
Voltage-Dependent Inactivation of CaV1.2 is Required for Activity-Dependent Neuronal Survival and Activation of CREB-Dependent Transcription

ABSTRACT

Electrical activity is a potent trophic factor that promotes the survival of many populations of neurons. L-type calcium channels (LTCs) are particularly important for promoting the survival of neurons during development partly by activating transcription factors such as the Cyclic AMP Response Element Binding Protein (CREB).  Mutations in the L-type calcium channel CaV1.2 cause Timothy Syndrome (TS), a disorder characterized by cardiac arrhythmia, mental retardation and autism.  The TS mutation causes loss of voltage-dependent inactivation (VDI) in CaV1.2 channels but how this affects neuronal development is not known. In this study we show that loss of VDI causes apoptosis of cerebellar granule neurons and impairs CREB-dependent transcription. The effects of the TS mutation were partly independent of Ca2+ flux through the channel as channels containing pore mutations still promoted cell death and reduced activation of CREB.  The effects of the TS mutation on survival and transcription are linked to its effect on VDI as a novel point mutant (L1368P) that restores VDI in TS channels prevents inhibition of CREB and apoptosis. These findings indicate that CaV1.2 VDI is necessary for the activation of signaling cascades in neurons during development. 

INTRODUCTION

L-type voltage-gated calcium channels (LTCs) regulate many aspects of neuronal development including migration, differentiation, survival and synaptic plasticity. Many neuronal populations including cerebellar granule cells and sympathetic ganglion neurons depend on electrical activity for survival at particular times in development.  LTCs have been implicated in this process by the finding that inhibitors of these channels causes apoptosis in  these cells both in vitro and in vivo.  The mechanisms that link LTCs to survival in these cells are not well understood though several signaling cascades  including the mitogen activated kinases pathway and the protein kinase cascade have been implicated in this process.  Several transcription factors including CREB, MEF-2c, CREST and NFkB are activated by activation of L-type channels and some of these like CREB and MEF-2c are important for suppressing apoptotic pathways in neurons.  Precisely how these signaling cascades are activated by LTCs is not clear though several studies suggest that local domains of calcium around the pore of the channels are essential for this process.  

LTCs are a family of voltage gated calcium channels defined by their large single channel conductance, slow opening kinetics and inhibition by dihydropyridines, phenylalkilamines and benzothiazepines.  They are composed of an 1 subunit which forms the pore and voltage sensor of the channel, and (, (2( and ( auxiliary subunits that regulate channel gating and trafficking.  The (1 subunits of LTCs are encoded by the CaV1 family of proteins and CaV1.2 is the most abundant LTC in the mammalian brain.  

Timothy Syndrome is caused by a glycine to arginine mutation at amino acid 406 of CaV1.2 and is characterized by defects in heart formation, long QT syndrome, syndactyly, episodic hypoglycemia and autism. The G406R mutation occurs in domain IS6 of the channel and prevents voltage-dependent inactivation. CaV1.2 channels also undergo calcium-dependent inactivation and this process seems to be spared by the TS mutation.  In addition, the TS mutation is dominant and occurs in exon 8A, an alternatively spliced exon of the gene which encodes CaV1.2, so only a fraction of the channels in a neuron contain the mutation.  The mechanisms by which the TS mutation in CaV1.2 causes the phenotype associated with TS are not known and the syndrome provides an opportunity to investigate the importance of VDI in CaV1.2-dependent signaling in the developing brain.  

     In this study, we identify a new mechanism by which CaV1.2 channels regulate survival and activation of CREB in neurons. We show that expression of TS mutant channels causes granule cell apoptosis and reduces activation of CREB. Apoptosis triggered by TS channels is independent of Ca2+ flux through the channels, while reduction of CREB activation is partially rescued by inhibiting calcium signaling through the channels. The ability of the channels to promote apoptosis correlates with their inability to undergo VDI, as a novel leucine-to-proline mutation that relieves the impairment of VDI evident in TS-mutant channels completely rescues apoptosis and activation of CREB in TS expressing neurons. These results suggest that signaling by CaV1.2 channels in neurons depends both on Ca2+ fluxes and on voltage-dependent conformational changes; they also identify a possible mechanism by which mutations in CaV1.2 lead to neurodevelopmental defects in patients with TS.  

RESULTS

The TS mutation inhibits CREB-dependent transcription and activity-dependent survival

Electrical activity promotes the survival of cerebellar granule neurons (CGNs) in vivo and in vitro, and LTCs play an important part in this process. To determine if the TS mutation affects LTC-dependent neuronal survival, we first established a system to quantitatively measure activity-dependent survival in cells. Cerebellar granule neurons isolated from P6 rat pups were cultured in the presence of 29 mM KCl, conditions that increase the electrical activity of the cells.  These cells undergo synchronized apoptosis when KCl is removed, indicating that survival depends on depolarization (D'Mello et al., 1993; Toescu, 1999).  We investigated which channels were important for the activity-dependent survival of these cells by treating the neurons with subtype-specific inhibitors of voltage-gated calcium channels. We measured apoptosis using terminal deoxynucleotidyl transferase-mediated dUTP-biotin nick end labeling (TUNEL) and fluorescence activated cell sorting (FACS). As reported previously, we found that the LTC blocker nimodipine was particularly effective at promoting apoptosis whereas other blockers of other channels had little or no effect (Figure S1). Granule neurons express two different types of LTCs, CaV1.2 and CaV1.3. To determine if CaV1.2 could mediate activity-dependent survival, we introduced a DHP-resistant CaV1.2 channel (DHP-CaV1.2; Dolmetsch et al., 2001) into granule neurons, and investigated the ability of this channel to promote survival in the presence of DHPs. We found that cells expressing DHP-CaV1.2 (DHP-) channels survive in the presence of nimodipine whereas surrounding cells or cells transfected with WT CaV1.2 channels did not (Fig.1A and B). This indicates that CaV1.2 can activate the signaling cascades that promote the survival of granule cells.

We next examined whether introducing the TS mutation into CaV1.2 alters its capacity to prevent apoptosis in granule neurons.  We introduced the TS mutation into DHP-CaV1.2 and measured apoptosis using TUNEL staining (Fig. 1A). We found that TS channels caused a dramatic increase in granule cell death in the presence of nimodipine (Fig. 1B), indicating that the mutation prevents CaV1.2 from promoting survival. Surprisingly, however, the TS channel also caused apoptosis in the absence of nimodipine suggesting that it can that act in a dominant fashion to cause apoptosis even in the presence of wt CaV1.2 channels. 

One important target of LTCs in neurons is the transcription factor CREB, which regulates survival and plasticity in response to depolarization. We therefore examined whether the TS mutation altered the ability of the LTC to activate CREB. Because granule cells undergo apoptosis in the absence of depolarization and in the presence of the TS channel, we examined CREB activation in cortical neurons, where the TS channel does not cause apoptosis. CREB is activated by a series of biochemical processes that start with phosphorylation of Ser133. We first used anti-pCREB Ser133 antibodies to examine whether TS channels led to increased CREB phosphorylation. Both the neurons expressing TS and DHP- channels showed robust pCREB Ser133 phosphorylation in the nucleus for at least five hours after electrical activation (Fig.1C and D). Because CREB Ser133 phosphorylation is necessary but not sufficient for CREB-dependent transcription, we then examined the ability of the TS channel to a CREB-dependent reporter gene or the endogenous c-fos promoter. The TS channel caused a 75% decrease in transcription of both the CREB reporter and the c-fos reporter genes relative to DHP- channels (Fig. 1E and F) this strongly suggests that the TS mutation prevents CREB-dependent transcription downstream of CREB Ser133 phosphorylation.

TS-CaV1.2 channels cause apoptosis independently of the ability of the channel to carry calcium.  

The TS channel has impaired VDI and therefore might be expected to carry increased amounts of Ca2+ into cells following depolarization. One mechanism to explain the ability of the TS channel to cause apoptosis and prevent activation of CREB is that the channel could cause toxic elevations of intracellular Ca2+ ([Ca2+]i) in neurons.   To examine this idea we generated TS or WT channels that contain the DHP binding mutation and glutamate-to-glutamine (4EQ) substitutions in the selectivity filter of the pore and are therefore unable to carry Ca2+. We introduced these channels into neurons and used nimodipine to block the endogenous calcium channels and ratiometric Ca imaging to measure [Ca2+]. Upon depolarization, the TS channel produced [Ca2+] elevations that were about twice as large as those of DHP- channels while both the 4EQ TS and 4EQ mutants show no detectable [Ca2+]i rises (Fig. 2A). This indicates that the 4EQ mutation effectively eliminates calcium fluxes through CaV1.2 channels.  We also used whole cell patch clamp recording to measure the currents through by the 4EQ and 4EQ TS channels. We found that the 4EQ mutations eliminated the inward Ca2+ currents and revealed an outward monovalent current as previously reported (Fig. 2B).  

We next expressed the WT, DHP-, 4EQ and 4EQ TS in granule neurons and measured their survival both in the presence and absence of nimodipine. As expected, DHP-sensitive channels (WT) did not prevent apoptosis in the presence of nimodipine whereas the DHP-insensitve channels (DHP-) inhibited apoptosis (Fig. 2C and D). Unexpectedly, however, the DHP-4EQ (4EQ) channel which does not conduct inward Ca2+ prevented apoptosis whereas the DHP-4EQ TS (4EQ TS) channel caused apoptosis.  This suggests that CaV1.2 channels can promote survival even in the absence of Ca2+ fluxes through the channel and further that a mutation that alters the gating of channel can trigger apoptosis without affecting [Ca].  In addition the DHP-TS 4EQ channel caused apoptosis even in the absence of nimodipine to block endogenous CaV1.2 channels suggesting that the TS channel activates a dominant pro-apototic pathway independently of calcium influx. 

This result is paradoxical because a number of previous studies have suggested that activity dependent neuronal survival depends on Ca influx through the channel.  We therefore examined whether depolarization alone could prevent the apoptosis of granule neurons.  We treated granule cells with 29 mM KCl, either in the presence or absence of extracellular calcium, and measured survival using TUNEL staining.  While depolarization in the presence of Ca2+ led to maximal survival of the neurons, depolarization in the absence of extracellular calcium also caused a significant increase in survival relative to unstimulated cells (Fig. 2E).  This result suggests that electrical activity prevents apoptosis by a combination of Ca2+ -dependent and Ca2+ independent processes.  

TS-CaV1.2 channels inhibit CREB by a combination of calcium-dependent and independent mechanisms
A large number of studies have shown conclusively that CREB activation depends on cytoplasmic calcium elevations. However, because CaV1.2 channels can promote survival and trigger apoptosis independent of their ability to carry calcium, we investigated whether 4EQ and 4EQTS channels had any effect on CREB activation. To address this question, we introduced the DHP-, 4EQ, TS and 4EQTS into cortical neurons and examined the ability of these channels to activate a CREB-dependent reporter gene. The 4EQ and 4EQTS channels were not able to activate CREB in the presence of DHPs in agreement with the idea that calcium influx through the channel is necessary for activation of CREB.  In the absence of nimodipine however, the 4EQTS channel still caused inhibition of CREB indicating that it can inhibit the endogenous channels independently of Ca2+ fluxes through the channel. 

The inhibition observed with the 4EQTS, however, was not as great as that observed with the TS channel, suggesting that Ca2+ flux through the TS channel contributes to CREB inhibition (Fig. 2F).  To study this further we examined the Ca2+ dependence of CREB activation in neurons expressing DHP- channels and TS channels.  We measured the activation of a CREB-dependent reporter gene in cortical neurons expressing TS or DHP- channels in the presence of increasing concentrations of extracellular calcium.  Increasing Ca2+o from 0 to 1 mM led to an eight fold increase in CREB activation; however, from 1mM to 20 mM [Ca2+]o , activation of CREB dropped four fold, indicating that excess Ca2+ influx through the channel inhibits activation of CREB (Fig. 2G).  A similar biphasic pattern of CREB activation and inhibition was observed in neurons expressing the TS channels however CREB activation peaked at 0.2 mM Ca2+. This is consistent with the observation that the TS channel carries greater amounts of Ca2+ than the WT channel. Importantly, however, CREB activation in TS expressing neurons never exceeded 50% of the maximum observed in neurons expressing WT channels even when [Ca2+]o was reduced to 0.2 mM.  This suggests that some of the inhibition of CREB activity observed in TS-expressing neurons is independent of Ca2+ flux through the channel. 

The L1368P mutation in the CaV1.2 rescues the dominant negative effect of the TS mutation on CREB and survival

The inability of the TS channel to promote granule cell survival and activation of CREB could be due to its inability to undergo the conformational changes associated with VDI.  However it could also arise from other consequences of the TS mutation such as changes in binding to accessory proteins that interact with the I-II loop of the channel. We were presented with the opportunity to distinguish these two possibilities by the discovery of an unexpected channel mutant generated in the process of making the TS channel constructs.  In the process of introducing the TS mutation into CaV1.2 by using PCR-based mutagenesis we generated a channel that contained the TS mutation but was able to activate a CREB reporter gene as well as a wild type channel (Fig. 3A).  Sequencing of this channel plasmid revealed that it contained a random mutation that caused a substitution of a leucine for proline at position 1368 (L1368P; Fig. 3B). This region of CaV1.2 is particularly rich in leucine residues and has significant similarity to the leucine heptad motif of Shaker K+ channels (McCormack K, 1991). It is highly conserved among Cav1.2 homologs from different species (Fig. S2A) as well as in other voltage gated channels (Fig. 3B and S2B). To determine if the mutation had any effect on the ability of the WT channel to activate CREB, we introduced into WT channels and found that the LP mutation increased their ability to activate CREB. This suggests that the LP mutation can increase the ability of the channel to activate nuclear signaling pathways and can also suppress the effects of TS mutation.   

 We next asked if the LP mutation also affects ability of the TS channel to promote apoptosis.  We introduced the WT, DHP-, DHP-TS and DHP-TS LP channels into cerebellar granule neurons and used TUNEL to measure apoptosis 24 hours after transfection Fig 3C and D).  We found that in contrast to the DHP-TS channels, the DHP-TS LP double mutant channels prevented apoptosis as effectively as wild type channels.  This suggests that the LP mutation can suppress the effects of the TS mutation and therefore has a dominant effect on the activation of signaling cascades.  

The L1368P mutation reverses VDI impairment in channels containing the TS mutation
To investigate the mechanism by which the LP mutation suppresses the effects of the TS channel on signaling, we used calcium imaging to measure the intracellular calcium elevation generated by the DHP-TS LP channel.  We introduced WT, DHP-, DHP-TS and DHP-TS LP channels into neurons and measured the depolarization induced calcium elevation in the cells (Fig 4A).  While the cells expressing the TS channels showed significantly higher intracellular calcium elevations than WT channels, the neurons expressing the DHP-TS LP channel had calcium elevations that were indistinguishable from those of DHP-WT channels.  This suggested that the LP mutation might restore VDI in TS CaV1.2 channels.  

To examine this question we used whole cell patch clamping to measure currents through DHP-, LP, TS and TS LP channels expressed in tsa201 cells (Fig 4B). We initially measured VDI using a standard two-pulse protocol.  As previously shown (original TS paper reference), we observed that VDI was markedly impaired for TS channels compared to WT (DHP-) channels. Introduction of the LP mutation into the WT channel caused a +10 mv positive shift in both the voltage of activation and the voltage-dependence of inactivation compared to WT channels but overall VDI was not different from WT (Fig 4C-D).  In the context of the TS mutation, however, the addition of the LP mutation partially restored VDI (Fig. 4C). This indicates that the LP mutation increases the energy required to open the channel in both backgrounds and promotes inactivation in the presence of the TS mutation.  

Because CaV1.2 channels undergo both Ca2+ and VDI we also measured the currents through the mutant channels using Ba as a charge carrier to eliminate CDI.  We found that Ba did not change either the loss of inactivation caused by the TS mutation or the rescue in the TS-LP mutant channels (Fig 4E).  This suggests that TS mutation largely affects VDI and that the LP mutation rescues this process directly and not by increasing CDI.  We also used a two pulse protocol to examine availability after an initial depolarization in the DHP-, TS, LP and TSLP channels (Fig 4F).  Consistent with their reduced inactivation, we found that the TS channels were significantly more available than WT channels; the WT channels require longer interpulse intervals to recover from inactivation.  Introduction of the LP mutation into a WT channel had no effect on recovery from inactivation but introduction into the TS channel significantly decreased availability at shorter interpulse intervals, reflecting increased VDI.  Taken together these results provide strong evidence that the LP mutation rescues VDI in TS channels. This is consistent with the idea that VDI is necessary for CaV1.2-dependent activation of CREB and inhibition of apoptosis.  

DISCUSSION 

In this paper we provide evidence CaV1.2 VDI plays an important role in regulating biochemical signaling pathways in neurons.  We show that channels that contain the TS mutation, which blocks VDI, promote apoptosis and are defective in their ability to activate the transcription factor CREB.  The effect of the TS mutation on apoptosis is independent of the ability of the channel to conduct calcium as shown by the finding that TS channels with pore mutations that prevent calcium influx still trigger apoptosis.  In contrast, the inability of the channel to activate CREB, results from a combination of excessive calcium influx into the cell and conformational defects associated with the TS mutation.  We also discovered that a novel mutation in CaV1.2, L1368P,  restores the ability of the TS channel to prevent apoptosis and activate CREB.  This mutation also partially restored VDI in TS channels providing additional evidence that the conformational transition associated with VDI is important for signal transduction by the channel.  Taken together, our data strongly support the idea that VDI plays an important role in activating signaling cascades that is independent of its role in reducing calcium influx through CaV1.2.   

     A growing body of evidence suggests that ion channels have functions independently of their ability to conduct ions. The L-type calcium channel in skeletal muscle, CaV1.1, directly regulates the opening of ryanodine receptors in these cells in response to membrane depolarization.  The ether-a-go-go K+ channel has been reported to regulate cell proliferation in NIH3T3 cells by a conformational mechanism that is independent of the potassium flux through the channel.  The C-terminus of CaV1.2 can act as a transcription factor that regulates neurite outgrowth and extension. Our study adds to this body of evidence by providing support for the idea that CaV1.2 can regulate survival by a conformational mechanism (Araya et al., 2002; del Valle-Rodríguez et al., 2003; Gomez-Ospina et al., 2006; Hegle et al., 2006; Kaczmarek, 2006). Our study, however, is most consistent with the idea that L-type calcium channels regulate signaling to CREB and promote survival by a combination of calcium signaling and conformational changes.  We found that while depolarization in the absence of calcium could promote survival, it was significantly less effective than in the presence of calcium.  Similarly, we found that reducing extracellular calcium could partially prevent channels with the TS mutation from inhibiting CREB indicating that calcium entry is important for both events.   Specifically we propose that the calcium elevation triggered by activation of CaV1.2 needs to be accompanied by VDI for full activation of CREB and for inhibition of apoptosis.  This suggests that signaling proteins bound to the channel can sense the conformational change associated with VDI as well as the calcium elevation.  This requirement for both signals is a possible mechanism that could help to explain why calcium influx through L-type calcium channels is more effective at activating CREB and promoting survival than calcium influx through other channels.  

  The function of VDI in cells is not known but the idea that channel inactivation might be important for signal transduction has been suggested.  Morad et al measured the activation of a CREB reporter in Cos cells and found that a channel with a membrane anchored C-terminus that was defective in CDI did not activate CREB.  Our study provides strong evidence that VDI is necessary for the ability of the channel to promote survival and activate CREB. One important piece of evidence is that the LP mutation restores signaling in the TS channel and also increases VDI.  Precisely how this mutation does this is not clear.  One idea that is consistent with our results is that the LP mutation destabilizes the open state of the channel.  This explains the positive shift in the activation voltage of the channels with the LP mutation as more energy is necessary to keep the channels in the open state.  The TS mutation seems to destabilize the inactivated conformation so that a channel that contained both mutations would have a positively shifted activation voltage but would also have increased inactivation due to instability of the open state and an accelerated recovery from inactivation.   All of these are features of the TS-LP channel.  

In summary, our study provides new insights into the way in which L-type calcium channels activate signaling cascades in cells.  We show that CaV1.2 channels can regulate signaling independently of calcium and that VDI plays an important signaling role in these proteins. These findings change our view of how ion channels control signaling pathways in the mammalian brain.  

METHODS

Construction of Mutant channels 

Mutant CaV1.2 channels were constructed by site-direct mutagenesis using Quickchange (Stratagene). Briefly, a pair of overlapping primers (see below for primer information) were used to introduce the desired mutations into pCDNA4-CaV1.2. The mutation and integrity of each α1C mutant was confirmed by DNA sequencing. Functional expression of the mutant channels was confirmed by Western blot analysis, surface expression and patch-clamp electrophysiology.

Cell cultures, transfections and TUNEL staining

Granule neurons from P6 rat cerebellum were culture in vitro for 4 days in Dulbecco’s Minimal Essential Media (DMEM) with L-glutamine, containing 10% fetal bovine serum, penicillin/streptomycin and 29 mM KCl. The neurons were transfected with the indicated constructs along with LacZ using lipofectamine 2000 (Invitrogen). Twenty-four hours after transfection the neurons were treated with 10µM nimodipine to block the endogenous channels. Twenty- four hours after treatment the neurons were fixed and stained with anti-beta-Galactosidase (1:2000, Promega), TUNEL staining and Hoechst 33258 (1:10000). For apoptosis cells were scored in a blinded fashion as apoptotic or healthy based on TUNEL staining and on their nuclei morphology. Statistical analysis was performed using Prism (GraphPad Software).

Patch-clamp Experiments

Each 1C subunit was co-transfected with β2b, α2δ and EGFP into tsA201 cells using calcium phosphate precipitation. Transfected cells were identified by EGFP fluorescence and Ca2+ currents were recorded 24-48 hr after transfection. Whole-cell currents were recorded at room temperature using an Axopatch 200B amplifier (Molecular Devices). The pipette solution contained (in mM): Cs-MeSO3 135, CsCl 5, EGTA 5, MgCl2 1, Mg-ATP 4, HEPES 10, pH 7.3. The bath solution contained (in mM) tetraethylammonium-MeSO3 140, HEPES 10, CaCl2 10, pH 7.4; for Ba2+ currents, BaCl2 5 mM replaced CaCl2. Currents were elicited by a two-pulse stimulation protocol from a holding potential of –80 mV. The first step (in 10 mV increments for 800 ms) was followed by 100 ms test pulse to +20 mV. Data from currents elicited during the first steps were used to obtain the I-V curve and were fitted to a Boltzmann function to obtain half point (V1/2) and slope factor (k) for activation. In a separate analysis, the relative magnitude of the peak inward current elicited during the second pulse was plotted as a function of the voltage of the first pulse. For TY4EQ, TY4EQ TS and TYS4 Ca2+ currents were recorded with a single step applied from a holding potential of -80 mV to test potentials ranging -70 mV to +60 mV. Data are presented as mean ± SEM.

Ca2+ Imaging 

Calcium imaging was done as described previously (Barreto-Chang and Dolmetsch, 2009). Briefly, cortical neurons were loaded at 37° in DMEM with 1uM fura-2/AM for 30 min. Ratiometric Ca+2 imaging was performed at 340 and 380 nm in a Tyrode’s solution containing 2mM Ca+2 and 5mM KCl. After 100ms neurons were stimulated with 65 mM KCl. Imaging of transtected neurons was done with a Nikon Eclipse 2000-U inverted microscope equipped with a fluorescent arc lamp, excitation filter wheel, and a Hamamatsu Orca CCD camera. Images were collected with Openlab (Improvision) and analyzed with Igor Pro.

CRE-Luciferase Assays

For luciferase assays, neurons were transfected with 4µg CaV1.2, 2µg Beta1b subunit, 0.67µg CRE. The Cre luciferase gene contains four copies of the somatostatin CRE upstream of firefly luciferase (Dolmetsch et al., 2001). Co-transfection with renilla luciferase gene (pRLTK) driven by the TK promoter was used to control for cell number and transfection efficiency. After 30-36 hr, cells were treated with either control Tyrode’s solution (5 mM KCl, 2 mM Ca+2) or stimulated with 65 mM KCl Tyrode’s solution. Luciferase assay were performed 5-6 hours after stimulation with the Dual Luciferase Reporter assay system (Promega) and measured on an automated luminometer (lucy-2, Phoenix Research Products). Luciferase values are expressed as Normalized Luciferase Units (NLU), which are the ratios of firefly luciferase to renilla luciferase values. 

Surface Expression

Neurons were transfected with a CaV1.2 mutant channels that had an extracellular HA tag and an intracellular YFP tag. After 24 hours of expression the cells were fixed for 30 min with 4% paraformaldehyde in PBS and blocked for 30 min with a solution of 3% BSA in PBS. Cells were incubated with anti-HA 3F10 (Roche) diluted 1:1000 in 3% BSA in PBS. For secondary antibody we used goat anti-rat secondary conjugated to Alexa 594 (1:500, Molecular Probes) and Hoescht 33258 (1:10000). For analysis images of transfected cells were captured automatically using a custom-written automation in OpenLab (Improvision) using dichroic mirrors to select for YFP, Alexa 594, and UV excitation wavelengths. The same set of acquisition parameters was used for each set of images. 

The ratio of HA to YFP fluorescence was calculated by selecting the regions of interest (ROIs) in the YFP images that consist of the cell body of the transfected neurons. The total mean fluorescence of each ROI was automatically measured for the YFP and Alexa 594 images and the cellular ratio of HA/YFP was calculated. All the images were taken with an inverted Nickon Eclipse TE2000-U epifluourescence microscope equipped with a Hamamatsu Orca CCD camera. Statistical analysis was performed using Prism (GraphPad Software).

Mutagenesis Primers

Dihydropyridine resistant CaV1.2 constructs (DHP-) in the pCDNA4/HisMax vector were previously described (Dolmetsch, 2003).

GR primers

Fwd: 5’ - GTTCTCGGTGTTTTTGAGCAGAGAGTTTTC -3’

Rev: 5’ - CTCTCTTTGGAAAACTCTCTGCTC -3’

4EQ mutant PRIMERS

E363Q fwd 5’ - CAGTGTATCACCATGCAGGGCTGGACAGACG -3’

Rev 5’- CGTCTGTCCAGCCCTGCATGGTGATACACTG -3’

E706Q fwd 5’ - AGATCCTGACCGGGCAGGACTGGAATTCG -3’

Rev 5’- CGA ATT CCA GTC CTG CCC GGT CAG GAT CT -3’

E1115Q fwd 5’ - CCGTCTCCACCTTCCAGGGGTGGCCAGAG -3’

Rev 5’- CTC TGG CCA CCC CTG GAA GGT GGA GAC GG- 3’

E1416Q fwd 5’ - TGCGCCACTGGGCAGGCCTGGCAG -3’

Rev 5’- CTGCCAGGCCTGCCCAGTGGCGCA -3’

LP mutagenesis primers (Leucine to Proline, 1368)

LP fwd 4103bp

Fwd 5’- CCTATGTGGCCCCTTTGATTGTGATGCTGTTCTTTATC -3’

Rev 5’- GATAAAGAACAGCATCACAATCAAAGGGGCCACATAGG -3’
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Figure 1. TS (G406R) mutant channel inhibits activity dependent survival and CREB dependent transcription

(A) Expression of TS channels inhibits activity dependent survival of cerebellar granule neurons. Mutant CaV1.2 L-type calcium channels that are insensitive to DHPs were co-transfected with Lac Z construct into cerebellar granule neurons. After 24 hours the neurons were treated with DHPs (Nimodipine) to block endogenous channels and study the ability of the transfected channels to activate signaling pathways in response to depolarization. Representative neurons transfected with the corresponding constructs and treated with 29 mM KCl + 10 µM nimodipine for 24 hours are shown. After treatment, neurons were stained with TUNEL (green), anti((-galactosidase (red) and nuclei staining Hoechst dye (blue). Arrowheads indicated neurons transfected with the different channel constructs. All the constructs used are DHP insensitive unless otherwise specified.

(B) Quantification of the percentage of TUNEL-positive neurons transfected with the corresponding constructs in the presence of depolarization or depolarization and 10 µM nimodipine (average of n=4 independent experiments, > 100 neurons per experiment; ±SEM; **p<0.001 by one-way ANOVA and Bonferroni post-test).  The percentage of TUNEL positive neurons was is significantly reduced in DHP- vs WT or TS (KCl + nimodipine). 

(C) Cortical neurons co-transfected with YFP and DHP- or TS, depolarized with 67 mM KCl for 1 hour and stained with an antibody against phospho-CREB Ser133.

(D) Quantification of the percentage of DHP- or TS expressing neurons containing phospho-CREB positive nuclei after 1 hour of depolarization. Amount of CREB phosphorylation in TS expressing neurons is not significantly different from WT expressing neurons (n=3 separate experiments, ≥ 50 neurons per experiment; ±SEM).

(E) Activation of CRE-dependent luciferase reporter gene (CRE-luciferase) in cortical neurons co-transfected with either DHP- or TS channels. Neurons were depolarized with 67 mM KCl and analyzed for luciferase expression 5 to 6 hours after stimulation. TS expressing neurons show a significant decrease in CRE-dependent transcription compared to DHP- neurons (**p<0.001 by two-way ANOVA and Bonferrini post-test).

(F) Measurement of CRE-dependent gene transcription in cortical neurons as in (E) but using a luciferase reporter gene driven by the c-fos promoter (c-fos luciferase) (**p<0.001 by two-way ANOVA and Bonferrini post-test).

Figure 2. Activity-dependent conformational changes in TS mutant channel activates apoptotic pathways independent of calcium influx through the channel

(A) Ca+2 imaging of cultured cortical neurons stimulated with a 65 mM KCl test pulse, neurons transfected with Wild type (black), 4EQ (green) or 4EQTS (purple) channels. After 100 sec neurons were stimulated and calcium rise was measured. 

(B) Sample recordings from 4EQ and 4EQ TS a1C subunits, co-expressed with β2b and α2(. No inward Ca2+ current was observed, however there was a prominent outward current in both 4EQ and 4EQ TS. 

(C) Expression of 4EQTS pore mutant channels inhibits activity-dependent survival of cerebellar granule neurons. DHP- L-type calcium channels were co-transfected with Lac Z construct into cerebellar granule neurons.  Representative neurons transfected with the corresponding constructs and treated with 29 mM KCl + 10 µM nimodipine for 24 hours are shown. After treatment, neurons were stained with TUNEL (green), anti((-galactosidase (red) and Hoechst nuclei staining (blue). Arrowheads showed transfected neurons with the different channel constructs.  

(D) Quantification of the percentage of TUNEL-positive neurons transfected with the corresponding constructs in the presence of depolarization or depolarization and 10 µM nimodipine (average of n=3 independent experiments, > 100 neurons per experiment; ±SEM; **p<0.001 by one-way ANOVA and Bonferroni post-test, 4EQTS was significantly increased vs WT, DHP-, or 4EQ (KCl condition); 4EQTS and WT were significantly increased vs DHP- or 4EQ (KCl + nimodipine condition). Percentage of TUNEL positive neurons in WT was not significantly different from 4EQTS expressing neurons in nimodipine condition. 

(E) Granule neurons in the presence or absence of extracellular calcium under depolarization (29 mM KCl) or non-depolarization conditions (5 mM KCl) in the presence or absence of extracellular calcium for 24 hours. Depolarization in the absence of extracellular calcium causes a significant increase in survival relative to unstimulated cells (average of n=3 independent experiments, > 100 neurons per experiment; ±SEM; **p<0.001 by one-way ANOVA and Bonferroni post-test). 
(F) Activation of CRE-dependent luciferase reporter gene (CRE-luciferase) in cortical neurons co-transfected with either DHP-, 4EQ, TS, 4EQTS channels. Neurons were depolarized with 65mM KCl and analyzed for luciferase gene expression 5 to 6 hours after stimulation. TS expressing neurons show a significant decrease in CRE-dependent transcription compare to WT neurons, which is partilially rescue by the pore mutant 4EQTS. Data shown is the average fold induction from 3 independent experiments; n=12 measurements ± SEM; *p<0.05 by one-way ANOVA and Bonferrini post-test.

(G) Activation of CREB in neurons expressing WT or TS channels and depolarized in the presence of varying [Ca+2]e. Reducing [Ca+2]e rescues the defect in TS expressing neurons while elevating [Ca+2]e suppresses CREB activity in WT neurons. Data shown is representative of ≥3 experiments (n=4 measurements ± SEM).

Figure 3. The L1368P mutation rescues activity dependent apoptosis and repression of CREB dependent transcription by TS channels

(A) Activation of CRE-dependent luciferase reporter gene (CRE-luciferase) in cortical neurons co-transfected with WT, TS, TSLP, or LP channels. Neurons were depolarized with 67 mM KCl and analyzed for luciferase gene expression 5 to 6 hours after stimulation. TSLP expressing neurons show a significant increase in CRE-dependent transcription compare to TS expressing neurons. The level of CREB dependent transcription in TSLP expressing neurons is similar to WT expressing neurons. Data shown is representative of ≥3 experiments (n=4 measurements ± SEM); *p<0.001 by one-way ANOVA and Bonferrini post-test.

(B) Schematic representation of CaV1.2 a1C subunit showing the location of the TS (G406R) mutationand L1368P mutation. The LP mutation leads to the substitution of leucine 1368 with proline. Amino acid sequence alignment showing conservation of leucine 1368 from vertebrate and invertebrate species of CaV1.2 and other voltage gated channels including potassium channel KV1.3, Shaker and sodium channel NaV1. The L1368P mutation is located at the beginning of domain IV segment 5.

 (C) Double mutant TSLP rescues the apoptotic phenotype produce by the expression of the TS mutation alone. Mutant CaV1.2 L-type calcium channels that are insensitive to Dihydropiridines (DHPs) were expressed in cerebellar granule neurons. After 24 hours the neurons were treated with 10 (M nimodipine to block endogenous L-type calcium. Twenty-four hours after treatment cells were fixed and stained with anti β-galactosidase antibody (red), TUNEL staining (green) and Hoechst (blue). 

(D) Quantification of the percentage of TUNEL-positive neurons transfected with the corresponding constructs in the presence of depolarization +10 µM nimodipine (average of n=3 separate experiments, >100 neurons per experiment; ±SEM; *p<0.05 by one-way ANOVA and Bonferroni post-test. Percentage of TUNEL positive neurons was is significantly reduced in neurons expressing TSLP mutant versus neurons expressing TS mutant channels. 

Figure 4. The L1368P mutation relieves the impairment of current inactivation by the TS (G406R) mutation

(A) Ca+2 imaging of cultured cortical neurons stimulated with a 65 mM KCl test pulse, neurons transfected with Wild type (black), 4EQ (green) or 4EQTS (purple) channels. After 100 sec neurons were stimulated and calcium rise was measured. 

(B) Sample Ca2+ currents recorded from the indicated channel a1C subunits, co-expressed with β2b and α2δ using a two-pulse protocol. 

 (C) Channel activation for the channels containing the indicated a1C subunits. The V1/2 (mV) and k values, respectively, for the indicated channels are: TS, -10, 5; TY, -5, 7; LP, +6, 5; and TS LP, -2, 5. 

(D) Voltage dependence of Ca2+ current inactivation determined by a two-pulse protocol. *, P < 0.01 versus TY; #, P < 0.05 TS versus TS LP. DHP-, n=12; TS, n=9; LP, n=6; TSLP, n=8.

(E) Channel activation for the channels containing the indicated a1C subunits. The V1/2 (mV) and k values, respectively, for the indicated channels are: TS, -10, 5; TY, -5, 7; LP, +6, 5; and TS LP, -2, 5. 

(F) Recovery experiment. Ratio of P2/P1 shows the ratio of the peak currents induced by second pulse over that by the first pulse.
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