; Suppl. Table 241 

1). In both SN and VTA tissue β4 (SN: ~65%; VTA: ~56%) and β2 (SN: ~27%; VTA: ~29%) 242 

represented the most abundant β-subunit transcripts, followed by β1 and β3 (~5 - 7%) (Fig. 243 

5A). Our findings are in excellent agreement (β2: 31-35%, β4: 41-45%) with cell type specific 244 

RNA sequencing data from identified midbrain DA neurons (Brichta et al., 2015; Shin, 2015). 245 

Next, we used our standard curve-based RT-qPCR assay to specifically quantify β2 N-terminal 246 

splice variant transcripts in these brain regions (Fig. 5B; for alignment of N-terminal β2 splice 247 

variants see Suppl. Fig. 1A). Assays were designed to specifically discriminate between β2a, 248 

β2b, and β2e. β2c and β2d N-termini (also present on other splice variants comprising the β2d 249 

N-terminus but with different alternative splicing in the HOOK region; Buraei & Yang, 2010) 250 

were detected by a common assay because selective primer design was difficult (see 251 

Methods). In SN and VTA, β2a (~30%) and β2e (~26%) transcripts together comprised about 252 

half of all tested β2-subunit splice variants, β2c and β2d-species about 42% and β2b only 253 

about 3% (Fig. 5B). Therefore, β2a and β2e together should be able to form a substantial 254 

fraction of Cav2.3 channel complexes.  255 

We further confirmed the presence of the various N-terminal β2 splice variants in individual 256 

UV-laser microdissected mouse SN DA neurons at the mRNA level using a qualitative PCR 257 

approach (Suppl. Fig. 2C). Moreover, quantitative RNAScope analysis confirmed the 258 

expression of both, β2e and β2a variants, in identified mouse SN and VTA DA neurons with 259 

β2e more abundantly expressed compared to β2a (Suppl. Fig. 2D). 260 

 261 

β2 splice variant-dependent regulation of Cav2.3 activity during SN DA neuron-like 262 

regular pacemaking activity  263 
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In order to investigate if the depolarizing shifts in steady-state inactivation and slowing of 264 

inactivation kinetics by β2a and β2e subunits are sufficient to stabilize Cav2.3 currents during 265 

simulated regular pacemaking activity, we co-expressed these β-subunits with Cav2.3e 266 

channels and stimulated cells with the SN DA neuronal AP waveform as described above for 267 

β3 or β4 (Fig. 3A). In contrast to β3 or β4, IAP decreased with a much slower time course in the 268 

presence of β2a or β2e with about 40% of the maximal initial IAP still remaining even after 5 269 

min of continuous activity (Fig. 6A-C). The time course of IAP decrease could be fitted by a bi-270 

exponential function predicting a steady-state reached at 32.3 ± 0.77% (n=12) of the initial IAP 271 

for β2a and 25.0 ± 0.12% (n=9) for β2e (see legend to Fig. 6). Similar to co-transfected β3 or 272 

β4 subunits, β2a or β2e supported Cav2.3 ICa predominantly during the repolarization phase 273 

after the AP spike. However, in accordance with enhanced window currents at more negative 274 

voltages (Suppl. Fig. 3) these subunits also supported an inward current during the interspike 275 

interval (ISI) as evident from the first few sweeps (with the largest current amplitudes) (Fig. 6A, 276 

bottom panel, zoom-in). IAP persisting after 2 min (β3, β4) or 5 min (β2a, β2e) of pacemaking 277 

was completely blocked by 100 µM Cd2+ and almost complete recovery from Cd2+-block was 278 

observed upon washout (Fig. 6B). 279 

Irreversible loss of ICa, a phenomenon also known as current "run-down" widely described for 280 

both native and recombinant Cavs (Kepplinger et al., 2000; Ortner et al., 2017; Schneider et 281 

al., 2018) during patch-clamp recordings, may also contribute to the current decay observed 282 

during simulated pacemaking. We, therefore, quantified the contribution of current run-down 283 

for Cav2.3 co-expressed with α2δ1 and β2a or β3 subunits first by applying short (20 ms) 284 

square pulses to Vmax (hp -89 mV) with a frequency of 0.1 Hz (Fig. 7A). With this protocol (short 285 

pulse, long inter-sweep interval, hyperpolarized hp) activity-/voltage-dependent inactivation of 286 

Cav2.3 channels should be minimized. While β3 co-transfected Cav2.3 channels showed a 287 

time-dependent current run-down after 5 min to about 60% of the peak ICa, β2a prevented the 288 

current decline during this period (Fig. 7A). To further quantify the current run-down during 289 

simulated pacemaking we interrupted the pacemaking protocol after different time periods by 290 

20 s long pauses at -89 mV to allow channel recovery from inactivation (Fig. 7B). Thus, the 291 

percent run-down can be estimated from the non-recovering current component (Fig. 7B, 292 

horizontal dashed lines). After 30 s of pacemaking the current amplitude during the first AP 293 

after the pause was similar to IAP during the initial AP with both β-subunits (β3: 96.9 ± 3.63%, 294 

β2a: 107.3 ± 3.66% of the initial IAP). After the pause that followed another 1 min of 295 

pacemaking, 83.6 ± 7.33% of the initial current was still recovered with co-transfected β3 but 296 

after 2 more minutes of pacemaking recovery decreased to 54.7 ± 6.27% (Fig. 7B; ~45% run-297 

down after 4.5 min in total, n=5). This time course is in good agreement with values obtained 298 

using the square-pulse protocol (Fig. 7A). Again, run-down was largely prevented by co-299 

expressed β2a-subunits (Fig. 7B; ~16% run-down after 4.5 min in total, n=12).  300 
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These data clearly demonstrate that the IAP decrease in response to simulated SN DA neuron 301 

pacemaking (2.5 Hz) is almost completely due to the reversible accumulation of Cav2.3 302 

channels in inactivated states, an effect partially prevented by β2a and β2e. 303 

 304 

Cav2.3 Ca2+ currents during simulated SN DA burst firing activity 305 

In addition to regular pacemaking activity (in vitro) or irregular single spike mode (in vivo), burst 306 

firing with transient increases in intracellular Ca2+-load has been associated with 307 

neurodegeneration and selective neuronal vulnerability in Parkinson’s disease (Dragicevic et 308 

al., 2015; Schiemann et al., 2012). Thus, we investigated to which extent Cav2.3 Ca2+-309 

channels can contribute to Ca2+-entry during bursts and after post-burst hyperpolarizing 310 

pauses of SN DA neurons. After reaching steady-state IAP during simulated SN DA neuron 311 

pacemaking (β4: 1-2 min, β2a/β2e: 5-6 min, see also Fig. 6B) we applied a computer modeled 312 

typical three-spike burst, followed by a 1.5 s long afterhyperpolarization-induced pause at more 313 

negative potentials as a command voltage as previously described (Ortner et al., 2017) (Fig. 314 

8A). First, we quantified to which extent total burst Ca2+-charge, i.e. ICa integrated over the 315 

duration of the burst, changes as compared to total Ca2+-charge during the same duration of 316 

a single AP in steady-state (calculated as the mean of 3 APs preceding the burst). Integrated 317 

ICa during the burst was 4-6-fold higher than the mean integrated ICa during a steady-state AP 318 

with all co-expressed β-subunits (β2a, β2e, β4) (Fig. 8A, B). However, it has to be considered 319 

that with co-expressed β4 only ~6% of the initial IAP remained in steady-state during regular 320 

pacemaking. Therefore, this relative increase will cause a much smaller rise in absolute Ca2+ 321 

charge compared to β2a/β2e-associated Cav2.3 where ~40% of IAP persisted in steady-state 322 

(Fig. 6B). 323 

We also investigated if post-burst afterhyperpolarizations would allow Cav2.3 channels to 324 

recover from inactivation and thus mediate increased Ca2+-entry during the first APs after the 325 

burst. We first determined the recovery from inactivation of Cav2.3 channels co-expressed 326 

with α2δ1 and β4 or β2a using a square-pulse protocol (Fig. 8C; 1-s conditioning prepulse to 327 

Vmax to inactivate Cav2.3 channels followed by a 10 ms step to Vmax after different time periods 328 

at -89 mV). About 30% of currents recovered under these experimental conditions after 1.5 329 

seconds at -89 mV with both co-expressed β4 and β2a (~6-fold increase of the remaining ICa 330 

after 1s at Vmax). In contrast, recovery during the hyperpolarizing pause after the burst of the 331 

AP protocol was much less pronounced (β4) or absent (β2a, β2e) (Fig. 8B). This may be due 332 

to the different pulse protocols inducing channel inactivation over different time periods. This 333 

may stabilize inactivated states with different recovery times.  334 
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Taken together, these data predict that β2a- and β2e-associated Cav2.3 channels can 335 

contribute to enhanced Ca2+-entry during brief burst activity but not during post-burst APs. 336 

Since palmitoylation is reversible and regulated in an activity-dependent localized manner 337 

(Bijlmakers & Marsh, 2003; Matt et al., 2019), we also investigated the contribution of 338 

palmitoylation of β2a for Cav2.3e modulation under our experimental conditions. To mimic the 339 

de-palmitoylated form, we replaced the two N-terminal cysteines to serines (C3S/C4Sβ2a) which 340 

prevents plasma membrane anchoring of β2a (Gebhart et al., 2010; Qin et al., 1998). As shown 341 

in Suppl. Fig. 4, C3S/C4Sβ2a significantly shifted V0.5,inact of Cav2.3 to more positive voltages as 342 

compared to β3 but to a much smaller extent (< 14 mV) than β2a (+35 mV) (Table 1). Due to 343 

this prominent role of palmitoylation on the V0.5,inact of Cav2.3 channels, the palmitoylation state 344 

of β2a should allow further fine-tuning of non-inactivating current components of Cav2.3 345 

channels in SN DA neurons. As illustrated in Suppl. Fig. 4, the effects of β2a palmitoylation on 346 

the inactivation kinetics and inactivation voltage of Cav1.3 L-type channels (Suppl. Fig. 4A,C) 347 

were different from Cav2.3, suggesting that palmitoylation/depalmitoylation events would 348 

regulate Ca2+ channel function in a subtype-selective manner. 349 

 350 

Steady-state activation and inactivation of R-type currents in mouse SN DA neurons 351 

We have recently shown in whole-cell patch-clamp recordings that 100 nM SNX-482 inhibit 352 

~30% of total Cav currents in mouse SN DA neurons (Benkert et al., 2019) when stimulated 353 

from a holding potential of -70 mV. If membrane-anchored β2-subunits stabilize more positive 354 

V0.5,inact of Cav2.3 channels in SN DA neurons then the voltage-dependent inactivation of the 355 

R-type currents should allow channels to be available even at voltages positive to -40 mV. 356 

Using whole-cell patch-clamp recordings (Fig. 9), we therefore measured the steady-state 357 

inactivation of R-type ICa in identified SN DA neurons in midbrain slices. R-type current was 358 

isolated as the current remaining after preincubation of slices with selective inhibitors of Cav1 359 

(1 µM isradipine), Cav2 (Cav2.1, Cav2.2; 1 µM -Conotoxin MVIIC) and Cav3 (10 µM Z941)) 360 

(Fig. 9, blue traces/symbols). The voltage-dependence for steady-state inactivation for R-type 361 

ICa was 5 mV more positive than for total ICa (V0.5,inact -52.4 ± 1.58 vs -47.5 ± 1.38 mV, p<0.05; 362 

Fig. 9A, Table 3) and very similar to recombinant Cav2.3 currents expressed with α2δ1 plus 363 

β2a or β2e subunits (~ -40 mV, Table 1). R-type current evoked from -100 mV activated at 364 

about 8 mV more positive voltages than total ICa (Fig. 9A, Table 3 for statistics). This 365 

observation is also in accordance with the positive activation voltage range of Cav2.3 channels 366 

measured in tsA-201 cells. 367 

We independently confirmed the presence of SNX-482-sensitive R-type currents also using 368 

perforated patch recordings in identified SN DA neurons. From an even more positive holding 369 
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potential of -60 mV, where a fraction of Cav2.3 channels must already be inactivated (Fig. 9A), 370 

still about 13% of ICa was inhibited by acute bath application of SNX-482 and inhibition was 371 

partially reversible upon washout (Suppl Fig. 5, Suppl. Table 7).  372 

These data are consistent with our finding of a contribution of β2a and/or β2e subunits to 373 

Cav2.3-mediated R-type current modulation. They also provide the first detailed analysis of 374 

Cav2.3-mediated R-type currents in identified SN DA neurons. 375 

  376 
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Discussion 377 

Although the modulation of Cavs by β-subunits and the characteristic gating changes induced 378 

by N-terminally membrane-anchored β2-subunit splice variants have been well described in 379 

the literature, the physiological significance of these findings remained underexplored. Here 380 

we provide strong evidence for an important role of β-subunit alternative splicing for Cav2.3 381 

Ca2+-channel signaling during continuous SN DA neuron-like regular pacemaking activity. We 382 

show that only β2a and β2e stabilize Cav2.3 channel complexes with voltage-dependent 383 

inactivation properties preventing complete inactivation during the on-average depolarized 384 

membrane potentials encountered during the pacemaking cycle. This cannot only explain our 385 

finding of a substantial contribution of SNX-482-sensitive R-type currents to activity-dependent 386 

somatic Ca2+-oscillations in SN DA neurons in brain slices (Benkert et al., 2019) but also to 387 

pacemaking frequency in cultured DA neurons. We also provide evidence for the expression 388 

of β2a and β2e subunit splice variants in highly vulnerable SN DA and in more resistant VTA 389 

DA neurons. Together with our finding that R-type currents in SN DA neurons are available 390 

within a voltage range very similar to heterologously expressed β2a- and β2e- stabilized 391 

Cav2.3 channel complexes, our data therefore strongly suggest that these subunits are 392 

required for normal DA neuron function and may also account for the previously reported 393 

pathogenic potential of Cav2.3 Ca2+-channels in PD pathophysiology (Benkert et al., 2019). 394 

We have previously shown that Cav2.3-knockout mice are protected from the selective loss of 395 

SN DA neurons in the chronic MPTP/probenecid PD model (Benkert et al., 2019). At least in 396 

this rodent model of PD, the observed protection provides strong evidence for a role of these 397 

channels in PD pathology. Pharmacological inhibition of Cav2.3 alone or together with other 398 

Cavs may, therefore, confer beneficial disease-modifying effects and a novel approach for 399 

neuroprotection in PD. The recent failure of the L-type Ca2+ channel blocker isradipine in the 400 

STEADY-PD trial (Parkinson Study Group, 2020) to prevent disease progression in early PD 401 

patients indicates that inhibition of L-type channels alone may not be sufficient for 402 

neuroprotection. Our previous preclinical findings identifying Cav2.3 channels as novel drug 403 

targets for neuroprotective PD-therapy are now supported by demonstrating R-type-mediated 404 

ICa in identified SN DA neurons with voltage-dependent gating properties likely stabilized by 405 

Cav2.3 association with β2a and/or β2e. Therefore, the inhibition of Cav2.3 in addition to 406 

Cav1.3 may be required for clinically meaningful neuroprotection. However, Cav2.3-mediated 407 

R-type currents are notoriously drug-resistant (Schneider et al., 2013), and so far no selective 408 

potent small-molecule Cav2.3/R-type blocker has been reported.  409 

Our findings reported here now provide the rationale for exploring novel neuroprotective 410 

strategies based on Cav2.3 channel inhibition. These could take advantage of the strong 411 

dependence of continuous Cav2.3 channel activity on gating properties such as those 412 
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stabilized by β2a and/or β2e. Rather than inhibiting Ca2+-entry through the pore-forming α1-413 

subunit, such a strategy could aim at reducing its contribution to the R-type current component 414 

persisting during continuous activity in SN DA neurons by interfering with the association of 415 

β2a and β2e subunits. Even if other β-subunits would replace them in the channel complex 416 

and ensure its stable expression, our data suggest that they would not be able to shift the 417 

steady-state inactivation voltage into the operating voltage range of SN DA neurons like β2a 418 

and β2e. Such an approach appears realistic due to the availability of novel genetically 419 

encoded Ca2+-channel inhibitors for a cell-type-specific gene therapeutic intervention. One 420 

such approach (CaVablator) has elegantly been used to specifically target Ca2+-channel β-421 

subunits for degradation by fusing β-specific nanobodies with the catalytic HECT domain of 422 

Nedd4L, an E3 ubiquitin ligase (Morgenstern et al., 2019). This strongly reduces Cav1- and 423 

Cav2-mediated Ca2+-currents in different cell types. At present, it is unclear to which extent 424 

other high-voltage activated Cav2 channels (Cav2.1, Cav2.2) also contribute to the high 425 

vulnerability of SN DA neurons. However, our recent quantitative RNAScope analyses in 426 

mature SN DA neurons (Benkert et al., 2019), clearly demonstrate that Cav2.3 α1-subunit 427 

(Cacna1e) transcripts are the most abundant α1-subunit expressed in these cells, in excellent 428 

agreement with cell type-specific RNAseq data of identified midbrain dopaminergic neurons 429 

(Brichta et al., 2015).  430 

We also show that in cultured mouse DA neurons, Cav2.3 channels can contribute to 431 

pacemaking. SNX-482 is also a potent blocker of Kv4.3 channels (Kimm & Bean, 2014) 432 

underlying A-type K+-currents (IA). 60 nM nearly fully block reconstituted Kv4.3 currents in HEK 433 

cells (IC50 ~ 3 nM). Therefore, one can argue that in current-clamp recordings, 50-300 nM 434 

SNX-482 could alter pacemaking or the AP shape by effectively blocking Kv4.3 channels. 435 

However, our data on spontaneously firing DA neurons show very clearly that 100 nM SNX-436 

482 causes a shortening and a reduced frequency of spontaneous APs, while a block of IA 437 

channels typically induces a broadening of APs in several neuronal preparations (Kim et al., 438 

2005) and an increased frequency in DA neurons (Liss et al., 2001). Therefore, the observed 439 

changes induced by SNX-482 strongly argue for a role of non-inactivating Cav2.3-mediated R-440 

type currents for pacemaking in DA neurons in culture. 441 

A limitation of our work is that our experiments do not provide direct proof for a role of β2-442 

subunit splice variants for R-type current modulation. Therefore, a similar role of other 443 

posttranslational modifications of Cav2.3 channels or protein interaction partners expressed at 444 

somatodendritic locations of SN DA neurons (such as Rab3-interacting proteins at axonal 445 

sites, Kiyonaka et al., 2007; Robinson et al., 2019) cannot be excluded. Direct proof for a role 446 

of β2-subunit splice variants would require a splice-variant-specific gene knockout or siRNA-447 

mediated knock-down of both β2a and β2e subunits in SN DA neurons, followed by isolation 448 

of Cav2.3 current components which is methodologically challenging in these neurons. 449 
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Nevertheless, we provide the first example for a physiological and perhaps even 450 

pathophysiological role of β2-subunit alternative splicing emphasizing a need for further 451 

investigation in other types of neurons. 452 

 453 

Materials and Methods 454 

Animals 455 

For quantitative real-time PCR (RT-qPCR) experiments, male C57BL/6N mice were bred in 456 

the animal facility of the Centre for Chemistry and Biomedicine (CCB) of the University of 457 

Innsbruck (approved by the Austrian Animal Experimentation Ethics Board). For 458 

electrophysiological experiments of cultured midbrain DA neurons, C57Bl/6 TH-GFP mice 459 

(Matsushita et al., 2002; Sawamoto et al., 2001) were kept heterozygous via breeding them 460 

with C57Bl/6 mice (in accordance with the European Community’s Council Directive 461 

2010/63/UE and approved by the Italian Ministry of Health and the Local Organism responsible 462 

for animal welfare at the University of Torino; authorization DGSAF 0011710-P-26/07/2017). 463 

All animals were housed under a 12 hours light/dark cycle with food and water ad libitum. For 464 

whole cell voltage-clamp recordings of SN DA neurons in acute brain slices as well as single-465 

cell RT-qPCR, juvenile male C57Bl/6 mice (PN11-13) were bred at the animal facility of Ulm 466 

University. For RNAScope analysis, adult male C57Bl/6 mice and Cav2.3 WT mice were bred 467 

at the animal facility of Ulm University. Animal procedures at the Universities of Ulm 468 

(Regierungspräsidium Tübingen, Ref: 35/9185.81-3; Reg. Nr. o.147) and Cologne (LANUV 469 

NRW, Recklinghausen, Germany (84-02.05.20.12.254) were approved by the local authorities. 470 

RNA isolation and cDNA synthesis for tissue RT-qPCR 471 

Tissue was dissected after mice had been sacrificed by cervical dislocation under isoflurane 472 

(Vetflurane, Vibac UK, 1000 mg/g) anesthesia and RNA isolation and cDNA synthesis for 473 

tissue RT-qPCR was performed as described in Supplemental Methods. 474 

Quantitative RT-qPCR of mouse brain tissue samples 475 

Fragments of β-subunits and β2 splice variants were amplified from mouse whole brain cDNA 476 

utilizing specific primers (Suppl. Table 1) and subcloned into the Cav1.3 8a 42 pGFPminus vector 477 

after restriction enzyme digestion using SalI and HindIII. Primer sequences for β1-β4 have 478 

been described previously (Schlick et al., 2010), but additional SalI and HindIII restriction 479 

enzyme sites (underlined in Suppl. Table 1) were inserted to allow subsequent ligation of 480 

fragments into the digested vector. TaqMan gene expression assays (Thermo Fisher Scientific, 481 

Waltham, MA, USA) and custom-made TaqMan gene expression assays were designed to 482 
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span exon-exon boundaries (Suppl. Table 1) as already described (Nadine J. Ortner et al., 483 

2020). 484 

The expression of β1, β2, β3, β4, β2a, β2b, β2c-d, and β2e was assessed using a standard 485 

curve method-based on PCR fragments of known concentration (Nadine J. Ortner et al., 2020; 486 

Schlick et al., 2010). β2c and β2d were detected by a common assay as selective primer 487 

design failed due to high sequence similarity. This assay binds at the exon-exon boundary of 488 

exons 2A and 3 of β2c and β2d and also recognizes a number of splice variants comprising 489 

the β2d N-terminus but with different alternative splicing in the HOOK region of the subunit 490 

(Buraei & Yang, 2010). Details about assay specificity are given in Suppl. Fig.1. 491 

cDNA constructs 492 

For transient transfections hCav2.3e (cloned into pcDNA3, Pereverzev et al., 2002) or 493 

hCav1.3L (human C-terminally long Cav1.3 splice variant; GenBank accession number 494 

EU363339) α1 subunits were transfected together with the previously described accessory 495 

subunit constructs: β3 (rat, NM_012828, Koschak et al., 2001), β2a (rat, M80545, Koschak et 496 

al., 2001), β2d (mouse, β2aN1, FM872408.1; Link et al., 2009), β2e (mouse, β2aN5, 497 

FM872407; Link et al., 2009, where β2d and β2e were kindly provided by V. Flockerzi, 498 

Saarland University, Homburg), C3S/C4Sβ2a (cysteine residues in position 3 and 4 of β2a 499 

replaced by serines, Gebhart et al., 2010) or β4 (rat, splice variant β4e, kindly provided by Dr. 500 

Bernhard Flucher, Medical University Innsbruck; Etemad et al., 2014) and α2δ1 (rabbit, 501 

NM_001082276, Koschak et al., 2001). 502 

Cell culture and transfection 503 

TsA-201 cells (European Collection of Cell Culture, catalog #96121229) were cultured as 504 

described (N. J. Ortner et al., 2020) in Dulbecco’s modified Eagle’s medium (DMEM; Sigma-505 

Aldrich, catalog #D6546) that was supplemented with 10% fetal bovine serum (FBS, Gibco, 506 

catalog #10270-106), 2 mM L-glutamine (Gibco, catalog #25030-032), penicillin (10 units/ml, 507 

Sigma, P-3032) and streptomycin (10 μg/ml, Sigma, S-6501). Cells were maintained at 37°C 508 

and 5% CO2 in a humidified incubator and were subjected to a splitting procedure after 509 

reaching ~80% confluency. For splitting, cells were dissociated using 0.05% trypsin after 510 

implementing a washing step using 1 x phosphate buffered saline (PBS). TsA-201 cells were 511 

replaced and freshly thawed when they exceeded passage no. 21. For electrophysiology, cells 512 

were plated on 10-cm culture dishes and subjected to transient transfections on the following 513 

day. Cells were transiently transfected using Ca2+-phosphate as previously described (Ortner 514 

et al., 2014) with 3 μg of α1 subunits, 2 μg of β subunits, 2.5 μg of α2δ1 subunits and 1.5 µg 515 

of eGFP to visualize transfected cells. On the next day, cells were plated onto 35-mm culture 516 
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dishes that were coated with poly-L-lysine, kept at 30°C and 5% CO2 and were then subjected 517 

to whole-cell patch-clamp experiments after 24-72 hours.  518 

Primary cell culture of midbrain DA neurons 519 

As described in Tomagra et al., 2019, the methods for the primary culture of mesencephalic 520 

dopamine neurons from substantia nigra (SN) were adapted from Pruszak et al., 2009. Briefly, 521 

the ventral mesencephalon area was dissected from embryonic (E15) C57Bl/6 TH-GFP mice 522 

(Matsushita et al., 2002; Sawamoto et al., 2001) that were kept heterozygous via breeding 523 

them with C57Bl/6J mice. HBSS (Hank’s balanced salt solution, without CaCl2 and MgCl2), 524 

enriched with 0.18% glucose, 1% BSA, 60% papain (Worthington, Lakewood, NJ, United 525 

States), 20% DNase (Sigma-Aldrich) was stored at 4°C and used as digestion buffer. Neurons 526 

were plated at final densities of 600 cells per mm2 on Petri dishes. Cultured neurons were used 527 

at 8/9 days in vitro (DIV) for current-clamp and voltage-clamp experiments. Petri dishes were 528 

coated with poly-L-Lysine (0.1 mg/ml) as substrate adhesion. Cells were incubated at 37°C in 529 

a 5% CO2 atmosphere, with Neurobasal Medium containing 1% pen-strep, 1% ultra-glutamine, 530 

2% B-27, and 2.5% FBS dialyzed (pH 7.4) (as previously described in Tomagra et al., 2019). 531 

Whole-cell patch-clamp recordings in tsA-201 cells 532 

For whole-cell patch-clamp recordings, patch pipettes with a resistance of 1.5-3.5 MΩ were 533 

pulled from glass capillaries (Borosilicate glass, catalog #64-0792, Harvard Apparatus, USA) 534 

using a micropipette puller (Sutter Instruments) and fire-polished with a MF-830 microforge 535 

(Narishige, Japan). Recordings were obtained in the whole-cell configuration using an 536 

Axopatch 200B amplifier (Axon Instruments, Foster City, CA), digitized (Digidata 1322A 537 

digitizer, Axon Instruments) at 50 kHz, low-pass filtered at 5 kHz and subsequently analyzed 538 

using Clampfit 10.7 Software (Molecular Devices). Linear leak and capacitive currents were 539 

subtracted online using the P/4 protocol (20ms I-V protocol) or offline using a 50 ms 540 

hyperpolarizing voltage step from -89 to -99 mV or -119 to -129 mV. All voltages were corrected 541 

for a liquid junction potential (JP) of -9 mV (Lieb et al., 2014). Compensation was applied for 542 

70-90% of the series resistance. For transient transfections in general at least three 543 

independent transfections were performed. 544 

The pipette internal solution for recordings of Cav2.3 contained (in mM): 144.5 CsCl, 10 545 

HEPES, 0.5 Cs-EGTA, 1 MgCl2, 4 Na2ATP adjusted to pH 7.4 with CsOH (299 mOsm/kg). The 546 

pipette internal solution for recordings of Cav1.3 contained (in mM): 135 CsCl, 10 HEPES, 10 547 

Cs-EGTA, 1 MgCl2, 4 Na2ATP adjusted to pH 7.4 with CsOH (275 mOsm/kg). The bath solution 548 

for recordings of Cav2.3 contained (in mM): 2 CaCl2, 10 HEPES, 170 Choline-Cl and 1 MgCl2 549 

adjusted to pH 7.4 with CsOH. The bath solution for recordings of Cav1.3 contained (in mM): 550 

15 CaCl2, 10 HEPES, 150 Choline-Cl and 1 MgCl2 adjusted to pH 7.4 with CsOH. 551 
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Current-voltage (I-V) relationships were obtained by applying a 20 ms long square pulse 552 

protocol to various test potentials (5 mV voltage steps) starting from a holding potential (hp) of 553 

-119 mV or -89 mV (recovery of inactivation). The resulting I-V curves were fitted to the 554 

following equation: 555 

𝐼 = 𝐺𝑚𝑎𝑥(𝑉 − 𝑉𝑟𝑒𝑣)/(1 + exp [−
𝑉−𝑉0.5

𝑘
]),  556 

where I is the peak current amplitude, Gmax is the maximum conductance, V is the test potential, 557 

Vrev is the extrapolated reversal potential, V0.5 is the half-maximal activation voltage, and k is 558 

the slope factor. The voltage dependence of Ca2+-conductance was fitted using the following 559 

Boltzmann relationship: 560 

𝐺 = 𝐺𝑚𝑎𝑥/(1 + exp [−
𝑉 − 𝑉0.5

𝑘
]) 561 

The voltage dependence of inactivation was assessed by application of 20 ms test pulses to 562 

the voltage of maximal activation (Vmax) before (Icontrol) and after holding the cell at various 563 

conditioning test potentials for 5 s (30 s inter-sweep interval; 10 mV voltage steps; hp -119 564 

mV). Inactivation was calculated as the ratio between the current amplitudes of the 20 ms test 565 

pulses. Steady-state inactivation parameters were obtained by fitting the data to a modified 566 

Boltzmann equation: 567 

𝐼 = (1 − 𝐼𝑐𝑜𝑛𝑡𝑟𝑜𝑙)/(1 + exp [
𝑉−𝑉0.5,   𝑖𝑛𝑎𝑐𝑡

𝑘𝑖𝑛𝑎𝑐𝑡
] + 𝐼𝑐𝑜𝑛𝑡𝑟𝑜𝑙), 568 

where V0.5, inact is the half-maximal inactivation voltage, and kinact is the inactivation slope factor. 569 

The amount of inactivation during a 5 s depolarizing pulse from a hp of -119 mV to the Vmax 570 

was quantified by calculating the remaining current fraction after 50, 100, 250, 500, 1000 and 571 

5000 ms. Recovery from inactivation was determined by 10 ms test pulses to Vmax at different 572 

time-points (in s: 0.001, 0.003, 0.01, 0.03, 0.1, 0.3, 0.6, 1, 1.5, 2, 3, 4, 6, 8, 10, 15, 20) after a 573 

1-s conditioning pulse to Vmax (hp -89 mV). Window current was determined by multiplying 574 

mean current densities by fractional currents form steady-state inactivation curves to obtain 575 

the fraction of available channels at a given potential as described previously (Hofer et al., 576 

2020). The SN DA regular pacemaking command voltage protocol obtained from an identified 577 

TH+ SN DA neuron in a mouse brain slice (male, P12) and the SN DA burst firing protocol were 578 

generated as previously described (Ortner et al., 2017). Cells were perfused by an air 579 

pressure-driven perfusion system (BPS-8 Valve Control System, ALA Scientific Instruments) 580 

with bath solution and a flow rate of 0.6 ml/min. For Cd2+-block, cells were perfused with 100 581 

µM Cd2+ to achieve full block, followed by wash-out with bath solution. A complete exchange 582 

of the solution around the cell was achieved within <50 ms. All experiments were performed at 583 

room temperature (~22°C).  584 
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Voltage- and current-clamp recordings in cultured midbrain DA neurons 585 

Macroscopic whole-cell currents and APs were recorded using an EPC 10 USB HEKA amplifier 586 

and Patchmaster software (HEKA Elektronik GmbH) following the procedures described 587 

previously (Baldelli et al., 2005; Gavello et al., 2018). Traces were sampled at 10 kHz and 588 

filtered using a low-pass Bessel filter set at 2 kHz. Borosilicate glass pipettes (Kimble Chase 589 

life science, Vineland, NJ, USA) with a resistance of 7-8 MΩ were used. Uncompensated 590 

capacitive currents were reduced by subtracting the averaged currents in response to P/4 591 

hyperpolarizing pulses. Off-line data analysis was performed with pClamp 10.0 software for 592 

current clamp recordings. Ca2+ currents were evoked by applying a single depolarization step 593 

(50 ms duration), from a holding of -70 mV to 0 mV. Fast capacitive transients due to the 594 

depolarizing pulse were minimized online by the patch-clamp analog compensation. Series 595 

resistance was compensated by 80% and monitored during the experiment. 596 

For current-clamp experiments the pipette internal solution contained in mM: 135 gluconic acid 597 

(potassium salt: K-gluconate), 10 HEPES, 0.5 EGTA, 2 MgCl2, 5 NaCl, 2 ATP-Tris and 0.4 598 

Tris-GTP (Tomagra et al., 2019). For voltage-clamp recordings the pipette internal solution 599 

contained in mM: 90 CsCl, 20 TEA-Cl, 10 EGTA, 10 glucose, 1 MgCl2, 4 ATP, 0.5 GTP and 15 600 

phosphocreatine adjusted to pH 7.4. The extracellular solution for current/voltage-clamp 601 

recordings (Tyrode’s solution) contained in mM: 2 CaCl2, 10 HEPES, 130 NaCl, 4 KCl, 2 MgCl2, 602 

10 glucose adjusted to pH 7.4. Patch-clamp experiments were performed using pClamp 603 

software (Molecular Devices, Silicon Valley, CA, United States). All experiments were 604 

performed at a temperature of 22–24°C. Data analysis was performed using Clampfit software. 605 

To study the contribution of Cav2.3 channels to the total Ca2+ current, cells were perfused with 606 

recording solution (containing in mM: 135 TEA, 2 CaCl2, 2 MgCl2, 10 HEPES, 10 glucose 607 

adjusted to pH 7.4) complemented with 300 nM TTX and 3 µM ISR to block voltage-dependent 608 

Na+ and L-type Ca2+ channels. SNX-482 (100 nM) was used in current- and voltage-clamp 609 

experiments. Furthermore, kynurenic acid (1 mM), 6,7-dinitroquinoxaline-2,3-dione (DNQX) 610 

(20 µM) and picrotoxin (100 µM) were present in the extracellular solution for current- and 611 

voltage-clamp experiments. 612 

Whole cell voltage-clamp recordings of SN DA neurons in acute brain slices 613 

Whole-cell patch-clamp recordings were performed essentially as previously described 614 

(Benkert et al., 2019). In brief, murine (PN11-13) coronal midbrain slices were prepared in ice-615 

cold ACSF using a VibrosliceTM (Campden Instruments). Chemicals were obtained from 616 

Sigma Aldrich unless stated otherwise. ACSF contained in mM: 125 NaCl, 25 NaHCO3, 2.5 617 

KCl, 1.25 NaH2PO4, 2 CaCl2, 2 MgCl2 and 25 glucose, and was gassed with Carbogen (95% 618 

O2, 5% CO2, pH 7.4, osmolarity was 300 - 310 mOsm/kg). Slices were allowed to recover for 619 

30 min at room temperature (22-25°C) before use for electrophysiology. Recordings were 620 
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carried out in a modified ACSF solution containing in mM: 125 NaCl, 25 NaHCO3, 2.5 KCl, 621 

1.25 NaH2PO4, 2.058 MgCl2, 1.8 CaCl2, 2.5 glucose, 5 CsCl, 15 tetraethylammonium, 2.5 4-622 

aminopyridine, 600 nM TTX (Tocris), 20 µM CNQX (Tocris), 4 µM SR 95531 (Tocris) and 10 623 

µM DL-AP5 (Tocris), pH adjusted to 7.4, osmolarity was 300 - 315 mOsm/kg. Data were 624 

digitalised with 2 kHz, and filtered with Bessel Filter 1: 10 kHz; Bessel Filter 2: 5 kHz. All 625 

recordings were performed at a bath temperature of 33°C ± 1. Patch pipettes (2.5-3.5 MΩ) 626 

were filled with internal solution containing in mM: 180 N-Methyl-D-glucamine, 40 HEPES, 0.1 627 

EGTA, 4 MgCl2, 5 Na-ATP, 1 Lithium-GTP, 0.1% neurobiotin tracer (Vector Laboratories); pH 628 

was adjusted to 7.35 with H2SO4, osmolarity was 285 - 295 mOsm/kg. Neurons were filled with 629 

neurobiotin during the recording, fixed with a 4% PFA solution and stained for tyrosine 630 

hydroxylase (TH; rabbit anti-TH, 1:1000, Cat#: 657012, Merck Millipore) and neurobiotin 631 

(Streptavidin Alexa Fluor conjugate 647, 1:1000, Cat# S21374, Thermo Fisher Scientific). Only 632 

TH and neurobiotin positive cells were used for the statistical analysis. 633 

Steady-state activation was measured by applying 150 ms depolarizing square pulses to 634 

various test potentials (10 mV increments) starting from -90 mV with a 10 sec interpulse 635 

interval. Holding potential between the pulses was −100 mV. Voltage at maximal Ca2+ current 636 

amplitude (Vmax) was determined during the steady-state activation recordings. Voltage-637 

dependence of the steady-state inactivation was measured by applying a 20 ms control test 638 

pulse (from holding potential -100 mV to Vmax) followed by 5 s conditioning steps to various 639 

potentials (10 mV increments) and a subsequent 20 ms test pulse to Vmax with a 10 sec 640 

interpulse interval. Inactivation was calculated as the ratio between the current amplitudes of 641 

the test versus control pulse. Currents were leak subtracted on-line using the P/4 subtraction. 642 

The series resistance was compensated by 60-90%. Data were not corrected for liquid junction 643 

potential (-5 mV, measured according to Neher, 1992). Midbrain slices were preincubated 644 

(bath-perfusion) at least 30 min in T-type (10 µM Z941), L-type (1 µM isradipine, ISR), N- and 645 

P/Q-type (1 µM ω-conotoxin-MVIIC) or R-type (100 nM SNX-482) Ca2+ channel blockers; 646 

except Z941, which was kindly obtained from T. Snutch (University of British Columbia, 647 

Canada), all Cav Blocker were from Tocris. 648 

Steady-state activation and inactivation curves were fitted as described above. 649 

Perforated patch recordings in SN DA neurons 650 

Brain slice preparation was performed as described in Supplemental Methods. After 651 

preparation, brain slices were transferred to a recording chamber (~1.5 ml volume) and initially 652 

superfused with carbogenated ACSF at a flow rate of ~2 ml/min. During the perforation 653 

process, the electrophysiological identification of the neuron was performed in current clamp 654 

mode. Afterwards, the ACSF was exchanged for the Ca2+ current recording solution which 655 

contained in mM: 66.5 NaCl, 2 MgCl2, 3 CaCl2, 21 NaHCO3, 10 HEPES, 5 Glucose adjusted 656 
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to pH 7.2 (with HCl). Sodium currents were blocked by 1 µM tetrodotoxin (TTX). Potassium 657 

currents and the hyperpolarization-activated cyclic nucleotide-gated cation current (Ih) were 658 

blocked by: 40 mM TEA-Cl, 0.4 mM 4-AP, 1 µM M phrixotoxin-2 (Alomone, Cat # STP-710; 659 

Subramaniam et al., 2014) and 20 mM CsCl. Experiments were carried out at ~28°C. 660 

Recordings were performed with an EPC10 amplifier (HEKA, Lambrecht, Germany) controlled 661 

by the software PatchMaster (version 2.32; HEKA). In parallel, data were sampled at 10 kHz 662 

with a CED 1401 using Spike2 (version 7) (both Cambridge Electronic Design, UK) and low-663 

pass filtered at 2 kHz with a four-pole Bessel filter. The liquid junction potential between 664 

intracellular and extracellular solution was compensated (12 mV; calculated with Patcher's 665 

Power Tools plug-in for Igor Pro 6 (Wavemetrics, Portland, OR, USA)).  666 

Perforated patch recordings were performed using protocols modified from (Horn & Marty, 667 

1988) and (Akaike & Harata, 1994). Electrodes with tip resistances between 2 and 4 MΩ were 668 

fashioned from borosilicate glass (0.86 mm inner diameter; 1.5 mm outer diameter; GB150- 669 

8P; Science Products) with a vertical pipette puller (PP-830; Narishige, London, UK). Patch 670 

recordings were performed with ATP and GTP free pipette solution containing (in mM): 138 671 

Cs-methanesulfonate, 10 CsCl2, 2 MgCl2, 10 HEPES and adjusted to pH 7.2 (with CsOH). ATP 672 

and GTP were omitted from the intracellular solution to prevent uncontrolled permeabilization 673 

of the cell membrane (Lindau & Fernandez, 1986). The patch pipette was tip filled with internal 674 

solution and back filled with 0.02% tetraethylrhodamine-dextran (D3308, Invitrogen, Eugene, 675 

OR, USA) and amphotericin-containing internal solution (~400 μg/ml; G4888; Sigma-Aldrich, 676 

Taufkirchen, Germany) to achieve perforated patch recordings. Amphotericin was dissolved in 677 

dimethyl sulfoxide (final concentration: 0.2 - 0.4%; DMSO; D8418, Sigma-Aldrich) (Rae et al., 678 

1991), and was added to the modified pipette solution shortly before use. The used DMSO 679 

concentration had no obvious effect on the investigated neurons. During the recordings access 680 

resistance (Ra) was constantly monitored and experiments were started after Ra was < 20MΩ. 681 

In the analyzed recordings Ra was comparable, did not change significantly over recording 682 

time, and was not significantly different between the distinct experimental groups. A change to 683 

the whole-cell configuration was indicated by a sudden change in Ra and diffusion of 684 

tetraethylrhodamine-dextran into the neuron. Such experiments were rejected. GABAergic and 685 

glutamatergic synaptic input was reduced by addition of 0.4 mM picrotoxin (P1675; Sigma-686 

Aldrich), 50 µM D-AP5 (A5282; Sigma-Aldrich), and 10 µM CNQX (C127; Sigma-Aldrich) to 687 

the ACSF. For inhibition experiments, 100 nM SNX-482 (Alomone, Cat # RTS-500 dissolved 688 

in ACSF) or 10 µM nifedipine (Alomone, Cat # N-120 diluted into ACSF from a freshly prepared 689 

10 mM stock solution in DMSO) was bath applied (in ACSF). 690 

Identification of β-subunit transcripts in identified SN DA and VTA DA neurons 691 

RNAScope in situ hybridization 692 
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In situ hybridization experiments were performed on fresh frozen mouse brain tissue using the 693 

RNAScope® technology (Advanced Cell Diagnostics, ACD), according to the manufacturer’s 694 

protocol under RNase-free conditions and essentially as described (Benkert et al., 2019). 695 

Briefly, 12 µm coronal cryosections were prepared (Duda et al., 2018), mounted on 696 

SuperFrost® Plus glass slides, and dried for one hour at -20°C. Directly before starting the 697 

RNAScope procedure, sections were fixed with 4% PFA for 15 min at 4°C and dehydrated 698 

using an increasing ethanol series (50%, 75%, 100%, 100%), for 5 min each. After treatment 699 

with protease IV (ACD, Cat# 322336) for 30 min at room temperature, sections were hybridized 700 

with the respective target probes for 2 h at 40°C in a HybEZ II hybridization oven (ACD). Target 701 

probe signals were amplified using the RNAScope Fluorescent Multiplex Detection Kit (ACD, 702 

Cat# 320851). All amplifier solutions were dropped on respective sections, incubated at 40°C 703 

in the HybEZ hybridization oven, and washed twice with wash buffer (ACD) between each 704 

amplification step for 2 min each. Nuclei were counterstained with DAPI ready-to-use solution 705 

(ACD, included in Kit) and slides were coverslipped with HardSet mounting medium 706 

(VectaShield, Cat# H-1400) and dried overnight. Target probes were either obtained from the 707 

library of validated probes provided by Advanced Cell Diagnostics (ACD) or self-designed in 708 

cooperation with ACD. Target probes and image acquisition are described in Supplemental 709 

Methods. 710 

Multiplex-nested PCR, qualitative and quantitative PCR analysis in individual laser-711 

microdissected DA neurons 712 

Cryosectioning, UV-laser microdissection (UV-LMD) and reverse transcription as well as 713 

multiplex-nested PCR, qualitative and quantitative PCR analysis were carried out similarly as 714 

previously described in detail (Benkert et al., 2019; Duda et al., 2018; Grundemann et al., 2011; 715 

Simons et al., 2019). All cDNA samples were precipitated prior to PCR, as described (Liss, 716 

2002). More details are given in Supplemental Methods. 717 

Statistics 718 

Data were analyzed using Clampfit 10.7 (Axon Instruments), Microsoft Excel, SigmaPlot 14.0 719 

(Systat Software, Inc), and GraphPad Prism 5 or 7.04 software (GraphPad software, Inc). Data 720 

were analyzed by appropriate statistical testing as indicated in detail for all experiments in the 721 

text, figure and table legends. Statistical significance was set at p < 0.05. Brain slice patch-722 

clamp data were also analyzed with FitMaster (v2x90.5, HEKA Elektronik). RNAScope and 723 

single-cell RT-qPCR data data were analyzed by Fiji (https://imagej.net/Fiji), QuantStudioTM 724 

Design and Analysis Software (Applied Biosystems) and GraphPad Prism 7.04. All values are 725 

presented as mean ± SEM for the indicated number of experiments (n) unless stated 726 

otherwise. 727 

728 
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Figures and Tables 1057 

 1058 

 1059 

Figure 1. SNX-482 effects on pacemaking of cultured mouse midbrain DA neurons. 1060 

A. Representative recording of spontaneous firing activity of cultured midbrain dopaminergic 1061 

neurons before, during and after the application (wash-out) of 100 nM SNX-482. Inset (bottom 1062 

right): overlay of one single AP before (control) and during the application of 100 nM SNX-482. 1063 

B. Firing frequency [Hz], coefficient of variation of the interspike interval [%], and AHP peak 1064 

[mV] before (control) and during the application of 100 nM SNX-482. Statistical significance 1065 

was determined using paired Student’s t-test.: *** p<0.001; ** p<0.01; * p<0.05. C. Left panel: 1066 

Phase-plane plot analysis (time derivative of voltage (dV/dt) vs. voltage (V)) before (control) 1067 

and during the application of 100 nM SNX-482. Right panel: corresponding AP trace in control 1068 

and in the presence of SNX-482.  1069 
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 1070 
Figure 2. SNX-482 inhibition of non-L-type ICa in cultured midbrain DA neurons.  1071 

A. Representative traces illustrating the inhibition of non-L-type ICa by 100 nM SNX-482 (red). 1072 

Cells were initially perfused with a bath solution containing 3 μM isradipine (ISR, black). Full 1073 

block was obtained using 2 μM Cd2+
 (blue). Square pulses (50 ms) were applied to 0 mV from 1074 

a holding potential of -70 mV (top) B. Current amplitude values plotted as a function of time. 1075 

After stabilization of ICa with ISR (black circles), 100 nM SNX-482 was applied. The remaining 1076 

currents was blocked by 2 μM Cd2+. C. SNX-482 inhibition expressed as % of control ICa after 1077 

LTCC block using 3 μM ISR. D. Mean current amplitude at the end of ISR application and at 1078 

the end of SNX-482 application. Statistical significance was determined using paired Student’s 1079 

t-test: *** p<0.001; **p<0.01; *p<0.05. 1080 
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 1082 

Figure 3. Activity-dependent inactivation of Cav2.3 channels co-transfected with β3 or 1083 

β4 (and α2δ1) during simulated SN DA neuron regular pacemaking activity in tsA-201 1084 

cells. 1085 

A. Top panel: The SN DA neuron-derived command voltage was applied with a frequency of 1086 

2.5 Hz (only a time interval around the AP-spike is shown). Middle panel: Corresponding 1087 

representative Ca2+ current traces (2 mM charge carrier) for Cav2.3 channels co-expressed 1088 

with α2δ1 and β3 (green) or β4 (purple). Cav2.3 currents were completely blocked by 100 μM 1089 

Cadmium (Cd2+), and remaining Cd2+-insensitive current components were subtracted off-line 1090 

(bottom panel). ISI, interspike interval. B. Current decay during simulated 2.5 Hz SN DA neuron 1091 

pacemaking. Normalized peak inward current during APs (IAP) is plotted against time as mean 1092 

± SEM for the indicated number of experiments. IAP amplitudes were normalized to the IAP 1093 

amplitude of the first AP after holding the cell at -89 mV. Cav1.3L co-expressed with α2δ1 and 1094 

β3 (gray, mean only) is shown for comparison (data taken from Ortner et al., 2017). The IAP 1095 

decay was fitted to a bi-exponential function (Cav2.3 β3: Aslow = 39.4 ± 0.65 %, slow = 22.2 ± 1096 

0.15 min, Afast = 54.2 ± 0.76 %, fast = 2.86 ± 0.07 min, non-inactivating = 4.47 ± 0.13 %; β4: 1097 

Aslow = 48.5 ± 0.26 %, slow= 90.3 ± 1.07 min, Afast = 41.8 ± 0.40 %, fast = 8.39 ± 0.16 min, non-1098 

inactivating = 5.12 ± 0.12 %). C. Normalized IAP decay after predefined time points for Cav2.3 1099 

with β3 or β4 and Cav1.3L (with β3). Statistical significance was determined using one-way 1100 

ANOVA followed by Bonferroni post-hoc test: *** p<0.001; ** p<0.01; * p<0.05. 1101 
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 1103 

Figure 4. Biophysical properties of Cav2.3 channels co-transfected with different β-1104 

subunits (and α2δ1) in tsA-201 cells. 1105 

A. Current densities (pA/pF) with or without (gray) co-transfection of indicated β-subunits. 1106 

Color code and n-numbers are given in the graphs. B. Voltage-dependence of steady-state 1107 

activation (normalized conductance G, right axis, solid lines) and inactivation (normalized ICa 1108 

of test pulses, left axis, dashed lines, left n-numbers in parentheses). C. Inactivation time 1109 

course during 5 s depolarizing pulses to Vmax starting from a holding potential of -119 mV. Inset 1110 

shows the first 200 ms of the 5 s pulse. Respective stimulation protocols are shown above 1111 

each graph. For statistics see Table 1. Vmax, voltage of maximal inward current. 1112 
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 1114 

Figure 5. Transcript expression of various β-subunits and β2-subunit splice variants in 1115 

mouse SN and VTA tissue. 1116 

A. Expression of β1-β4 subunit transcripts in SN (n=3) (left) and VTA (n=3) (right) determined 1117 

by RT-qPCR as described in Methods. B. Expression of β2a-β2e subunit transcripts in SN 1118 

(n=3) (left) and VTA (n=3) (right). Data are shown as the mean ± SEM. Statistical significance 1119 

was determined using one-way ANOVA followed by Bonferroni post-hoc test: *** p<0.001; ** 1120 

p<0.01; * p<0.05. Data was normalized to Gapdh and Tfrc determined by geNorm. 1121 

C. Example for four SN (left) and two VTA (right) tissue punches obtained for cDNA preparation 1122 

with diameters of 0.5 mm each (left) or 0.8 mm each (right) from 7-8 successive 100-μm-1123 

sections between Bregma -3.00 mm and -3.80 mm, stained with Cresyl violet.   1124 
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 1125 

Figure 6. Activity-dependent inactivation of Cav2.3 channels co-transfected with β2a or 1126 

β2e (and α2δ1) during simulated SN DA neuron regular pacemaking activity in tsA-201 1127 

cells. 1128 

A. Top panel: The SN DA neuron-derived command voltage was applied with a frequency of 1129 

2.5 Hz (only a time interval around the AP-spike is shown). Middle panel: Corresponding 1130 

representative Ca2+ current traces (2 mM charge carrier) for Cav2.3 channels co-expressed 1131 

with α2δ1 and β2a (orange) or β2e (blue). Cav2.3 currents were completely blocked by 100 1132 

μM Cadmium (Cd2+) and remaining Cd2+-insensitive current components were subtracted off-1133 

line (bottom panel). B. Current decay (normalized IAP) is plotted over time as described in Fig. 1134 

3. Cav2.3 β3 (green), β4 (purple) and Cav1.3L/β3 data are shown for comparison (see Fig. 3). 1135 

The IAP decay was fitted using a bi-exponential function (Cav2.3 β2a: Aslow = 52.6 ± 0.47 %, 1136 

slow = 299.3 ± 10.2 min, Afast = 13.4 ± 0.53 %, fast = 18.2 ± 1.47 min, non-inactivating = 32.3 ± 1137 

0.77 %; β2e: Aslow = 67.7 ± 0.11 %, slow = 294.1 ± 1.77 min, Afast = 7.10.0 ± 0.27 %, fast = 16.6 1138 

± 1.24 min, non-inactivating = 25.0 ± 0.12%). C. Normalized IAP decay after predefined time 1139 

points for Cav2.3 with co-expressed β2a, β2e, β3 or β4 and Cav1.3L (with β3). Statistical 1140 

significance was determined using one-way ANOVA followed by Bonferroni post-hoc test (5s, 1141 

30s, 1 min, 2 min) or unpaired Student‘s t-test (5 min): *** p<0.001; ** p<0.01; * p<0.05.  1142 
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 1143 

Figure 7. β-subunit-dependent run-down of Cav2.3 channel Ca2+ current in tsA-201 cells. 1144 

Data for Cav2.3 co-expressed with α2δ1 and β2a (orange) or β3 (green) are shown. A. Run-1145 

down during a 0.1 Hz square pulse protocol (20 ms to Vmax, hp -89 mV). Currents were 1146 

normalized to the ICa of the sweep with the maximal peak inward current observed during the 1147 

recording. After a full block with 100 µM Cd2+ currents recovered to the amplitude preceding 1148 

the Cd2+ application. B. Cells were held at -89 mV and then stimulated using the regular SN 1149 

DA neuron pacemaking protocol for 30 s, 1 min, and 2 min each followed by 20 s long pauses 1150 

(vertical dashed lines) at hyperpolarized potentials (-89 mV) to allow channel recovery from 1151 

inactivation. IAP of individual APs was normalized to the inward current of the first AP. The 1152 

current run-down component can be estimated from the non-recovering current component 1153 

(horizontal dashed lines). Mean ± SEM. BS, bath solution  1154 
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 1155 

Figure 8. Effects of different β-subunits on Cav2.3 currents during a simulated SN DA 1156 

neuron three-spike burst and post-burst APs in tsA-201 cells. 1157 

The burst command voltage was elicited after ~5-6 min (β2a, β2e) or ~1-2 min (β4) of regular 1158 

pacemaking to reach steady-state IAP (β2a and β2e: ~30% of the initial IAP, β4: ~6% of the initial 1159 

IAP, see Fig. 6). A. Normalized current responses of Cav2.3 channels co-expressed with β2a, 1160 

β2e or β4 subunits (and α2δ1) induced by a command voltage (top panel) simulating a typical 1161 

three-spike burst followed by a hyperpolarization phase at hyperpolarized potentials (lowest 1162 

voltage: -82 mV) for 1.5 seconds. Remaining Cd2+-insensitive current components (100 µM 1163 

Cd2+) were subtracted off-line to extract pure Cav2.3 mediated ICa. B. The integrated ICa during 1164 

a single AP before the burst (obtained as the mean of the three preceding APs) was set to 100 1165 

% and compared with ICa during the three-spike burst integrated over the time period equivalent 1166 

to one AP (left) or the first APs after the pause (right). All investigated β-subunits resulted in 1167 

increased integrated ICa during the burst. Statistical significance was determined using one-1168 

way ANOVA followed by Bonferroni post-test: *** p<0.001; ** p<0.01; * p<0.05. C. Square-1169 

pulse protocol (top) used to determine recovery from inactivation after the indicated time 1170 

intervals for β2a and β4-associated Cav2.3 channels (see Methods for details). For statistics 1171 

see Table 2.  1172 
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 1173 
 1174 
Figure 9. Voltage-dependence of gating of R-type currents in mouse SN DA neurons. 1175 

ICa recorded in SN DA neurons without (black traces/symbols) or after preincubation (blue) of 1176 

slices with a Cav channel blocker cocktail to inhibit Cav3 (10 µM Z941), Cav1 (1 µM 1177 

isradipine), Cav2.1 and Cav2.2 (1 µM ω-conotoxin-MVIIC). A. Left panel: representative 1178 

current traces of recordings of steady-state activation (at -20 mV test potential, similar 1179 

amplitudes were chosen). Right panel: voltage-dependence of steady-state activation and 1180 

inactivation, curve fits to the mean values are shown. B. Exemplary neuron as seen under 1181 

the patch clamp microscope with patch pipette next to it (left; BF, brightfield) and a neuron 1182 

after histochemical staining for tyrosine hydroxylase (TH, green) and neurobiotin (Nb, red). 1183 

Detailed parameters and statistics are given in Table 3.  1184 
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Tables 1185 

 
Cav2.3 - Activation 2 mM Ca2+ Cav2.3 - Inactivation 2 mM Ca2+ 

β-

subunit 

V0.5 

[mV] 

k  

[mV] 

Vrev 

[mV] 

act 

thres

h 

[mV] 

current 

density 

[pA/pF] 

n V0.5, inact  

[mV] 

kinact 

[mV] 

plate

au 

[%] 

n 

no β     -10.7 

±1.1 

23     

β2a -14.8 

±1.2 

4.8 

±0.2 

37.1 

±0.9 

-32.0 

±0.9 

-130.0+++ 

±15.2 

26 -40.6 

±1.8 

7.3 

±0.6 

1.67 
±1.26 

13 

C3S/C4Sβ2a -13.9 

±1.7 

4.7 

±0.3 

38.2 

±1.1 

-30.9 

±0.7 

-105.7+++ 

±21.4 

12 -62.6***/###/§§§ 

±1.6 

8.3## 

±0.4 

4.57 
±1.63 

9 

β2d -15.9§ 

±1.1 

4.6 

±0.2 

37.2 

±1.1 

-32.1§ 

±0.7 

-107.7+++ 

±13.4 

17 -69.6***/### 

±1.8 

8.2## 

±0.1 

2.09 
±0.72 

11 

β2e -14.1 

±0.9 

4.8 

±0.2 

40.3* 

±0.6 

-31.5 

±0.7 

-96.8+++ 

±14.3 

32 -39.6 

±2.4 

6.5 

±0.3 

4.06 
±1.63 

25 

β3 -10.5 

±0.7 

5.2 

±0.2 

39.8 

±0.9 

-29.2 

±0.7 

-64.6++ 

±12.8 

17 -76.2***/### 

±1.0 

7.0 

±0.1 

4.12 
±0.70 

14 

β4 -13.1 

±0.7 

5.0 

±0.2 

38.5 

±0.5 

-31.0 

±0.5 

-74.8+++ 

±11.9 

17 -70.4***/### 

±1.2 

7.3 

±0.2 

4.06 
±1.80 

13 

Cav2.3 - 5 s Inactivation time course 2 mM Ca2+ 

β-subunit r50 [%] r100 [%] r250 [%] r500 [%] r1000 [%] r5000 

[%] 

n 

β2a 71.3 

±2.1 

52.4 

±2.8 

27.8 

±2.9 

14.3 

±2.3 

6.5 

±1.2 

1.3 

±0.3 

17 

C3S/C4Sβ2a 67.4§§§/% 

±5.2 

47.3#/§§§/%% 

±6.4 

23.4§ 

±5.3 

11.6 

±3.3 

6.2 

±1.7 

3.4 

±1.1 

11 

β2d 57.4*/###/§§§ 

±2.8 

32.6***/###/§§ 

±2.4 

11.3*/### 

±1.7 

4.4**/### 

±0.9 

2.4**/### 

±0.6 

1.7 

±0.5 

21 

β2e 77.5 

±2.9 

64.2 

±3.3 

41.1 

±3.2 

22.3 

±2.8 

10.1 

±2.0 

3.3 

±0.8 

27 

β3 32.9***/### 

±2.9 

14.2***/### 

±1.5 

6.1***/### 

±1.0 

4.4**/### 

±0.7 

2.9# 

±0.5 

1.6 

±0.3 

16 

β4 50.3***/###/§§ 

±2.7 

27.1***/### 

±2.5 

8.6**/### 

±1.4 

3.7**/### 

±0.8 

2.0**/### 

±0.5 

1.0 

±0.2 

15 

 1186 
Table 1. Voltage-dependence of activation and inactivation, and time course of 1187 

inactivation of Cav2.3 co-transfected with α2δ1 and different β subunits in tsA-201 1188 

cells. 1189 

All values are given as means ± SEM for the indicated number of experiments (n). Voltage-1190 

dependence of gating: V0.5, Half-maximal activation voltage; k, slope factor; Vrev, estimated 1191 

reversal potential; act thresh, activation threshold; V0.5,inact, half-maximal inactivation voltage; 1192 

kinact, inactivation slope factor; plateau, remaining non-inactivating current. Near physiological 1193 

recording conditions (2 mM Ca2+, low 0.5 mM EGTA Ca2+ buffering) and calculation of the 1194 

parameters of voltage-dependence of activation and inactivation are described in Materials 1195 

and Methods. Statistical significance was determined using one-way ANOVA with Bonferroni 1196 

post-hoc test. Statistical significances of post-hoc tests are indicated for comparison vs. β2a 1197 

(*, **, ***), vs. β2e (#, ##, ###), vs. β3 (§, §§, §§§) and vs. no β (+, ++, +++): p<0.05, p<0.01, p<0.001. 1198 
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Inactivation time course: The r values represent the fraction of ICa remaining after 50, 100, 250, 1199 

500, 1000 or 5000 ms during a 5 s pulse to Vmax (voltage of maximal inward current). Statistical 1200 

significance was determined using one-way ANOVA with Bonferroni post-hoc test. Statistical 1201 

significances of post hoc tests are indicated for comparison vs. β2a (*, **, ***), vs. β2e (#, ##, 1202 

###), vs. β3 (§, §§, §§§) or vs β4 (%, %%, %%%): p<0.05, p<0.01, p<0.001.   1203 
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Cav2.3 - recovery from inactivation 2 mM Ca2+ 

β-subunit r100 [%] r1500 [%] r4000 [%] r10000 [%] n 

β2a 15.7 
±2.4 

39.3 
±4.6 

53.4 
±4.5 

74.2 
±3.6 

17 

β4 12.7 
±1.7 

35.6 
±2.4 

51.3 
±2.8 

72.0 
±1.9 

9 

 1204 
Table 2. Recovery from inactivation of Cav2.3 channels co-transfected with either β2a, 1205 

β2e or β3 in combination with α2δ1 in tsA-201 cells. 1206 

All values are presented as the mean ± SEM for the indicated number of experiments (n). The 1207 

r values represent the fraction of recovered ICa after 100, 1500, 4000 or 10000 ms at -89 mV 1208 

between depolarizations to Vmax. No statistical significance was observed (unpaired Student’s 1209 

t-test). 1210 
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Activation Inactivation  

 V0.5,act 

[mV] 

kact  

[mV] 

n/N V0.5, inact  

[mV] 

kinact 

[mV] 

n/N 

Control -37.4±1.8 7.2±0.58 16/8 -52.4±1.58 9.57±0.54 16/8 

+ T-, L-, N-, P/Q-

Cav blockers 
-29.7±1.07** 4.42±0.28*** 19/5 -47.5±1.38* 8.15±0.37 19/5 

+ 100 nM SNX-

482 
-42.7±2.3 7.73±0.65 8/2 -51.3±1.35 10.7±0.85 9/2 

 1212 
Table 3. Voltage-dependence of activation and inactivation of Ca2+-currents in SN DA 1213 

neurons 1214 

Whole cell patch-clamp experiments were performed as described in Methods in cells 1215 

preincubated with a cocktail blocking T-, L-, N-, and P/Q-Ca2+ channels (10μM Z941, 1μM 1216 

isradipine, 1μM ω-conotoxin-MVIIC) to isolate R-type currents. N, number of preparations; n, 1217 

number of experiments. Voltages were not corrected for liquid junction potential (- 5mV). 1218 

Statistics: ****, p<0.0001; *, p<0.05 (vs. control, Mann–Whitney U test). 1219 

 1220 

 1221 
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