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Abstract

G-protein coupled receptors (GPCRs) initiate a variety of signaling cascades depending on 

effector coupling. β-arrestins, which were initially characterized by their ability to “arrest” GPCR 

signaling by uncoupling receptor and G protein, have recently emerged as important signaling 

effectors for GPCRs. β-arrestins engage signaling pathways that are distinct from those mediated 

by G-protein. As such, arrestin-dependent signaling can play a unique role in regulating cell 

function, but whether neuromodulatory GPCRs utilize β-arrestin-dependent signaling to regulate 

neuronal excitability remains unclear. Here, we find that D3 dopamine receptors (D3R) regulate 

axon initial segment (AIS) excitability through β-arrestin-dependent signaling, modifying CaV3 

voltage dependence to suppress high frequency action potential generation. This non-canonical 

D3R signaling thereby gates AIS excitability via pathways distinct from classical GPCR signaling 

pathways.
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The neuronal site of action potential initiation, the axon initial segment (AIS), has recently gained 

recognition as a site of neuromodulation and plasticity. Here, Yang et al. demonstrate that D3 

dopamine receptors regulate AIS CaV3 channels through a non-canonical, arrestin-dependent 

mechanism, suppressing AIS excitability by hyperpolarizing CaV3 voltage-dependent inactivation.
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Introduction

G-protein coupled receptor (GPCR) signaling is regulated by β-arrestin, a scaffolding 

protein that both arrests G-protein dependent signaling and initiates GPCR trafficking 

following ligand binding (Reiter et al., 2012). In recent years, β-arrestins have emerged as an 

important downstream effector of GPCRs, supporting signaling through protein kinases 

including ERK, Akt and Src. Dopamine receptors are a major class of neuronal GPCR 

involved in various neuronal processes, including movement, cognition, and reward 

(Schultz, 2007), and are characterized by their coupling to Gs (D1, D5) or Gi/o (D2, D3, D4) 

G-proteins. While G-protein-dependent signaling supports various actions of dopaminergic 

signaling in the brain, there is emerging evidence that β-arrestin-dependent signaling plays a 

role in dopaminergic function in health and disease (Beaulieu et al., 2009). And yet, whether 

dopaminergic systems utilize β-arrestin-dependent signaling in neurons to regulate neuronal 

activity remains unexplored.

Recently, we discovered a mechanism by which D3 dopamine receptors (D3R) regulate 

neuronal activity. The axon initial segment (AIS), which is the site of action potential 

initiation in most neurons, is enriched with Na, K and Ca channels that each contribute to 

different aspects of action potential generation (Bender and Trussell, 2012; Kole and Stuart, 

2012). We found that D3Rs selectively modulate Ca influx through AIS-localized low-

voltage activated (CaV3, T-type) Ca channels, reducing spike-evoked Ca influx in the AIS. 

Because these channels contribute to the generation of high-frequency action potential 

bursts, dopaminergic regulation of these channels suppresses burst output (Bender et al., 

2010; Bender et al., 2012).

Gi/o-coupled receptors, including D3R, are thought to signal through Gi/o to suppress cyclic 

AMP and protein kinase A (PKA) activity (Beaulieu et al., 2009). Initial studies identified 

no role for PKA in D3R-mediated inhibition of AIS Ca channels, suggesting that D3R may 

act through non-canonical signaling pathways (Bender et al., 2010). Here, we used a 
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combination of electrophysiology and 2-photon imaging in acute brain slice and 

heterologous expression systems to probe the cellular mechanisms that allow for D3R-

dependent modulation of AIS Ca channels. We found that β-arrestin-dependent signaling is 

required for D3R-dependent modulation at the AIS, and that dopamine signaling 

hyperpolarizes CaV3 steady state inactivation, resulting in a marked loss of AIS Ca channels 

available to support spike initiation. These results thus identify an arrestin-dependent 

mechanism for dopaminergic regulation of neuronal excitability at the AIS.

Results

Whole-cell recordings were made from cartwheel cells, a class of glycinergic interneuron in 

the auditory brainstem dorsal cochlear nucleus. Cartwheel cells were ideal for these studies, 

as their spike-evoked Ca dynamics are well understood (Kim and Trussell, 2007; Molitor 

and Manis, 2003; Roberts et al., 2008), and their spiking activity is readily modified by D3R 

signaling (Bender et al., 2010; Bender et al., 2012). Cartwheel cells were filled with Alexa 

594 (red) and Fluo 5F (green) for simultaneous 2-photon imaging of neuronal morphology 

and intracellular Ca dynamics, and were identified based on their laminar position, dendritic 

morphology, and ability to generate high-frequency spike bursts in response to somatic 

current injection (Fig. 1A, B) (Wouterlood and Mugnaini, 1984). Consistent with previous 

results, the D3R agonist quinpirole (2 μM) suppressed spike-evoked AIS Ca influx when 

compared to within-cell baselines (Fig. 1C, H, normalized ΔG/Gsat, quinpirole: 0.76 ± 0.01, 

n = 18).

Spike burst suppression mediated by D3R activation requires several minutes to modulate 

AIS Ca influx and spike output (Bender et al., 2010), suggesting that either D3Rs are 

physically separated from AIS CaV channels and must transduce signals over long distances, 

or that signaling pathway kinetics are slow. To test for the location of D3Rs, a puffer pipette 

filled with quinpirole (10 μM) was placed in close proximity to the AIS or a dendritic branch 

under 2-photon guidance (Fig. 1D). Pipettes were co-filled with 10 μM Alexa 594 to 

visualize application. Under these conditions, we found that spike-evoked AIS Ca was 

modulated only when quinpirole was applied to the AIS (norm. ΔG/Gsat, 0.65 ± 0.05, n = 5), 

and not the dendrite (norm. AIS ΔG/Gsat, 1.05 ± 0.06, n = 5, p < 0.001 vs AIS puff), 

suggesting that D3Rs are localized in or near the axon and signal locally to AIS CaV3 

channels (Fig. 1E–F).

We found previously that AIS Ca modulation required PKC, but not PKA activity (Bender et 

al., 2010). Interestingly, β-arrestin-dependent endocytosis of D3R occurs only if D3R is 

phosphorylated by PKC (Cho et al., 2007; Thompson and Whistler, 2011). Together, these 

observations suggest that signaling to CaV3 could be arrestin mediated. In support of this 

hypothesis, we found that quinpirole did not modulate AIS Ca in slices from β-arrestin-2−/− 

mice (Fig. 1G–H; norm. ΔG/Gsat, 1.02 ± 0.02, p < 0.001 vs. WT). β-arrestin recruitment was 

still Gβγ-dependent, as preventing Gβγ hydrolysis with GDPβs blocked signaling (Pitcher 

et al., 1992) (0.3 mM in internal in lieu of tris-GTP; Fig. 2, norm. ΔG/Gsat, 0.94 ± 0.02, n = 

11, p < 0.01 vs quinpirole).
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In this model, PKC is required to phosphorylate D3R, not CaV3. And yet, PKC activation 

alone using the direct PKC activator phorbol 12-myristate 13-acetate (PMA, 10 μM) was 

sufficient to modulate AIS Ca (Fig. 1G, H; norm. ΔG/Gsat, 0.65 ± 0.04, n = 12). This 

suggests that either PKC is downstream of arrestin, or that PMA has additional effects in 

slice that allow for activation of D3R. In other systems, phorbol esters can drive reverse 

transport at the dopamine transporter (Cowell et al., 2000; Kantor and Gnegy, 1998), raising 

the possibility that PMA is acting both to activate PKC that phosphorylates D3R and to 

promote release of dopamine. To test this, we applied PMA to cells preincubated in the D3R 

antagonist sulpiride (1 μM). AIS Ca was not modulated in these conditions (1.01 ± 0.04, n = 

6, p < 0.001 vs PMA alone). PKC activation was still required in cartwheel cells, as we have 

shown previously that AIS Ca modulation was blocked with intracellular inhibitors of PKC 

(Bender et al., 2010). Furthermore, PMA application in the absence of sulpiride had no 

effect in arrestin−/− neurons (0.93 ± 0.03, n = 10, p < 0.001 vs PMA in WT), indicating that 

PKC activation is upstream of β-arrestin. These data therefore indicate that CaV3 channels 

are modulated by an effector other than PKC, downstream of β-arrestin. β-arrestins mediate 

G protein-independent signaling by forming scaffolds with other kinases, including the 

mitogen-activated protein kinase ERK1/2 (Shenoy et al., 2006). Consistent with this, AIS Ca 

modulation was blocked in the presence of the ERK1/2 inhibitor U0126 (10 μM), suggesting 

that arrestin-dependent scaffolding of ERK1/2 is important for D3R modulation of CaV3 

(Fig. 1G–H; norm. ΔG/Gsat, 0.95 ± 0.04, p < 0.001 vs WT).

Ca release from intracellular stores is required for activation of conventional forms of PKC. 

Cartwheel cell initial segments contain endoplasmic reticula (Wouterlood and Mugnaini, 

1984), though its role in AIS function is unclear. To test whether these stores are required for 

D3R signaling, we first depleted all stores with the Ca-ATPase inhibitors cyclopiazonic acid 

(CPA, 20 μM) or thapsigargin (10 μM). Both inhibitors blocked quinpirole-induced AIS Ca 

modulation (Fig. 2A–B, ΔG/Gsat, CPA, 0.91 ± 0.03, n = 7, p < 0.001; thapsigargin, 0.95 

± 0.05, n = 6, p < 0.001 vs. quinpirole). Ca can be released from stores by activating IP3 

receptors or by ryanodine receptors (RyR), which support Ca-induced-Ca-release. IP3 

receptors have not been observed in cartwheel cell initial segments (Ryugo et al., 1995). 

Correspondingly, we found that blockade of various components of the canonical IP3 

signaling cascade, including Gαq, phospholipase C, and IP3 receptors themselves, had no 

effect on AIS Ca modulation [Fig. 2A–B; QIC (Gaq inhibitor), 5 μM in pipette: norm. ΔG/

Gsat, 0.79 ± 0.03, n = 6, p = 0.14 vs. quinpirole; U73122 (phospholipase C inhibitor), 10 

μM: norm. ΔG/Gsat, 0.74 ± 0.03, n = 8, p = 0.23 vs. quinpirole; heparin (IP3 receptor 

inhibitor), 1 mg/1 ml in pipette: norm. ΔG/Gsat, 0.77 ± 0.05, n = 8, p = 0.75 vs. quinpirole]. 

In contrast, depleting ryanodine-dependent stores with high concentrations of ryanodine 

(100 μM in pipette), or blocking the endogenous activator of RyRs, cyclic ADP-ribose 

(cADPR), with 8-Br-cyclic ADPR (100 μM in pipette), attenuated quinpirole-mediated 

effects on AIS Ca2+ transients (Fig. 2A–B, ryanodine: norm. ΔG/Gsat, 0.92 ± 0.03, n = 8, p < 

0.05 vs. quinpirole; 8-Br-cyclic ADPR: norm. ΔG/Gsat, 0.86 ± 0.02, n = 8, p < 0.05 vs. 

quinpirole). Furthermore, structured illumination super-resolution microscopy revealed 

RyRs puncta in cartwheel cell initial segments (Fig. 2C–D). Thus, RyRs provide a source of 

local store Ca that is required for D3R-dependent modulation.
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CaV3 channels are expressed as one of 3 isoforms (3.1, 3.2, 3.3), each with different kinetics 

and sensitivity to neuromodulators. We found previously that AIS Ca influx was sensitive to 

low concentrations of Ni and ascorbate (Bender et al., 2010), both of which are preferential 

CaV3.2 antagonists (Nelson et al., 2007; Perez-Reyes, 2003). To test whether CaV3.2 

channels are the target of D3R signaling, we made recordings from CaV3.2−/− mice and 

found that quinpirole had no effect on AIS Ca transients (Fig. 3B, norm. ΔG/Gsat, 0.91 

± 0.02, n = 10, p = 0.24 vs. WT quinpirole + sulpiride). Furthermore, this isoform appeared 

to be a major contributor to the generation of spike bursts at the onset of step depolarizations 

(Kim and Trussell, 2007), as the instantaneous frequency of onset spikes was reduced in 

CaV3.2−/− cells (Fig. 3A, WT: 188 ± 13 Hz, n = 18; KO: 121 ± 18 Hz, n = 11; p < 0.01, 

Mann-Whitney). This suggests that CaV3.2 channels contribute to subthreshold Ca influx in 

cartwheel cell dendrites and initial segments.

D3R regulates AIS, but not dendritic, CaV3 channels. Since dendritic CaV3 current 

dominates whole-cell voltage clamp recordings in cartwheel cells, modulation occurring 

exclusively at the AIS is masked in somatic whole-cell recordings (Bender et al., 2010). We 

therefore used a two-step electrical/optical approach to determine how D3R alters CaV3.2 

biophysical properties. First, we recapitulated this neuromodulatory pathway in HEK293 

cells by transiently expressing D3R and CaV3.2. This allowed us to assess the modulation of 

CaV3.2 biophysical properties with high-quality voltage clamp. HEK293 cell stores are 

different than those found in the AIS: HEK293 cells appear to lack endogenous RyRs (Rossi 

et al., 2002); however they express M3 muscarinic receptors (mAChRs) endogenously, 

which allow for activation of PKC via IP3 (Atwood et al., 2011). Consistent with this, we 

found that neither quinpirole alone nor quinpirole paired with ryanodine concentrations that 

activate RyR-dependent stores (5 μM in ACSF) had an effect on CaV3.2 biophysics. Instead, 

modulation occurred when D3R agonists were paired with the mAChR agonist carbachol 

(10 μM). PKC/D3R co-activation hyperpolarized half-maximal steady state inactivation by 

8.0 mV relative to cells co-treated in the presence of the D3R antagonist sulpiride (CCh

+Quin: −90.7 ± 1.0 mV, n = 11, CCh+Quin+Sulp: −82.7 ± 1.0 mV, n = 9, p < 0.001). More 

modest hyperpolarizations in voltage-dependent activation were also observed in some 

conditions (Fig. 4). These data support results in the AIS that coincident activation of D3R 

and PKC are required to engage β-arrestin. Further, effects were blocked by sulpiride, 

pertussis toxin, and U0126, indicating that D3R receptor activation, mobilization of beta-

gamma following Gi/o activation, and ERK1/2 signaling were all required in HEK cells as in 

the AIS.

The relative channel availability at a resting Vm of −80 mV was reduced by 62% in HEK 

cells. This reduction may account for changes in spike-evoked Ca influx at the AIS. Here, 

CaV3-mediated Ca influx accounts for ~45% of total spike-evoked Ca influx (Bender et al., 

2012). Thus, roughly half of the Ca influx mediated by CaV3.2 channels would need to be 

suppressed for quinpirole to modulate total spike-evoked Ca influx by 25% (Fig. 1). To test 

whether D3R alters CaV3.2 inactivation in neurons, we isolated CaV3 currents in voltage 

clamp and imaged AIS Ca with Fluo-4, as this allows one to monitor Ca channel activity 

local to the AIS. Cells were held at membrane potentials that deinactivate (−110 mV) or half 

inactivate CaV3 (−80 mV) and then depolarized to −50 mV to activate CaV3. AIS Ca 

transients evoked from −110 mV were reduced to 18 ± 6% of baseline by the CaV3 selective 
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antagonist TTA-P2 (2 μM, Reger et al., 2011). As observed previously, quinpirole did not 

alter whole-cell currents at either voltage (norm. I−110: 1.05 ± 0.03, n = 8, norm. I−80: 1.01 

± 0.04, n = 8). However, modulation of AIS Ca was observed when cells were held at V1/2 

inactivation for CaV3 (norm. G/Gsat: 0.46 ± 0.07, n = 8). AIS Ca influx was not altered if the 

cell was held at −110 mV, a voltage where CaV3 currents are deinactivated (Fig. 5; norm. 

G/Gsat: 1.00 ± 0.03, n = 8). This is consistent with a change in voltage dependent 

inactivation, and not with an overall reduction of CaV3 current (i.e., channel endocytosis). 

Thus, a relatively subtle modulation in the voltage dependence of inactivation can account 

for the marked reduction in the number of channels available to flux Ca during a spike 

(Bender et al., 2010; Bender et al., 2012).

Discussion

The AIS is gaining recognition as an important site for neuromodulation and plasticity 

(Grubb and Burrone, 2010; Grubb et al., 2011; Kole and Stuart, 2012; Kuba et al., 2010). 

Spike-evoked AIS Ca influx has been observed in many central and peripheral neurons 

(Apostolides et al., 2016; Bender and Trussell, 2009; Callewaert et al., 1996; Francois et al., 

2015; Grundemann and Clark, 2015; Luscher et al., 1996; Martinello et al., 2015; Schiller et 

al., 1995; Yu et al., 2010). AIS Ca influx is often mediated by a mix of Ca channels that 

includes CaV3 (Bender and Trussell, 2009; Francois et al., 2015; Grundemann and Clark, 

2015; Martinello et al., 2015), suggesting that these channels play a role in initial segment 

excitability throughout the brain. Here, we found that D3Rs altered CaV3 voltage dependent 

inactivation, effectively blocking a major fraction of CaV3 channels in the AIS at resting 

membrane potentials. These effects were mediated at least in part by the CaV3.2 isoform, as 

quinpirole did not alter AIS Ca influx in CaV3.2−/− animals; however, additional 

experiments would be required to establish definitively whether other CaV3 isoforms are 

also present at the AIS. Interestingly, the opposite has been observed in hippocampal granule 

cells. There, M1 muscarinic receptors have been shown to alter the voltage dependent 

activation properties of AIS-localized CaV3 channels. This increased neuronal excitability 

by inhibiting Kv7 in a Ca-dependent manner (Martinello et al., 2015). AIS CaV3 channels 

can therefore be targets for bidirectional modulation, controlling overall neuronal activity by 

regulating the excitability of the spike initiation zone.

Intracellular Ca cisternae are localized to the AIS of many neuron classes, including 

cartwheel cells (Benedeczky et al., 1994; Wouterlood and Mugnaini, 1984). More recently, 

ryanodine receptors were identified at the AIS of pyramidal cells and striatal spiny neurons 

(King et al., 2014; Mandikian et al., 2014). In these cells, RyRs co-localize in ankyrin-G 

deficient clusters with GABAA receptors and KV2.1 channels. Here, we found that that 

dopaminergic regulation at the AIS required ryanodine-dependent stores. We hypothesize 

that these RyRs are sensitive to spike-evoked Ca influx, and that store Ca mobilization is 

necessary for PKC activation in the AIS. Indeed, PKC is enriched along the plasma 

membrane of the AIS in Purkinje neurons (Cardell et al., 1998), potentially in close 

proximity to RyRs. This may suggest that dopaminergic regulation is sensitive to cartwheel 

cell activity levels, as D3Rs would require both bound agonist and PKC-dependent 

phosphorylation to engage β-arrestin.
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Dorsal cochlear nucleus circuits are regulated by multiple neuromodulatory pathways, 

including cholinergic, serotonergic (Tang and Trussell, 2015; Thompson and Thompson, 

2001), noradrenergic (Kuo and Trussell, 2011), and dopaminergic systems (Cransac et al., 

1995). Here, we found that D3R-dependent regulation of cartwheel cell excitability is β-

arrestin-mediated. β-arrestin not only engages signaling cascades that are distinct from 

canonical GPCR pathways, but also signals over longer timescales than traditional G-protein 

dependent signaling (Reiter et al., 2012). This slow timecourse is consistent with previous 

results, where D3R-dependent suppression of spike bursts occurred over minutes in 

cartwheel cells (Bender et al., 2010). Cartwheel cell bursts have been hypothesized to 

contribute to adaptive noise filtering in dorsal cochlear nucleus by providing feedforward 

and lateral inhibition to principal cells and cartwheel cells, respectively (Oertel and Young, 

2004; Roberts and Trussell, 2010; Roberts and Portfors, 2008; Sedlacek et al., 2011; Shore, 

2005). Moreover, bursts generate dendritic Ca spikes that may be important for short- and 

long-term plasticity at cartwheel cell synapses (Sedlacek et al., 2011; Tzounopoulos et al., 

2004). Long-lasting burst suppression may therefore be useful when transitioning to new 

environments that have new forms of background noise. Dopaminergic input, perhaps 

related to entering novel environments (Schultz, 2007), may aid the acquisition of new noise 

filtering rules by suppressing bursting associated with older environmental conditions.

D3Rs are localized to multiple brain regions beyond the dorsal cochlear nucleus, including 

limbic regions that are sites for therapeutic intervention in neuropsychiatric disease 

(Sokoloff et al., 1992). Indeed, many antipsychotic drugs have high affinity for D3R (Joyce 

and Millan, 2005), though how they interact with D3R to regulate neuronal function is 

relatively unclear. Recently discovered β-arrestin-biased dopamine receptor agonists show 

potent antipsychotic properties, indicating that β-arrestin-dependent signaling may underlie 

some of the beneficial actions of dopaminergic therapeutics (Beaulieu et al., 2009; Chen et 

al., 2012). Because dopamine system dysfunction is central to a variety of neuronal 

disorders, and because dopamine receptor pharmacology can differentially engage G-protein 

and β-arrestin-dependent pathways, it is critical to understand how these different signaling 

pathways regulate neuronal excitability. Whether D3Rs regulate AIS excitability in other cell 

classes, and whether these actions are affected in psychiatric disease, remain to be explored.

Experimental Procedures

Slice Electrophysiology and Imaging

All procedures were pre-approved by UCSF IACUC. Coronal brainstem slices (210 μm) 

were made from postnatal day (P)16-24 C57BL/6NJ, B6N(Cg)-Arrb2tm1.1(KOMP)Vlcg/J 

(RRID:IMSR_KOMP:VG17027), or B6;129-Cacna1htm1Kcam/J (RRID:IMSR_JAX:013770) 

mice of either sex. Dissection solution contained (in mM) 87 NaCl, 25 NaHCO3, 25 glucose, 

75 sucrose, 2.5 KCl, 1.25 NaH2PO4, 0.5 CaCl2, and 7 MgCl2. Slices were incubated in the 

same solution for 30 min at 32.5 °C, then at room temperature for 0.5 –3 hrs before 

recording. Recording solution contained (in mM): 129 NaCl, 3 KCl, 1 CaCl2, 2.7 MgSO4, 

1.2 KH2PO4, 20 NaHCO3, 3 Na-HEPES, 10 glucose; bubbled with 5% CO2/95% O2; 32–

34 °C. 10 μM NBQX, 0.5 μM strychnine, and 10 μM SR95531 were included in all 

experiments to block AMPA, glycine and GABA receptors, respectively. For current-clamp 
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recordings, patch electrodes with 3–5 MΩ tip resistance were filled with a solution 

containing (in mM): 113 K-Gluconate, 9 HEPES, 4.5 MgCl2, 14 Tris2-phosphocreatine, 4 

Na2-ATP, 0.3 tris-GTP, 0.25 Fluo-5F and 0.02 Alexa 594. For voltage-clamp recordings, the 

recording solution was supplemented with 2 mM CaCl2 (total), 1 mM CsCl, 250 nM 

tetrodotoxin, and 10 μM nifedipine; patch electrodes were filled with a solution containing 

(in mM): 110 CsMeSO3, 40 HEPES, 1 KCl, 4 NaCl, 4 Mg-ATP, 10 Na-phosphocreatine, 0.4 

Na2-GTP, 0.25 Fluo-4, 0.02 Alexa 594; ~290 mOsm (pH 7.22). 2-photon imaging and 

electrophysiological acquisition was performed as previously described (Bender et al., 

2010). Baseline and post-drug measurements of resting membrane potential (Vm) and input 

resistance (Rin) were reported as the average of 5 minute epochs immediately before and 10 

minutes following drug application. For experiments in which drugs were introduced via the 

pipette, time-locked controls were performed to account for potential drug-induced rundown 

of AIS Ca if quinpirole-dependent modulation was observed. Recordings were excluded if 

Rin changed by more than 15%. Data were corrected for a measured junction potential of 10 

and 12 mV in voltage and current-clamp conditions, respectively.

For localized puffing experiments, 10 μM quinpirole was dissolved in the following solution 

(in mM): 142 NaCl, 3 KCl, 1 CaCl2, 2.7 MgSO4, 1.2 KH2PO4, 10 Na-HEPES, 10 glucose, 

and 0.1 Alexa-594 (pH, 7.2; 305 mOsm). Baseline AIS Ca transients were assessed before 

positioning the puffer pipette within the slice. Pipettes were positioned within 5 μm of the 

target neurite, and solution was expelled 5× (20 ms duration, 1 min interval, 8–10 psi). The 

pipette was then withdrawn, and post-drug AIS Ca transients were assessed 5–10 min later. 

During puffs, Alexa 594 fluorescence radiated ~25 μm from the pipette. Therefore, dendritic 

branches 40–50 μm from the soma were selected to minimize quinpirole spillover to the 

AIS.

To calculate onset spike frequency in wild type and CaV3.2 knockout animals, 300 ms 

current steps (100–400 pA, incremented at 20–50 pA) were injected through the somatic 

pipette. The maximum instantaneous spike frequency between the first two spikes was 

noted, regardless of injected current amplitude. Maximal frequency occurred at similar 

current injection amplitudes in these two populations (WT: 207.8 ± 19.1 pA, n = 18; KO: 

263.4 ± 16.6 pA, n = 11; p = 0.2, U = 71.5, Mann-Whitney).

Immunohistochemistry

P20-P35 C57BL/6NJ and were perfused and fixed with 1% paraformaldehyde. Coronal 

sections (30 μm) were collected on a cryostat and rinsed in PBS. Sections were rinsed with 

PBST (PBS with 3% TX-100) (3X), then blocked with 10% normal goat serum with 3% 

TX-100 for 2h at room temperature (RT). Sections were incubated overnight at room 

temperature using validated primary antibodies (King et al., 2014) (mouse IgG1 anti-RyR, 

1:100, Pierce MA3-925, RRID:AB_2254138; mouse IgG2a anti-AnkyrinG, 1:200, 

NeuroMab N106/36, RRID:AB_10697718). Sections were rinsed with PBS (3X) and 

incubated with AlexaFluor 568 goat anti-mouse IgG1 (1:1000) and AlexaFluor488 goat anti-

mouse IgG2a (1:1000) for 2h at room temperature (Invitrogen). Sections were washed and 

mounted with Vectashield with DAPI (Vector Labs). Images were acquired with a Nikon N-
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SIM structured illumination microscope (100X, 1.49 NA) at UCSF’s Nikon Imaging Center. 

4 separate sections were obtained from one animal. Results were identical across sections.

Heterologous expression and electrophysiology

cDNA encoding human D3R (Missouri S&T cDNA Resource Center) was cloned into the 

pIRES2/AcGFP vector (Clontech) using NheI and XhoI restriction sites. HEK293 cells were 

maintained in a culture medium of 90% DMEM (Invitrogen) and 10% fetal bovine serum 

(HyClone), incubated at 37°C. Cells were transfecte d with Lipofectamine 2000 (I10 μL/500 

mL), a D3R/GFP plasmid (500 ng/500 mL), and pcDNA3.1 encoding the rat Cav3.2 alpha 

subunit (4 μg/500 mL) (Lee et al., 1999) and incubated for 16–24 hours at 37°C. Cells were 

then plated on 25 mm coverslips and recorded within 4–48 hours. Only isolated, GFP-

positive cells with peak currents >200 pA were selected for analysis. Internal solution 

contained (in mM): 110 CsMeSO3, 40 HEPES, 1 KCl, 4 NaCl, 4 Mg-ATP, 10 Na-

phosphocreatine, 0.4 Na2-GTP, 0.1 EGTA; ~290 mOsm (pH 7.2). Recording solution 

contained (in mM): 148 TEA-Cl, 10 HEPES and 2 CaCl ~305 mOsm (pH 7.4 with TEA-

OH). Recordings were made at 32–34°C, and Rseries was compensated 75%. Observed 

current in CaV3.2-expressing cells was −880 ± 88 pA (n = 32, including carbachol, 

quinpirole, and carbachol + quinpirole + sulpiride groups). A small current was observed in 

untransfected cells (−9 ± 9 pA, n = 3, range: −28 to 0.6 pA), presumably mediated by native 

nonselective cation channels (Zhu et al., 1998).

CaV3.2 activation was assessed with current steps from −110 to a range of voltages from 

−80 to −10 mV (10 mV increments, 100 ms duration). Peak currents were fit to a Boltzmann 

equation to calculate conductance (G = 1/(1 + exp [−(V − V1/2/s]), G: norm. conductance, 

V1/2: half-maximal activation, s: slope). Inactivation was assessed with a test pulse from 

−110 to −40 mV proceeded by 2s voltage steps from −100 to 0 mV (10 mV increments, 

offset 5 ms before test pulse). Cells were incubated in quinpirole and/or carbachol for >15 

min before recording. U0126, ryanodine, and sulpiride were applied >10 min before 

carbachol and/or quinpirole to ensure that they reached equilibrium before agonizing D3R 

signaling. Cells were incubated in 1 μg/mL pertussis toxin for 16–24 hrs before recording in 

pertussis toxin-free solution. Recording sessions were limited to 1 hr following removal of 

pertussis toxin.

Chemicals

Fluo-5F and Fluo-4 pentapotassium salt and Alexa Fluor 594 hydrazide Na salt were from 

Molecular Probes. UBO-QIC (Gαq-inhibiting compound) was from the Institute of 

Pharmaceutical Biology, University of Bonn, Germany. 2,3-dihydroxy-6-nitro-7-

sulfamoylbenzo[f]quinoxaline-2,3-dione (NBQX), gabazine (SR95531), (-)-Quinpirole 

hydrochloride, (S)-(-)-sulpiride, phorbol 12-myristate 13-acetate (PMA), U0126, 

cyclopiazonic acid (CPA), thapsigargin, heparin sodium salt, ryanodine, U73122, 8-Br-

cyclic ADP ribose, tetrodotoxin-citrate, pertussis toxin, and nifedipine were from Tocris. All 

others were from Sigma. All drugs were introduced to the artificial cerebrospinal fluid 

unless otherwise noted.
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Statistics

An ANOVA followed by a Newman-Keuls posthoc test was used, unless otherwise stated. 

Significance was set at 0.05. Data were presented as mean ± SEM.
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Highlights

• D3 dopamine receptors utilize non-canonical signaling pathways to 

regulate AIS CaV3

• D3Rs signal via β-arrestin, ryanodine-dependent calcium stores, and 

ERK

• Arrestin-dependent signaling hyperpolarizes voltage dependent 

inactivation of CaV3

• D3R signaling results in a loss of AIS CaV3 channels available for 

spike initiation
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Fig 1. D3R-dependent regulation of AIS Ca is β-arrestin dependent
A) 2-photon z-stack of cartwheel cell, visualized with Alexa 594.

B) Characteristic burst spiking of cartwheel cells evoked with somatic current injection.

C) Quinpirole (2 μM) suppresses spike-evoked Ca influx in the AIS, as seen previously 

(Bender et al., 2010).

D) Simultaneous 2P fluorescence and scanning-DIC was used to position a puffer pipette 

near the AIS. Inset: maximum intensity z-stack of neuron, highlighting that the AIS was 

well separated from dendrites.

E) AIS Ca modulation occurred only when quinpirole was applied near the AIS. Somatic 

voltage and AIS Ca transients are shown before (black) and following (cyan) local 

application of quinpirole.

F) Summary of local quinpirole application across cells. Circles are single cells, bars are 

mean ± SEM. Data are normalized to pre-drug conditions within each experiment. ** p < 

0.01, Mann-Whitney.

G) AIS Ca modulation was not observed in β-arrestin-2 knockouts, or when blocking 

ERK1/2 signaling with U0126. Drugs were applied to ACSF.

H) Summary of β-arrestin-dependent signaling in the AIS. Format as in panel f, ** p < 0.01, 

ANOVA, Newman-Keuls. Sulpiride is abbreviated “sulp.”
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Fig 2. AIS Ca modulation requires intracellular store signaling
A) Ca modulation is ryanodine-store dependent in cartwheel AIS. Data displayed as in Fig. 

1E.

B) Summary of Ca store- and G-protein-dependent signaling in the AIS. Format as in Fig. 

1F.

C) Ryanodine receptor (RyR) and the AIS scaffolding protein ankyrin-G (AnkG) 

immunofluorescence in cartwheel cells, visualized with structured illumination 

superresolution microscopy. Initial segments localized to the middle of the DCN molecular 

layer were chosen for analysis, as cartwheel cells are the only DCN cell class with somata 

and initial segments in this region. Often, initial segments were connected to RyR outlined 

somata with a teardrop shape, a common feature of cartwheel cells (see Fig. 1A for 

comparison). Left, 3.4 μm-thick maximum intensity z-stack of cartwheel AIS. Top right, 

single optical section of boxed region in z-stack. Bottom right, RyR and AnkG fluorescence 

along a line transecting the AIS is plotted below.

D) Single optical sections from other putative cartwheel cell initial segments, with 

corresponding RyR and AnkG fluorescence along a line transecting the AIS.
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Fig 3. CaV3.2 channels are the target of D3Rs in the AIS
A) Cartwheel cell burst firing is suppressed in CaV3.2−/− animals. Spike trains are color 

coded to current injection amplitude.

B) Instantaneous frequency of first two spikes in a train was lower in CaV3.2−/− animals. 

Box plot indicates median, quartiles and 10/90 percentiles. ** p < 0.01, Mann Whitney.

C) Quinpirole did not alter AIS Ca in CaV3.2−/−.
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Fig 4. D3R-dependent regulation of CaV3.2 currents in HEK 293 cells
A) CaV3.2 steady-state activation and inactivation in HEK293 cells co-expressing D3R. 

Data are from untreated cells.

B) Peak activation current for CCh+quinpirole and CCh+quinpirole+sulpiride conditions. 

Data are fit to a Boltzmann equation. n = 8 each. Bars are SEM.

C) Activation and inactivation curves for CCh+quinpirole and CCh+quinpirole+sulpiride 

conditions. Activation: n = 8 each. Inactivation: n = 11 CCh+quinpirole, n = 9 CCh

+quinpirole+sulpiride. Bars are SEM.

D) Half inactivation voltage is hyperpolarized by co-application of CCh and quinpirole. A 

concentration of ryanodine (5 μM) that activates RyR-dependent stores is ineffective in HEK 

cells. CCh+Quin effects are blocked by inhibiting D3R signaling with sulpiride, blocking 

ERK1/2 signaling with U0126, or preventing Gβγ-dependent recruitment of β-arrestin to 

D3R with pertussis toxin. Circles are single cells. Bars are mean ± SEM. **, p < 0.01, 

ANOVA, Newman-Keuls.
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E) Half-activation voltage is hyperpolarized by co-application of CCh and quinpirole vs 

carbachol alone, but not quinpirole or quinpirole/CCh/sulpiride. Dots are single cells. Bars 

are mean ± SEM. *, p < 0.05, ANOVA, Newman-Keuls.
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Fig. 5. D3R signaling regulates AIS Ca by hyperpolarizing CaV3.2 inactivation
A) TTA-P2 sensitive CaV3 whole-cell currents (left, Residual current following application 

of the selective CaV3 antagonist TTA-P2 [2 μM] have been subtracted) and coincident AIS 

Ca transients (right) in cartwheel cells voltage clamped to fully deinactivate CaV3 (top) or 

half inactivate CaV3 (bottom). Whole cell current, which is dominated by non-modulated 

dendritic CaV3, is not altered (Bender et al., 2010); AIS Ca is suppressed only in half-

inactivated condition. TTA-P2 (magenta) was added following quinpirole and its block was 

assessed with steps from −110 mV.

B) Summary of peak current amplitude and AIS Ca (integrated over step to −50 mV; grey 

shadow in g), normalized to pre-quinpirole baseline at each voltage. Bars and symbols as in 

Fig. 1f. ** p < 0.01, Newman-Keuls.
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