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Abstract
Neurons express multiple types of voltage-gated calcium (Ca2+) channels. Two subtypes of
neuronal L-type Ca2+ channels are encoded by CaV1.2 and CaV1.3 pore-forming subunits. To
compare targeting of CaV1.2 and CaV1.3 L-type Ca2+ channels, we transfected rat hippocampal
neuronal cultures with surface-epitope-tagged sHA-CaV1.2 or sHA-CaV1.3a constructs and found
that: (i) both sHA-CaV1.2 and sHA-CaV1.3a form clusters on the neuronal plasma membrane
surface; (ii) when compared with sHA-CaV1.2 surface clusters, the sHA-CaV1.3a surface clusters
were 10% larger and 25% brighter, but 35% less abundant; (iii) 81% of sHA-CaV1.2 surface
clusters, but only 48% of sHA-CaV1.3a surface clusters, co-localized with synapsin clusters; (iv)
co-expression with GFP-Shank-1B had no significant effect on sHA-CaV1.2 surface clusters, but
promoted formation and synaptic localization of sHA-CaV1.3a surface clusters. In experiments
with dihydropyridine-resistant CaV1.2 and CaV1.3a mutants we demonstrated that CaV1.3a L-type
Ca2+ channels preferentially mediate nuclear pCREB signaling in hippocampal neurons at low, but
not at high, levels of stimulation. In experiments with primary neuronal cultures from CaV1.3
knockout mice we discovered that CaV1.3 channels play a more important role in pCREB
signaling in striatal medium spiny neurons than in hippocampal neurons. Our results provide novel
insights into the function of CaV1.2 and CaV1.3 L-type Ca2+ channels in the brain.
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Introduction
Voltage-dependent calcium (Ca2+) channels are important mediators of neuronal function.
Neuronal Ca2+ channels trigger neurotransmitter release, generate dendritic Ca spikes and
induce activity-dependent gene regulation. Consistent with multiple functions, neurons
express a diverse complement of voltage-gated calcium (Ca2+) channels (Catterall, 2000).
N-type (CaV2.2) and P / Q-type (CaV2.1) Ca2+ channels mediate rapid Ca2+ influx into the

© The Authors (2006).
Correspondence: Dr I. Bezprozvanny, as above. Ilya.Bezprozvanny@UTSouthwestern.edu.

NIH Public Access
Author Manuscript
Eur J Neurosci. Author manuscript; available in PMC 2012 March 19.

Published in final edited form as:
Eur J Neurosci. 2006 May ; 23(9): 2297–2310. doi:10.1111/j.1460-9568.2006.04734.x.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



presynaptic terminal that triggers synaptic vesicle fusion and neurotransmitter release
(Dunlap et al., 1995) (excitation–secretion coupling). Neuronal L-type Ca2+ channels are
mainly encoded by CaV1.2 (α1C) or CaV1.3 (α1D) pore-forming subunits (Hell et al., 1993;
Lipscombe et al., 2004). Neuronal L-type Ca2+ channels do not support synaptic
transmission, but play a critical role in coupling neuronal activity to gene transcription
(excitation–transcription coupling). It has been shown that Ca2+ influx via postsynaptic L-
type Ca2+ channels activates pCREB (Bito et al., 1996; Dolmetsch et al., 2001; Weick et al.,
2003; Zhang et al., 2005a) and NFATc4 (Graef et al., 1999) neuronal nuclear transcription
factors. Phosphorylation of CREB, acting in conjunction with nuclear translocation of
pCREB co-activator TORC (Conkright et al., 2003; Iourgenko et al., 2003; Bittinger et al.,
2004; Screaton et al., 2004), promotes transcription of multiple genes (Zhang et al., 2005b).
Resulting changes in protein expression may play a role in mediating long-term changes in
synaptic strength (Deisseroth et al., 2003).

When compared with channels encoded by the CaV1.2 subunit, the channels encoded by
CaV1.3 subunits are less sensitive to dihydropyridines and open at more negative membrane
potentials (Koschak et al., 2001; Xu & Lipscombe, 2001; Lipscombe et al., 2004; Olson et
al., 2005). Knockout of the CaV1.2 gene leads to embryonic death before day E14.5
(Seisenberger et al., 2000), whereas CaV1.3 knockout mice survive but display congenital
deafness and dysfunction of pancreatic β-cell and cardiac sinoatrial node (Platzer et al.,
2000; Namkung et al., 2001; Zhang et al., 2002; Mangoni et al., 2003). Immunostaining
analysis revealed that neuronal CaV1.2 and CaV1.3 are localized mainly in neuronal cell
bodies and proximal dendrites, and can be detected in both synaptic and extrasynaptic
compartments (Hell et al., 1993; Davare et al., 2001; Weick et al., 2003; Obermair et al.,
2004; Zhang et al., 2005a).

The CaV1.2 (α1C) subunit contains a class 1 PDZ domain-binding carboxy-terminal motif
VSXL that has been shown to associate with PDZ domains of NIL-16 (neuronal
interleukin-16 precursor protein) (Kurschner & Yuzaki, 1999) and CIPP (channel-
interacting PDZ domain protein) (Kurschner et al., 1998). Association of the CaV1.2 subunit
with PDZ proteins plays an important role in coupling L-type Ca2+ channel activity with
phosphorylation of nuclear CREB (Weick et al., 2003). The carboxyl-terminal region of the
CaV1.3 subunit is alternatively spliced (Safa et al., 2001; Xu & Lipscombe, 2001). The
‘long’ CaV1.3a splice-variant also contains a class 1 PDZ domain-binding carboxy-terminal
motif ITTL, which associates with the PDZ domain of Shank adaptor protein (Zhang et al.,
2005a). Our previous studies demonstrated that association of CaV1.3a with Shank is
important for synaptic targeting of CaV1.3-encoded L-type Ca2+ channels, for signaling
from CaV1.3 channels to pCREB in hippocampal neurons and for G-protein-coupled
receptor-mediated modulation of L-type currents in medium spiny striatal neurons (Olson et
al., 2005; Zhang et al., 2005a).

Is there a difference in CaV1.2 and CaV1.3 localization pattern and targeting mechanisms in
hippocampal neurons? What is a relative contribution of CaV1.2 and CaV1.3 L-type Ca2+

channels to neuronal pCREB signaling? Finding answers to these questions is the main aim
of our study. To compare targeting of CaV1.2 and CaV1.3 L-type Ca2+ channels in a precise
and quantitative way we adapted an approach from Obermair et al. (2004) and performed
targeting experiments with surface epitope-tagged sHA-CaV1.2 and sHA-CaV1.3 subunits
expressed in primary hippocampal neuronal cultures. To compare the contribution of CaV1.2
and CaV1.3 L-type Ca2+ channels to pCREB signaling, we adapted a ‘pharmacological
knockout’ approach from Dolmetsch et al. (2001) and performed experiments with
dihydropyridine-resistant (DHPR) CaV1.2 and CaV1.3a mutants expressed in hippocampal
neurons. Obtained results were complemented by analysis of pCREB signaling in

Zhang et al. Page 2

Eur J Neurosci. Author manuscript; available in PMC 2012 March 19.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



hippocampal and medium spiny striatal neuronal cultures from CaV1.3 knockout mice
(Platzer et al., 2000).

Materials and methods
Plasmid construction

sHA-CaV1.2 plasmid has been previously described (Altier et al., 2002). In sHA-CaV1.2
construct the HA tag and the flanking sequences were inserted into extracellular S5-H5 loop
of domain II of rat CaV1.2 plasmid between amino acids Q683 and T684. The resulting
sequence is 677FNFDEMQTRHYPYDVPDYAVTFDEMQTRRSTFD690 (HA sequence is in
bold, added sequence is italic) (Altier et al., 2002). To generate the sHA-CaV1.3a construct
we followed the same paradigm and inserted the HA tag and identical flanking sequences
into the equivalent location within a rat CaV1.3a plasmid (Xu & Lipscombe, 2001) (between
amino acids Q693 and T694). The HA tag and flanking sequences were inserted by
polymerase chain reaction (PCR) followed by 3-end ligation using NheI (5′ end) and
BamH1 (2751) sites and verified by sequencing. The resulting sequence
was 687FNFDETQTRHYPYDVPDYAVTFDEMQTKRSTFD700 (HA sequence is in bold,
added sequence is italic). The HA-CaV1.3a-T1033Y DHP-resistant construct was previously
described (Zhang et al., 2005a). The sHA-CaV1.2-T1039Y DHP-resistant mutant (He et al.,
1997; Dolmetsch et al., 2001) was generated on the basis of sHA-CaV1.2 plasmid by Quick-
change kit (Stratagene) and verified by sequencing. The GFP-Shank1B construct was
previously described (Sala et al., 2003).

Current recordings in Xenopus oocytes
sHA-CaV1.2 and sHA-CaV1.3a subunits were expressed in Xenopus oocytes as previously
described (Bezprozvanny & Tsien, 1995; Zhang et al., 2005a). Briefly, cRNA species
encoding sHA-CaV1.2 and sHA-CaV1.3a subunits, β3 and α2δ-1 subunits were synthesized
by in vitro transcription procedure with the use of bacteriophage T7 RNA polymerase.
Single-stage V–VI Xenopus oocytes were prepared by collagenase A treatment and injected
with cRNA mixtures as indicated in the text. Currents were recorded 4–5 days after cRNA
injection in 40 mm Ba2+ recording solution [in mm: Ba(OH)2, 40; TEA-OH, 50; KOH, 2;
HEPES, 5; adjusted to pH 7.4 with methanesulphonic acid] by two-electrode voltage-clamp
amplifier (Model OC-725A, Warner Instruments) controlled by pClamp6 software (Axon
Instruments). Ca2+ channel openings were induced by 250-ms step depolarizations from a
holding potential of −80 mV to a range of test potentials as indicated in the text. Collected
data were analysed off-line using pClamp6 software.

Primary neuronal cultures
Primary E18 rat hippocampal neuronal cultures were established and maintained in vitro as
previously described (Maximov & Bezprozvanny, 2002; Zhang et al., 2005a). The animals
were anaesthetized with CO2 and decapitated, procedures were approved by the IUCAC
committee. For targeting experiments primary hippocampal neuronal cultures at 8–9 days in
vitro (DIV) were co-transfected with sHA-CaV1.2 or sHA-CaV1.3 plasmids with β3 and
α2δ-1 auxiliary subunits using calcium phosphate method as previously described (Maximov
& Bezprozvanny, 2002; Zhang et al., 2005a). The GFP-Shank1B plasmid was included in
the transfection mixture when indicated. The generation and breeding of CaV1.3 knockout
mice was previously described (Platzer et al., 2000; Olson et al., 2005). In our experiments,
male CaV1.3− / − mice were bred to CaV1.3+ / − female mice, and resulting litters were
collected at P1–P2. Collected pups were genotyped by PCR and separated into CaV1.3− / −
(KO) and CaV1.3+ / − (HET) groups. The hippocampal neuronal cultures from P1–P2
CaV1.3 KO and HET pups were established following the same procedures as for rat, and
used for experiments at 9–10 DIV. The striatal medium spiny neuronal (MSN) cultures from
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CaV1.3 KO and HET P1–P2 pups were established as we previously described for YAC128
HD mice (Tang et al., 2005) and used for experiments at 9–10 DIV.

Immunocytochemistry
Immunostaining experiments with primary hippocampal neuronal cultures have been
performed as previously described (Maximov & Bezprozvanny, 2002; Zhang et al., 2005a).
For HA surface labeling experiments the neurons were fixed in 4% formaldehyde and 4%
sucrose in phosphate-buffered saline (PBS) on ice for 30 min, washed twice with PBS,
incubated with blocking solution containing 10% normal goat serum and 5% bovine serum
albumin in PBS, and incubated with mouse anti-HA mAb (1 : 1000) for 2–3 h at room
temperature, washed with PBS three times, permeabilized with 0.25% Triton in PBS for 5
min, incubated in blocking solution again, and then incubated with rabbit anti-MAP2 pAb
(1 : 1000) or rabbit anti-synapsin pAb (1 : 1000) overnight at 4 °C. For anti-HA mAb
staining of permeabilized neurons, fixed neurons were permeabilized with 0.25% Triton in
PBS for 5 min and labeled with anti-HA mAb (1 : 1000) and rabbit anti-MAP2 pAb (1 :
1000) antibodies for 2–3 h at the same time. The coverslips with stained neurons were
washed three times with PBS, incubated with rhodamine- and FITC-conjugated anti-mouse
and anti-rabbit secondary antibodies at room temperature for 1 h, washed three times with
PBS and mounted on microscopic slides. The images were collected with an Olympus IX-71
microscope with 40 × objective by Cascade-650 camera (Rhoper) and analysed using
MetaFluor 6.2 (Universal Imaging) and PhotoShop (Adobe) software packages. Confocal
images were collected with Zeiss LS800 (Zeiss, Thornwood, NY, USA).

Quantification of size and intensity of HA and synapsin fluorescent clusters was performed
with MetaFluor 6.2 (Universal Imaging) software. The clusters were selected initially using
the autotrace function of MetaFluor and then manually inspected. The same settings were
used for selection and analysis of sHA-CaV1.2 and sHA-CaV1.3a clusters. Clusters that
appear to be composed of multiple puncta and out of focus clusters were discarded. The area
(in pixels2) and brightness (in a.u.) of each remaining cluster were recorded by MetaFluor,
and cumulative distributions of clusters area and brightness were constructed in Origin. The
measurements from at least 100–300 puncta (obtained from neurons from at least two
independent transfections) have been used to construct cumulative area and brightness
distributions. The midpoints of cumulative distributions were determined in Origin. To
quantify the co-localization of HA and synapsin clusters, the HA and synapsin clusters that
had at least one pixel in common were scored as ‘co-localized’.

Ca2+ imaging experiments
Ca2+ imaging experiments with primary hippocampal neuronal cultures were performed as
previously described (Zhang et al., 2005a). Briefly, primary hippocampal neuronal cultures
at 8–10 DIV were co-transfected with sHA-CaV1.2-T1039Y or HA-CaV1.3a- T1033Y
plasmids with β3 and α2δ-1 auxiliary subunits and pEGFP-C3 plasmid (Clontech) using the
calcium phosphate precipitation method as previously described (Zhang et al., 2005a).
Seventy-two hours after transfection the neurons were loaded with 5 μm Fura-2 AM
(Molecular Probes), and coverslips with neurons were mounted onto a recording / perfusion
chamber (RC-26G, Warner Instrument) positioned on the movable stage of an Olympus
IX-70 inverted microscope. The transfected cells were identified by GFP imaging.
Following GFP imaging the neurons were perfused with Tyrode solution in the presence of
(in μm): tetrodotoxin (TTX), 1; D-AP5, 50; CNQX, 10; nifedipine, 50; and stimulated for 60
s by application of KCl-depolarizing solution (in mm: KCl, 20; KCl, 45; KCl, 90) in Tyrode
in the presence of (in μm): TTX, 1; D-AP5, 50; CNQX, 10; nifedipine, 50. In Ca2+ imaging
experiments the hippocampal neurons were intermittently excited by 340 nm and 380 nm
UV light (DeltaRAM illuminator, PTI) using Fura-2 dichroic filter cube (Chroma
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Technologies) and 60 × UV-grade oil-immersed objective (Olympus). The emitted light was
collected by an IC-300 camera (PTI), and the images were digitized by ImageMaster Pro
software (PTI). Baseline (6 min) measurements were obtained prior to KCl stimulation.
Images at 340 and 380 nm excitation wavelengths were captured every 5 s and the peak
value was measured. Background fluorescence was determined according to manufacturer’s
(PTI) recommendations and subtracted. The peak 340 / 380 values were measured for each
transfected cell and averaged.

pCREB phosphorylation assay
For pCREB experiments primary hippocampal neuronal cultures at 8–10 DIV were co-
transfected with sHA-CaV1.2-T1039Y or HA-CaV1.3a-T1033Y plasmids with β3 and α2δ-1
auxiliary subunits using the calcium phosphate precipitation method as previously described
(Zhang et al., 2005a). Seventy-two hours after transfection the neurons were incubated in
Tyrode solution in the presence of (in μm): TTX, 1; D-AP5, 50; CNQX, 10; nifedipine, 50;
in the dark for 3 h, stimulated for 30 s by application of KCl-depolarizing solution (in mm:
KCl, 20; KCl, 45; KCl, 90) in Tyrode solution in the presence of (in μm): TTX, 1; D-AP5,
50; CNQX, 10; nifedipine, 50; fixed, permeabilized and stained with anti-pCREB pAb and
anti-HA mAb. In electrical field stimulation (EFS) experiments, the neurons were
transferred to Tyrode solution containing (in μm): D-AP5, 50; nifedipine, 50; bicuculline,
20; and stimulated at 5 Hz frequency by current pulses of 0.5-mA amplitude and 150-μs
duration (WPI A365 stimulator controlled by Neurolog Digitimer) applied via a pair of
platinum electrodes as previously described (Zhang et al., 2005a). Transfected cells were
identified by anti-HA mAb staining, and nuclear pCREB pAb staining of transfected
neurons was quantified by confocal imaging (Zeiss LS800). The intensity of nuclear pCREB
staining in each series of experiments was normalized to mean pCREB signal in
unstimulated cells and averaged across different experiments. Primary mice hippocampal
and MSN neuronal cultures were stimulated as described above for rat neurons at 9–10 DIV
without the addition of nifedipine.

Antibodies
Anti-HA mAb was from Covance (Berkeley, CA, USA), anti-MAP2 mAb and pAb were
from Chemicon (Temecula, CA, USA). Anti-pCREB rabbit pAb was from Upstate
Biotechnology (Lake Placid, NY, USA). The rabbit anti-synapsin pAb (IB2881) was raised
against KLH-conjugated NYLRRRLSDSNFMANLPNGYMTDLQRPQP peptide
corresponding to the amino-terminus of Synapsin1.

Results
Targeting of recombinant sHA-CaV1.2 and sHA-CaV1.3a in rat hippocampal neurons

Subcellular localization of endogenous CaV1.2 and CaV1.3 subunits in hippocampal neurons
have been described in several previous reports (Hell et al., 1993; Davare et al., 2001;
Weick et al., 2003; Obermair et al., 2004; Zhang et al., 2005a). These studies consistently
reported clustered distribution of endogenous CaV1.2 and CaV1.3 subunits in soma and
proximal dendrites of mature hippocampal neurons. They also suggested that the clusters
formed by endogenous CaV1.2 and CaV1.3 subunits are partially co-localized with
established synaptic markers (Davare et al., 2001; Weick et al., 2003; Obermair et al., 2004;
Zhang et al., 2005a). Is there a difference in CaV1.2 and CaV1.3 localization pattern in
neurons? These questions are difficult to address for endogenous channels because the level
of endogenous channel expression is quite low and sensitivity of antibodies against
endogenous channels is limited. Thus, we reasoned that expression of epitope-tagged
CaV1.2 and CaV1.3 subunits will enable us to compare the localization patterns of these
channels in a more precise and quantitative way. Insertion of the HA tag into the
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extracellular surface loop connecting S5 and H5 regions of domain II of CaV1.2 channels
enables plasma membrane surface labeling of sHA-CaV1.2 subunits (Altier et al., 2002;
Obermair et al., 2004). To compare targeting of recombinant CaV1.2 and CaV1.3 channels
we obtained a rat sHA-CaV1.2 construct (Fig. 1A, left) (Altier et al., 2002; Obermair et al.,
2004) and generated a sHA-CaV1.3a construct (Fig. 1A, right) by inserting an HA tag into
the equivalent position of rat CaV1.3a sequence (see Materials and methods for details). We
reasoned that the use of the same HA epitope tag with identical flanking sequences inserted
into equivalent positions of rat CaV1.2 and CaV1.3 subunits should minimize experimental
variability and enable quantitative comparison of CaV1.2 and CaV1.3 targeting patterns.

Plasma membrane targeting of sHA-CaV1.2 and sHA-CaV1.3a subunits was confirmed by
confocal imaging of transfected HEK293 cells surface-labeled with anti-HA mAb (Fig. 1B).
To confirm functional expression of generated constructs, we co-injected sHA-CaV1.2 or
sHA-CaV1.3a cRNA with β3 and α2δ-1 cRNA into Xenopus oocytes and performed a series
of two-electrode voltage-clamp experiments using 40 mm Ba2+ as a current carrier (see
Materials and methods for details). Consistent with the previous report (Altier et al., 2002),
we found that sHA-CaV1.2 protein forms functional channels in Xenopus oocytes (Fig. 1C).
The sHA-CaV1.3a construct also supported functional channels when expressed in Xenopus
oocytes (Fig. 1D). Peak current amplitudes were equal to 0.40 ± 0.05 μA (n = 13) for
currents supported by sHA-CaV1.2 and 0.08 ± 0.02 μA (n = 4) for currents supported by
sHA-CaV1.3a. Thus, in our experiments sHA-CaV1.2 expressed in Xenopus oocytes
~fivefold more efficiently than sHA-CaV1.3a. In agreement with previous characterization
of CaV1.3 channels (Koschak et al., 2001; Xu & Lipscombe, 2001; Olson et al., 2005), we
found that the channels supported by sHA-CaV1.3a opened at ~20 mV more negative
voltages than the channels supported by sHA-CaV1.2 (Fig. 1C and D).

To analyse targeting of L-type channels in neurons, we co-expressed sHA-CaV1.2 or sHA-
CaV1.3a subunits with β3 and α2δ-1 subunits in mature hippocampal neurons cultured at
high density and evaluated subcellular localization of expressed channels by
immunostaining with anti-HA mAb (see Fig. 2). As in our previous studies of Ca2+ channel
targeting (Maximov & Bezprozvanny, 2002; Zhang et al., 2005a), we reasoned that
expression of pore-forming α1 subunits with auxiliary β3 and α2δ-1 subunits will facilitate
proper assembly and trafficking of channel complexes. Targeting of Ca2+ channels in
hippocampal neurons was reported to be influenced by co-expression with β4 subunit
(Wittemann et al., 2000; Herlitze et al., 2003). However, because the same β3 and α2δ-1
auxiliary subunits are used in all our experiments, the differences in targeting of L-type Ca2+

channels formed by sHA-CaV1.2 or sHA-CaV1.3a channels are due to targeting motifs in α1
subunits and not due to effects of auxiliary subunits. Consistent with the previous results
(Obermair et al., 2004), expression of the sHA-CaV1.2 construct in hippocampal neurons
resulted in clusters of HA immunoreactivity in surface-labeling experiments (Fig. 3A).
Recombinant sHA-CaV1.3a also formed clusters in surface labeling experiments (Fig. 3B),
similar to clusters formed by HA-CaV1.3a subunits tagged at the amino-terminal region
(Zhang et al., 2005a).

The study by Obermair et al. (2004) suggested that membrane-inserted sHA-CaV1.2
channels are clustered but intracellular sHA-CaV1.2 channels are diffusely distributed. To
test this hypothesis, we compared the HA staining of hippocampal neurons transfected with
sHA-CaV1.2 construct with and without permeabilization with Triton X-100. In agreement
with Obermair et al. (2004) we found that sHA-CaV1.2 clusters can be easily detected in
non-permeabilized hippocampal neurons (Fig. 3A), but in permeabilized hippocampal
neurons sHA-CaV1.2 is mostly diffuse (Fig. 4A). Interestingly, the difference induced by
Triton X-100 permeabilization was much less dramatic for hippocampal neurons transfected
with sHA-CaV1.3a construct (Figs 3B and 4B). These results indicate that trafficking of
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CaV1.2 and CaV1.3a channels is likely to be mediated by different cell biological pathways.
These data also explain why we observed clustered distribution of HA-CaV1.3a channels
tagged at the amino-terminal (which required membrane permeabilization) in our previous
targeting experiments (Zhang et al., 2005a).

Quantitative analysis of sHA-CaV1.2 and sHA-CaV1.3 surface clusters
Both sHA-CaV1.2 and sHA-CaV1.3a constructs form clusters in surface labeling
experiments with rat hippocampal neurons (Fig. 3A and B). Are these clusters synaptic?
What is their intensity, surface area and density? To answer these questions we performed a
quantitative analysis of surface clusters formed by sHA-CaV1.2 and sHA-CaV1.3a
constructs expressed in rat hippocampal neurons. Synaptic locations in these experiments
were identified by staining with anti-synapsin pAb. By comparing surface HA and synapsin
staining we determined that clusters formed by sHA-CaV1.2 and sHA-CaV1.3a partially co-
localize with synapsin clusters (Fig. 2). Quantitative analysis revealed that 81% of sHA-
CaV1.2 surface clusters co-localized with synapsin clusters, but only 48% of sHA-CaV1.3a
surface clusters co-localized with synapsin clusters (Fig. 2, Table 1).

In the previous study we discovered that the carboxy-terminal of the CaV1.3a subunit binds
to PDZ and SH3 domains of Shank modular adaptor protein, and demonstrated that
association with Shank is important for proper targeting of CaV1.3a channels in
hippocampal neurons (Zhang et al., 2005a). We also demonstrated that Shank is specific for
the CaV1.3a subunit and does not bind to CaV1.2 carboxy-terminus (Zhang et al., 2005a). To
evaluate a role of Shank in targeting of neuronal L-type Ca2+ channels, in the next series of
experiments we co-expressed sHA-CaV1.2 or sHA-CaV1.3a constructs (together with β3 and
α2δ-1 subunits) with GFP-Shank1B (Sala et al., 2003) in mature rat hippocampal neurons. In
these experiments subcellular localization of sHA-CaV1.2 and sHA-CaV1.3a subunits is
determined by surface labeling with anti-HA mAb and compared with subcellular
localization of GFP-Shank1B visualized by GFP imaging and synaptic locations identified
by staining with anti-synapsin pAb. We found that co-transfection with GFP-Shank1B had
no significant effect on localization of sHA-CaV1.2 surface clusters, with 77% of sHA-
CaV1.2 surface clusters co-localized with synapsin in these experiments (Fig. 5A, Table 1).
In contrast, co-localization of sHA-CaV1.3a clusters with synapsin clusters was increased in
the presence of GFP-Shank1B from 48% to 74% (Fig. 5B, Table 1). These data indicate that
Shank plays an important role in synaptic targeting of CaV1.3a channels, but not in synaptic
targeting of CaV1.2 channels.

To perform further quantitative comparison of surface clusters formed by expressed sHA-
CaV1.2 or sHA-CaV1.3a constructs we measured the surface area (in pixels2) and
fluorescent intensity (in a.u.) of each cluster (see Materials and methods for details). For a
reference, we also measured the surface area of synapsin clusters. When cumulative
distributions of cluster areas were compared, we found that the size of surface clusters
formed by sHA-CaV1.3a subunits was larger than the size of the clusters formed by sHA-
CaV1.2 subunits (Fig. 6A). The midpoint of the cumulative distribution corresponded to the
area of 18.65 pixels2 for synapsin clusters, to 18.25 pixels2 for sHA-CaV1.3a surface
clusters and to 16.65 pixels2 for sHA-CaV1.2 surface clusters (Fig. 6A, Table 1). Thus,
synapsin and sHA-CaV1.3a surface clusters have similar surface area, but the sHA-CaV1.2
surface clusters are 10% smaller in size. The midpoint of cumulative intensity distribution
corresponded to 3250 a.u. for sHA-CaV1.3a surface clusters and to 2600 a.u. for sHA-
CaV1.2 surface clusters (Fig. 6B, Table 1). Thus, we concluded that sHA-CaV1.3a surface
clusters contain 25% more channels than sHA-CaV1.2 clusters. It has been previously
estimated that an average sHA-CaV1.2 surface cluster contains eight sHA-CaV1.2 channels
(Obermair et al., 2004). Based on this estimate and our results (Fig. 6B), we estimated that
an average sHA-CaV1.3a surface cluster contains 10 sHA-CaV1.3a channels. The surface

Zhang et al. Page 7

Eur J Neurosci. Author manuscript; available in PMC 2012 March 19.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



clusters formed by sHA-CaV1.3a are 10% larger in area and 25% brighter than the surface
clusters formed by sHA-CaV1.2 subunits (Fig. 6A and B, Table 1). However, our analysis
revealed that the clusters formed by sHA-CaV1.2 subunits are more abundant. When
normalized to 150 μm of dendritic length in each transfected neuron, we observed 14.7 ± 1.0
(n = 29) sHA-CaV1.2 surface clusters and 9.7 ± 0.4 (n = 39) sHA-CaV1.3a surface clusters
(Fig. 6C, Table 1). Thus, sHA-CaV1.2 clusters formed 35% more frequently than sHA-
CaV1.3a surface clusters.

To evaluate the effects of Shank, we repeated quantitative analysis of surface clusters
formed by sHA-CaV1.2 and sHA-CaV1.3a constructs co-expressed in hippocampal neurons
with GFP-Shank1B. We found that in these experiments the midpoint of the area cumulative
distribution corresponded to 15.20 pixels2 for sHA-CaV1.3a surface clusters and to 12.75
pixels2 for sHA-CaV1.2 surface clusters (Fig. 6D, Table 1). The midpoint of intensity
cumulative distribution corresponded to 1430 a.u. for sHA-CaV1.3a surface clusters and to
990 a.u. for sHA-CaV1.2 surface clusters (Fig. 6E, Table 1). Thus, in the presence of GFP-
Shank1B sHA-CaV1.3a surface clusters were 19% larger in size and 44% brighter than sHA-
CaV1.2 surface clusters (Fig. 6D and E, Table 1), compared with 10% larger and 25%
brighter sHA-CaV1.3a clusters observed without GFP-Shank1B (Fig. 6A and B, Table 1).
The reduction in absolute values of sHA-CaV1.2 and sHA-CaV1.3a clusters area and
intensity observed in these experiments is most likely to be due to reduced levels of
targeting constructs expression as a result of GFP-Shank1B co-transfections. When
normalized to 150 μm of dendritic length in each transfected neuron, we observed 12.8 ± 0.7
(n = 18) sHA-CaV1.2 surface clusters and 10.9 ± 0.6 (n = 16) sHA-CaV1.3a surface clusters
(Fig. 6F, Table 1). The difference in the density of sHA-CaV1.2 surface clusters and sHA-
CaV1.3a surface clusters formed in the presence of GFP-Shank1B did not reach a level of
statistical significance (P = 0.053). Thus, we concluded that co-expression with GFP-
Shank1B makes sHA-CaV1.3a surface clusters as abundant as sHA-CaV1.2 surface clusters
compared with 35% difference in the absence of GFP-Shank1B (Fig. 6C, Table 1).

pCREB signaling supported by CaV1.2 and CaV1.3 L-type Ca2+ channels
To compare the contribution of CaV1.2 and CaV1.3 L-type Ca2+ channels to pCREB
signaling we adapted a ‘pharmacological knockout’ approach from Dolmetsch et al. (2001)
and performed experiments with DHPR CaV1.2 and CaV1.3a mutants expressed in
hippocampal neurons. The HA-CaV1.3a-T1033Y plasmid (Fig. 7A, right) encoding DHPR-
CaV1.3 subunit was previously described (Zhang et al., 2005a). The sHA-CaV1.2-T1039Y
plasmid (Fig. 7A, left) encoding DHPR-CaV1.2 subunit (He et al., 1997; Dolmetsch et al.,
2001) was generated as described in Materials and methods. In our experiments mature
primary rat hippocampal neuronal cultures were transfected by HA-CaV1.3a-T1033Y or
sHA-CaV1.2–1039Y constructs with β3 and α2δ-1 subunits. The functional expression of L-
type channels supported by HA-CaV1.3a-T1033Y and sHA-CaV1.2-T1039Y subunits in
hippocampal neurons was confirmed by Fura-2 Ca2+ imaging. In these experiments HA-
CaV1.3a-T1033Y or sHA-CaV1.2-T1039Y subunits were co-transfected into mature
hippocampal neurons together with β3 and α2δ-1 subunits and EGFP plasmid. Transfected
neurons were identified by GFP imaging and Ca2+ imaging experiments with Fura-2 were
performed as previously described (Zhang et al., 2005a) in the presence of (in μm): TTX, 1
nifedipine, 50; D-AP5, 50; CNQX, 10; to block Ca2+ influx via endogenous L-type Ca2+

channels, N-methyl-D-aspartate (NMDA) and AMPA receptors. We found that 60 s
stimulation by 20K or 45K depolarizations resulted in significantly greater Ca2+ elevation in
neurons transfected with HA-CaV1.3a-T1033Y construct than in neurons transfected with
sHA-CaV1.2-T1039Y construct (Fig. 7B). Similar peak Ca2+ levels were observed in
neurons transfected with either construct following 60 s 90K stimulation (Fig. 7B). Thus, we
concluded that both constructs support similar Ca2+ influx upon maximal simulation, but

Zhang et al. Page 8

Eur J Neurosci. Author manuscript; available in PMC 2012 March 19.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



that HA-CaV1.3a-T1033Y is more effective at low and intermediate intensity of stimulation.
Most likely this phenomenon can be explained by a negative shift in the activation range of
CaV1.3 L-type Ca2+ channels when compared with CaV1.2 L-type Ca2+ channels (Koschak
et al., 2001; Xu & Lipscombe, 2001; Olson et al., 2005) (Fig. 1C and D).

To evaluate the contribution of CaV1.3 L-type Ca2+ channels to pCREB signaling, we co-
expressed HA-CaV1.3a-T1033Y or sHA-CaV1.2-T1039Y constructs with β3 and α2δ-1
subunits in mature hippocampal neurons. Transfected neurons were stimulated for 30 s by
KCl-induced depolarization (20K, 45K or 90K) in the continuous presence of (in μm): TTX,
1; nifedipine, 50; D-AP5, 50; CNQX, 10; and stained with pCREB-specific pAb as
previously described (Zhang et al., 2005a). The transfected neurons were identified by
immuno-staining with anti-HA mAb. We discovered that 20K stimulation induced
significantly (P < 0.05) stronger nuclear pCREB signals in neurons transfected with HA-
CaV1.3a-T1033Y than in neurons transfected with sHA-CaV1.2-T1039Y (Fig. 7C).
Quantification of observed pCREB signals by confocal imaging confirmed that 20K
stimulation induced significantly stronger pCREB response in HA-CaV1.3a-T1033Y-
transfected neurons than in sHA-CaV1.2-T1039Y-transfected neurons (Fig. 7D). However,
neurons transfected with sHA-CaV1.2-T1039Y responded equally well to 45K stimulation
and even stronger to 90K stimulation (Fig. 7C and D). Thus, CaV1.3a channels play a
predominant role in pCREB signaling at low, but not at moderate or high, stimulation
intensities.

To analyse pCREB signaling induced by synaptic activity, neurons transfected with sHA-
CaV1.2-T1039Y or HA-CaV1.3a-T1033Y (Fig. 8A) were challenged by EFS. These
experiments were performed as previously described (Zhang et al., 2005a) in the continuous
presence of 50 μm nifedipine and 50 μm D-AP5 to inhibit Ca2+ influx mediated by
endogenous L-type Ca2+ channels and NMDA receptors. Neurons were stimulated by EFS
at 5 Hz frequency for 30 s and stained with pCREB-specific pAb and anti-HA mAb.
Obtained results were evaluated and quantified as described above for KCl-depolarization
experiments. Thirty-second 5-Hz EFS induced much stronger (P < 0.001) pCREB signals in
neurons transfected with HA-CaV1.3a-T1033Y constructs than in neurons transfected with
sHA-CaV1.2-T1039Y constructs (Fig. 8B and C).

pCREB signaling in neurons from CaV1.3 knockout mice
To further evaluate an importance of CaV1.3 L-type Ca2+ channels for pCREB signaling, we
performed experiments with primary neurons from CaV1.3 knockout mice (Platzer et al.,
2000; Olson et al., 2005). In these experiments we established primary hippocampal
neuronal cultures from P1–P2 CaV1.3− / − pups and control CaV1.3+ / − heterozygous
littermates. The pCREB signals in these experiments were induced by KCl depolarization or
EFS as described above with omission of nifedipine from experimental solutions. The
pCREB responses were quantified by pCREB immunostaining and confocal microscopy as
described above. We found that 30 s depolarization by 20 mm KCl induced significantly (P
= 0.002) stronger nuclear pCREB signals in hippocampal neurons from CaV1.3+ / − mice
than in hippocampal neurons from CaV1.3− / − mice (Fig. 9A and B). On average, 20 mm
KCl depolarization induced signals equal to 101.8 ± 3.5% (n = 188) for CaV1.3+ / − neurons
and 84.3 ± 4.3% (n = 207) for CaV1.3− / − neurons (Fig. 9E). The difference between
CaV1.3+ / − and CaV1.3− / − neurons was even more dramatic in EFS experiments (Fig. 9C
and D). On average, 30 s 5 Hz stimulation induced 32.1 ± 2.6% (n = 208) pCREB response
in CaV1.3+ / − neurons and 13.6 ± 2.4% (n = 208) pCREB response in CaV1.3− / − neurons
(Fig. 9F).

Our previous studies indicated that CaV1.3 channels play an important role in Ca2+ signaling
in striatal MSN (Olson et al., 2005). L-type Ca2+ channels play an important role in pCREB

Zhang et al. Page 9

Eur J Neurosci. Author manuscript; available in PMC 2012 March 19.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



signaling in MSN (Rajadhyaksha et al., 1999). Thus, in the next series of experiments we
compared KCl-induced pCREB responses in 9–10 DIV MSN from CaV1.3− / − and
CaV1.3+ / − mice. These experiments were performed and quantified as described above for
hippocampal neurons. We found that 30 s application of 20 mm KCl induced much stronger
(P < 0.001) pCREB signals in MSN from CaV1.3+ / − mice than in MSN from CaV1.3− / −
mice (Fig. 10A and B). On average, KCl-induced pCREB signals were equal to 123.4 ±
4.4% (n = 102) in CaV1.3+ +/ − MSN and 41.2 ± 2.5% (n = 123) in CaV1.3− / − MSN (Fig.
10C). Thus, CaV1.3 channels play a crucial role in pCREB signaling in striatal MSN.

Discussion
Differential targeting of CaV1.2 and CaV1.3 L-type Ca2+ channels in hippocampal neurons

Here we used surface-epitope-tagged sHA-CaV1.2 and sHA-CaV1.3a constructs (Fig. 1)
encoding pore-forming subunits of neuronal L-type Ca2+ channels to compare targeting of
CaV1.2 and CaV1.3 L-type Ca2+ channels in hippocampal neurons. Consistent with previous
studies of endogenous CaV1.2 and CaV1.3 localization (Hell et al., 1993; Davare et al.,
2001; Weick et al., 2003; Obermair et al., 2004; Zhang et al., 2005a), we found that both
sHA-CaV1.2 and sHA-CaV1.3 L-type Ca2+ channels formed surface clusters in proximal
dendrites of hippocampal neurons (Fig. 3). Quantitative analysis revealed that sHA-CaV1.2
and sHA-CaV1.3 L-type Ca2+ channels form surface clusters with different properties. In
agreement with the previous analysis by Obermair et al. (2004), 80.6% of sHA-CaV1.2
surface clusters were synaptic in our experiments (Fig. 2, Table 1). In contrast, only 48.4%
of sHA-CaV1.3 surface clusters were synaptic in our experiments (Fig. 2, Table 1). On
average, 14.7 ± 1.0 surface clusters per 150 μm of dendritic length were formed by sHA-
CaV1.2 channels and 9.7 ± 0.4 surface clusters per 150 μm of dendritic length were formed
by sHA-CaV1.3 channels (Fig. 6C, Table 1). Thus, sHA-CaV1.3 clusters were 34% less
frequent than sHA-CaV1.2 surface clusters. However, clusters formed by sHA-CaV1.3 were
10% larger in surface area and 25% brighter than sHA-CaV1.2 clusters (Fig. 6A and B,
Table 1).

In our previous studies we demonstrated that PDZ and SH3 domains of postsynaptic adaptor
protein Shank specifically bind to the carboxy-terminal region of CaV1.3a subunit, but not to
the carboxy-terminal region of CaV1.2 subunit (Zhang et al., 2005a). Consistent with these
results, we found that co-expression with GFP-Shank1B had a significant effect on targeting
of sHA-CaV1.3a channels, but not on targeting of sHA-CaV1.2 channels. We found that in
the presence of GFP-Shank1B a fraction of synaptic sHA-CaV1.3a clusters was increased
from 48.4% to 73.6% (Fig. 5, Table 1). In contrast, the fraction of synaptic sHA-CaV1.2
clusters was not significantly affected by co-expression with GFP-Shank1B (Fig. 5, Table
1). We further found that in the presence of GFP-Shank1B sHA-CaV1.2 and sHA-CaV1.3a
clusters were formed at similar density (Fig. 6F, Table 1), and that sHA-CaV1.3a clusters
were 19% larger and 44% brighter than sHA-CaV1.2 clusters (Fig. 6D and E, Table 1).
Thus, the presence of exogenous Shank1B promoted formation and synaptic localization of
sHA-CaV1.3a surface clusters, but had no effect on formation or synaptic localization of
sHA-CaV1.2 surface clusters.

From these and previous (Zhang et al., 2005a) results we concluded that CaV1.3a L-type
Ca2+ channels form a complex with Shank that is important for insertion and / or
stabilization of these channels in synaptic plasma membrane. Our results also suggest that
CaV1.2 L-type Ca2+ channels rely on different targeting mechanisms that do not involve
Shank. Previous studies reported that the carboxy-terminal region of CaV1.2 L-type Ca2+

channels binds to PDZ domains of adaptor proteins NIL-16 (Kurschner & Yuzaki, 1999)
and CIPP (Kurschner et al., 1998). Carboxy–terminal association with NIL-16 was proposed
to be important for CaV1.2 channels clustering in hippocampal neurons (Weick et al., 2003).

Zhang et al. Page 10

Eur J Neurosci. Author manuscript; available in PMC 2012 March 19.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



The picture emerging from these studies is that CaV1.3 L-type Ca2+ channels rely on
association with Shank and CaV1.2 L-type Ca2+ channels rely on association with NIL-16
for proper synaptic targeting and clustering.

Role of CaV1.3 L-type Ca2+ channels in neuronal pCREB signaling
Using DHPR CaV1.2 and CaV1.3a mutants we demonstrated that CaV1.3 L-type Ca2+

channels signal to pCREB more effectively than CaV1.2 L-type Ca2+ channels when
hippocampal neurons were stimulated by 30-s depolarization with 20 mm KCl (Fig. 7) or by
30-s application of 5 Hz EFS (Fig. 8). However, CaV1.2 L-type Ca2+ channels signal to
pCREB as efficiently as CaV1.3 L-type Ca2+ channels at 30 s 45 mm KCl depolarization
(Fig. 7), and even more efficiently at 30 s 90 mm KCl depolarization (Fig. 7). Previous
studies demonstrated that association of CaV1.2 and CaV1.3a L-type Ca2+ channels with
PDZ adaptors is required for proper targeting of these channels and efficient signaling to
nuclear pCREB (Weick et al., 2003; Zhang et al., 2005a). Our present results suggest that
even when both CaV1.2 and CaV1.3a are targeted correctly, CaV1.3 L-type Ca2+ channels
play a predominant role in pCREB signaling at low, but not at high, stimulation intensities.
When compared with CaV1.2 L-type Ca2+ channels, CaV1.3 L-type Ca2+ channels open at
more negative membrane potentials (Koschak et al., 2001; Xu & Lipscombe, 2001;
Lipscombe et al., 2004; Olson et al., 2005) (Fig. 1C and D), and the predominant role of
CaV1.3 in pCREB signaling at low intensities of stimulation most likely reflects the ability
of these channels to open at lower levels of depolarization (Fig. 7B).

Our conclusions are further supported by analysis of pCREB signaling in neurons from
CaV1.3 knockout mice. When compared with hippocampal neurons from control
heterozygous littermates, pCREB signals induced by 30 s 20 mm KCl depolarization were
reduced by 20% in hippocampal neurons from CaV1.3 knockout mice (Fig. 9A, C and E).
Furthermore, the pCREB response induced by 30-s 5-Hz EFS was reduced by 60% in
hippocampal neurons from CaV1.3 knockout mice (Fig. 9B, D and F). One explanation for
the relatively mild changes in hippocampal neuronal pCREB signaling induced by CaV1.3
knockout is that only 20% of L-type calcium channels are encoded by CaV1.3 isoform in the
hippocampus (Hell et al., 1993). Indeed, no significant differences have been reported when
long-term potentiation was analysed in the CA1 hippocampal region of CaV1.3 knockout
mice (Clark et al., 2003). Compared with relatively mild effects in hippocampal neurons,
pCREB signals induced by 20 mm KCl 30-s depolarization were reduced by 65% in striatal
MSN from CaV1.3 knockout mice (Fig. 10). The dramatic phenotype observed in striatal
MSN pCREB signaling most likely reflects a predominant role played by CaV1.3 L-type
Ca2+ channels in striatal neurons (Olson et al., 2005). Future analysis of striatal synaptic
plasticity in CaV1.3 knockout mice may provide additional insights into the neuronal
function of CaV1.3 L-type Ca2+ channels.
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DHPR dihydropyridine-resistant

DIV days in vitro

EFS electrical field stimulation

MSN medium spiny neuronal

NIL-16 neuronal interleukin-16 precursor protein

NMDA N-methyl-D-aspartate

PBS phosphate-buffered saline

PCR polymer chain reaction

TTX tetrodotoxin
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Fig. 1.
Surface-epitope-tagged sHA-CaV1.2 and sHA-CaV1.3a targeting constructs. (A) The
diagrams of sHA-CaV1.2 (Altier et al., 2002) and sHA-CaV1.3a targeting constructs. The
locations of surface HA epitope insertion in both constructs are shown. Also shown are
carboxy-terminal PDZ domain-binding consensus – VSNL in CaV1.2 (Kurschner et al.,
1998; Kurschner & Yuzaki, 1999; Weick et al., 2003) and –ITTL in CaV1.3a (Zhang et al.,
2005a). (B) Confocal images of HEK293 cells transfected with sHA-CaV1.2 and sHA-
CaV1.3a constructs and stained with anti-HA mAb without permeabilization (surf) and with
permeabilization (perm). Two different transfection experiments yielding similar results are
illustrated in (B). (C and D) Current–voltage relationships of currents supported by sHA-
CaV1.2 (C) and sHA-CaV1.3a (D) channels co-expressed in Xenopus oocytes with β3 and
α2δ-1 subunits. The holding potential was −80 mV. The peak currents in (C and D) are
shown as mean ± SEM (n ≥ 3 oocytes for each test potential).
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Fig. 2.
Synaptic targeting of recombinant sHA-CaV1.2 and sHA-CaV1.3a L-type Ca2+ channels in
hippocampal neurons. Hippocampal neurons were transfected with sHA-CaV1.2 or sHA-
CaV1.3a constructs together with β3 and α2δ-1 auxiliary subunits at 8–9 DIV and analysed
72 h after transfection by HA mAb surface labeling (red) and synapsin pAb (green)
immunostaining. Scale bars, 40 μm. Magnified regions and profile scans are shown below
for each panel as indicated. The data are representative of three independent transfection
experiments with sHA-CaV1.2 and sHA-CaV1.3a constructs.
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Fig. 3.
Surface targeting of recombinant sHA-CaV1.2 and sHA-CaV1.3a L-type Ca2+ channels in
hippocampal neurons. Hippocampal neurons were transfected with sHA-CaV1.2 (A) or
sHA-CaV1.3a (B) constructs together with β3 and α2δ-1 auxiliary subunits at 10 DIV and
analysed 72 h after transfection by HA mAb surface labeling (red) and MAP2 pAb (green)
immunostaining. Scale bars, 40 μm. Magnified regions are shown below for each panel as
indicated. The data are representative of four independent transfection experiments with
sHA-CaV1.2 and sHA-CaV1.3a constructs.
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Fig. 4.
Intracellular targeting of recombinant sHA-CaV1.2 and sHA-CaV1.3a L-type Ca2+ channels
in hippocampal neurons. Hippocampal neurons were transfected with sHA-CaV1.2 (A) or
sHA-CaV1.3a (B) constructs together with β3 and α2δ-1 auxiliary subunits at 8–9 DIV and
analysed 72 h after transfection by permeabilization with 0.25% Triton and labeling with
HA mAb (red) and MAP2 pAb (green). Scale bars, 40 μm. Magnified regions are shown
below for each panel as indicated. The data are representative of three independent
transfection experiments with sHA-CaV1.2 and sHA-CaV1.3a constructs.
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Fig. 5.
Synaptic targeting of recombinant sHA-CaV1.2 and sHA-CaV1.3a L-type Ca2+ channels co-
expressed in hippocampal neurons with GFP-Shank1B. Hippocampal neurons were
transfected with sHA-CaV1.2 (A) or sHA-CaV1.3a (B) constructs together with β3 and α2δ-1
auxiliary subunits and GFP-Shank1B construct (Sala et al., 2003) at 8–9 DIV and analysed
72 h after transfection by HA mAb surface labeling (red), GFP imaging (green) and
synapsin pAb (blue) immunostaining. Scale bars, 40 μm. Magnified regions and profile
scans are shown below for each panel as indicated. The data are representative of two
independent transfection experiments with sHA-CaV1.2 and sHA-CaV1.3a constructs.
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Fig. 6.
Quantitative analysis of sHA-CaV1.2 and sHA-CaV1.3a surface clusters. (A) Cumulative
distribution of surface area measurements (pixels2) of sHA-CaV1.2 (black), sHA-CaV1.3a
(red) and synapsin (green) clusters. (B) Cumulative distribution of brightness measurements
(in a.u. of fluorescence) of sHA-CaV1.2 (black) and sHA-CaV1.3a (red) clusters. (C) The
density (in puncta / 150 μm of dendritic length) of sHA-CaV1.2 and sHA-CaV1.3a surface
clusters. Means ± SEM from 29 dendrites of transfected sHA-CaV1.2 and 39 dendrites of
transfected sHA-CaV1.3a (***P < 0.05). The data in (A–C) were obtained from analysis of
images collected as shown in Figs 2 and 3. (D) Cumulative distribution of surface area
measurements (pixels2) of sHA-CaV1.2 (black) and sHA-CaV1.3a (red) clusters obtained in
GFP-Shank1B co-expression experiments. (E) Cumulative distribution of brightness
measurements (in a.u. of fluorescence) of sHA-CaV1.2 (black) and sHA-CaV1.3a (red)
clusters obtained in GFP-Shank1B co-expression experiments. (F) The density (in puncta /
150 μm of dendritic length) of sHA-CaV1.2 and sHA-CaV1.3a surface clusters obtained in
GFP-Shank1B co-expression experiments. Means ± SEM from 19 dendrites of transfected
sHA-CaV1.2 and 18 dendrites of transfected sHA-CaV1.3a. The data in (D–F) were obtained
from analysis of images collected as shown in Fig. 5.
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Fig. 7.
Depolarization-induced pCREB signaling supported by DHPR recombinant CaV1.2 and
CaV1.3a L-type Ca2+ channels in hippocampal neurons. (A) The diagrams of sHA-CaV1.2-
T1039Y and HA-CaV1.3a-T1033Y DHPR constructs. The locations of HA epitopes, the
position of DHPR mutation and carboxy-terminal PDZ domain binding consensus are
shown. (B) Hippocampal neurons were transfected with sHA-CaV1.2-T1039Y and HA-
CaV1.3a-T1033Y plasmids together with α2δ;-1 and β3 auxiliary subunits and pEGFP-C3
plasmid. Seventy two hours after transfection neurons were loaded with Fura-2 and
stimulated for 60 s with 20 mm KCl (20K), 45 mm KCl (45K) or 90 mm KCl (90K) in the
presence of 1 μm TTX, 50 μm nifedipine, 50 μm D-AP5 and 10 μm CNQX. An average
peak 340 / 380 ratio in transfected (GFP-positive) neurons is shown for sHA-CaV1.2-
T1039Y (filled circles, n ≥ 9) and HA-CaV1.3a-T1033Y (open circles, n ≥ 6) constructs.
Peak Ca2+ levels in neurons transfected with HA-CaV1.3a-T1033Y construct are
significantly higher (***P < 0.05) than in neurons transfected with sHA-CaV1.2-T1039Y
construct at 20K and 45K depolarization, but not at 90K depolarization. (C) Hippocampal
neurons were transfected with sHA-CaV1.2-T1039Y or HA-CaV1.3a-T1033Y plasmids with
β3 and α2δ-1 auxiliary subunits as indicated. Seventy two hours after transfection neurons
were stimulated for 30 s with 20 mm KCl (20K), 45 mm KCl (45K) or 90 mm KCl (90K) in
the presence of 1 μm TTX, 50 μm nifedipine, 50 μm D-AP5 and 10 μm CNQX. Confocal
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images of the same field are shown for pCREB (green) and HA (red) staining as indicated.
The pCREB nuclear staining of the same cells is shown at 40 × higher magnification. (D)
An average (means ± SEM, n = 2 experiments) stimulation-induced increase in normalized
pCREB nuclear staining (ΔpCREB) in neurons transfected with sHA-CaV1.2-T1039Y
(filled circles, n ≥ 24) or HA-CaV1.3a-T1033Y (open circles, n ≥ 26) is shown as a function
of stimulation intensity. pCREB staining in neurons transfected with HA-CaV1.3a-T1033Y
is significantly higher (***P < 0.05) than in neurons transfected with sHA-CaV1.2-T1039Y
at 20K depolarization and significantly lower (***P < 0.05) at 90K depolarization.
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Fig. 8.
EFS-induced pCREB signaling supported by DHPR recombinant CaV1.2 and CaV1.3a L-
type Ca2+ channels in hippocampal neurons. (A) The diagrams of sHA-CaV1.2-T1039Y and
HA-CaV1.3a-T1033Y DHPR constructs. The locations of HA epitope, the position of DHPR
mutation and carboxy-terminal PDZ domain-binding consensus are shown. (B)
Hippocampal neurons were transfected with sHA-CaV1.2-T1039Y or HA-CaV1.3a-T1033Y
plasmids with β3 and α2δ-1 auxiliary subunits as indicated. Seventy two hours after
transfection neurons were stimulated for 30 s with 5 Hz EFS in the presence of 50 μm AP-5,
50 μm nifedipine and 20 μm bicuculline. Confocal images of the same field are shown for
pCREB (green) and HA (red) staining as indicated. The pCREB nuclear staining of the same
cells is shown at 40 × higher magnification. (C) An average increase in normalized pCREB
nuclear staining (ΔpCREB) induced by 30-s 5-Hz EFS in hippocampal neurons transfected
with sHA-CaV1.2-T1039Y (n = 42) or HA-CaV1.3a-T1033Y (n = 29). pCREB staining in
neurons transfected with HA-CaV1.3a-T1033Y is significantly higher (***P < 0.05) than in
neurons transfected with sHA-CaV1.2-T1039Y.
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Fig. 9.
pCREB signaling in hippocampal neurons from CaV1.3 knockout mice. (A and B) The 9–10
DIV hippocampal neurons from CaV1.3+ / − (A) and CaV1.3− / − (B) mice were stimulated
for 30 s by 20 mm KCl (20K) depolarization in the presence of 1 μm TTX, 50 μm D-AP5
and 10 μm CNQX, fixed and stained with anti-pCREB pAb and MAP2 mAb. Confocal
images of pCREB (green) and MAP (red) staining in stimulated and unstimulated neurons
(no stim) are shown. (C and D) The 9–10 DIV hippocampal neurons from CaV1.3+ / − (C)
and CaV1.3− / − (D) were stimulated for 30 s by 5-Hz EFS in the presence of 50 μm D-AP5
and 20 μm bicuculline, fixed and stained with anti-pCREB pAb and MAP2 mAb. Confocal
images of pCREB (green) and MAP (red) staining in stimulated and unstimulated neurons
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(no stim) are shown. (E and F) An average increase in normalized pCREB nuclear staining
(ΔpCREB) induced by 30-s 20K (E) and 5-Hz 30-s EFS (F) stimulation of CaV1.3+ / − and
CaV1.3− / − hippocampal neurons. The increase in pCREB staining induced by 30-s 20K
depolarization or 30-s 5-Hz EFS in CaV1.3− / − neurons is significantly lower (***P <
0.05) than in CaV1.3+ / − neurons.
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Fig. 10.
pCREB signaling in striatal MSN from CaV1.3 knockout mice. (A and B) The 9–10 DIV
striatal MSN from CaV1.3+ / − (A) and CaV1.3− / − (B) mice were stimulated for 30 s by
20 mm KCl (20K) depolarization in the presence of 1 μm TTX, 50 μm D-AP5 and 10 μm
CNQX, fixed and stained with anti-pCREB pAb and MAP2 mAb. Confocal images of
pCREB (green) and MAP (red) staining in stimulated and unstimulated MSN (no stim) are
shown. (C) An average increase in normalized pCREB nuclear staining (ΔpCREB) induced
by 30-s 20K stimulation of CaV1.3+ / − and CaV1.3− / − MSN. The increase in pCREB
staining induced by 20K depolarization in CaV1.3− / − MSN is significantly lower (***P <
0.05) than in CaV1.3+ / − MSN.
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