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Insulin-Like Growth Factor-1 Modulation of CaV1.3 Calcium
Channels Depends on Ca2� Release from IP3-Sensitive Stores
and Calcium/Calmodulin Kinase II Phosphorylation of the
�1 Subunit EF Hand
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In neurons, L-type calcium channels (CaV1.2 and CaV1.3) regulate an extensive range of functions. However, the roles of CaV1.3-
containing L channels, which are physiologically and pharmacologically distinct from the better understood CaV1.2 channels, are only
beginning to be determined. We find that CaV1.3 channels are modulated by the insulin-like growth factor-1/receptor tyrosine kinase
(IGF-1/RTK) through a signaling pathway that involves phospholipase C, calcium release from IP3-sensitive internal stores, and calcium/
calmodulin kinase II. In addition, we find that the IGF-1-induced modulation requires phosphorylation of a specific serine residue, S1486,
in the EF hand motif of the CaV1.3 subunit. This modulation alters CaV1.3 activity, causing a left shift in the current–voltage relationship
and strongly potentiating peak currents at hyperpolarized membrane potentials. We also find that CaV1.3 channels and their RTK-
dependent potentiation contribute to the regulation of the survival-promoting transcription factor cAMP response element-binding
protein (CREB): in both cortical and hippocampal neurons, depolarization and IGF-1 rapidly increase phospho-CREB levels in a manner
that requires CaV1.3 activity and the S1486 phosphorylation site to achieve a full effect. Although the full effects of CaV1.3 channels
remain to be determined, their preferential localization to dendritic shafts and spine heads coupled with their ability to activate at
relatively hyperpolarized and even subthreshold potentials suggests that CaV1.3 activity may subserve different cellular functions from
CaV1.2 and, in particular, may be important in transducing signals initiated by excitatory neurotransmission.
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Introduction
Calcium influx through the related L-type calcium channels
CaV1.2 and CaV1.3 performs an array of functions that include
promoting neuronal survival (Galli et al., 1995; Blair et al., 1999;
West et al., 2001; Marshall et al., 2003), controlling calcium sig-
naling to the nucleus (Deisseroth et al., 1998; Dolmetsch et al.,
2001; Chen et al., 2003), influencing the rate of neurite outgrowth
(Redmond et al., 2002), stabilizing dendritic arbors (Lohmann et
al., 2002), and regulating spike activity (Hernandez-Lopez et al.,
2000; Olson et al., 2005; Yamamoto et al., 2005). We showed
previously that insulin-like growth factor-1 (IGF-1) rapidly po-
tentiates neuronal CaV1.2 channel activity via an IGF-1 receptor
tyrosine kinase (RTK)-, phosphatidylinositol-3 kinase (PI-3

kinase)-, and Akt-dependent pathway that culminates in Src-
dependent phosphorylation of a specific tyrosine residue on
CaV1.2 (Blair and Marshall, 1997; Blair et al., 1999; Bence-
Hanulec et al., 2000). In the long term, IGF-1 and CaV1.2 have
been shown to promote neuronal survival via regulation of spe-
cific transcription factors, including cAMP response element-
binding protein (CREB) (Finkbeiner and Greenberg, 1998; Bru-
net et al., 2001; Marshall et al., 2003). Although recent studies
have shown that CaV1.3 can also regulate CREB (Zhang et al.,
2005), little is known about how CaV1.3 activity is controlled.

CaV1.3 L channels differ from those of CaV1.2 in important
respects. In particular, CaV1.3 channels activate at more hyper-
polarized membrane potentials (Koschak et al., 2001; Xu and
Lipscombe, 2001; Lipscombe et al., 2004) and therefore are ex-
pected to respond to physiological stimuli, such as modest syn-
aptic stimulation, that could not open CaV1.2 channels. This
property is a key determinant of evoked spike activity in striatal
neurons (Hernandez-Lopez et al., 2000; Olson et al., 2005).
CaV1.3 channels also display fast activation kinetics and a differ-
ent subcellular distribution, with CaV1.3 being primarily den-
dritic and frequently colocalizing with synaptic markers (West-
enbroek et al., 1998; Simon et al., 2003; Olson et al., 2005).
Conversely, CaV1.2 is expressed at high levels in somata. Phar-
macologically, CaV1.3 channels are less sensitive to dihydropyr-
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idine antagonists (Lipscombe et al., 2004; Helton et al., 2005). In
addition, CaV1.3 exists in two isoforms that differ at their C
termini and, potentially, could be differentially regulated: a short
isoform (CaV1.3b) that terminates immediately after the EF
hand and calmodulin-binding IQ motifs, and a long isoform
(CaV1.3a) that extends an additional 512 amino acids and con-
tains Src homology 3 (SH3) and postsynaptic density-95/Discs
large/zona occludens-1 (PDZ) binding motifs. Importantly, the
C-terminal extension of the long isoform permits Shank binding
and synaptic localization of CaV1.3a (Olson et al., 2005).

Understanding the signaling pathways regulating CaV1.3 is
essential to providing insight into the regulation of neuronal sur-
vival, excitability, and arborization. In at least some neurons,
CaV1.3 modulation by D2 dopaminergic and metabotropic glu-
tamate (mGlu) G-protein-coupled receptors can regulate action
potential activity (Hernandez-Lopez et al., 2000; Yamamoto et
al., 2005); interestingly, both of these pathways use IP3 signaling.
L channels also contribute to the formation of dendritic arbors,
causing in a calcium/calmodulin kinase II� (CaMKII�)-
dependent manner increased outgrowth in immature neurons
and the rapid stabilization of dendritic arbors via an IP3-sensitive
pathway in more mature neurons (Lohmann et al., 2002; Konur
and Ghosh, 2005; Lohmann and Wong, 2005); importantly, how-
ever, it remains to be determined if CaV1.2, CaV1.3, or both
contribute to these processes. We demonstrate here that CaV1.3
channel activity is rapidly potentiated by IGF-1 and that, unlike
the IGF-1 regulation of CaV1.2, the CaV1.3 signaling pathway
involves IP3-sensitive stores, CaMKII, and phosphorylation of
S1486 in the CaV1.3 EF hand motif. Mechanistically, we find that
the potentiation arises from increased activation of CaV1.3 at
hyperpolarized membrane potentials and, within minutes, pro-
duces increased levels of phospho-CREB (pCREB), a transcrip-
tion factor strongly associated with promoting dendritic devel-
opment and neuronal survival.

Materials and Methods
Constructs. cDNAs encoding CaV1.3 [CaV1.3a and CaV1.3b; gifts from
Dr. D. Lipscombe (Brown University, Providence, RI)] were in pcDNA6
expression vectors. To remove the PDZ binding site, the 24 C-terminal
amino acids were deleted (CaV1.3a-DEL). �2� and �1b constructs [gifts
from Dr. T. Snutch (University of British Columbia, Vancouver, British
Columbia, Canada)] were in pcDNA3. The wild-type myc-tagged and
green fluorescent protein (GFP)-tagged Shank-1a constructs [gifts from
Drs. R. Huganir (Johns Hopkins School of Medicine, Baltimore, MD)
and T. Boeckers (Ulm University, Ulm, Germany)] were in pGW1. To
disrupt the SH3 domain, tryptophan-520 was mutated to alanine
(W520A-Shank-1a). To disrupt the ability of Shank to bind
to Homer, proline-1495 within the Homer ligand site was mutated to
leucine (P1495L-Shank-1a).

Cell culture and transfection. SH-SY5Y human neuroblastoma cells
were maintained in 10% FCS in DMEM. Hippocampal and cortical
neurons were cultured from embryonic day 18 rats (Goslin and
Banker, 1989) and maintained in Neurobasal medium supplemented
with B27 and Glutamax. For SH-SY5Y cells, cDNAs encoding
CaV1.3a or CaV1.3b were cotransfected with 2� and �1b at a 2:1:1
ratio with GFP using Lipofectamine Plus (Invitrogen, San Diego, CA).
For neurons, cDNA encoding hemagglutinin (HA)-tagged CaV1.3a
were cotransfected with Q-GFP using Lipofectamine 2000 (Invitro-
gen). All cells were tested 1 d after transfection. Because serum and
serum supplements contain a large number of growth factors, cells
were switched to serum-free media before testing to eliminate poten-
tial pre-exposure to IGF-1.

Electrophysiology. Calcium channel currents were monitored as de-
scribed previously (Blair and Marshall, 1997; Blair et al., 1999; Bence-
Hanulec et al., 2000), using the permeabilized patch variation of standard

whole-cell patch recording techniques (Hamill et al., 1981; Rae et al.,
1991) and barium as the charge carrier. An EPC-9 patch-clamp amplifier
(List Biological Laboratories, Campbell, CA) was used in conjunction
with HEKA Elektronik (Lambrecht/Pfalz, Germany) data acquisition
and analysis software [low-pass filter, 2–5 kHz (�3 dB, digital Gaussian
filter); sample interval, 50 �sec; P/n leak subtraction, n � 5; Instrutech,
Mineola, NY]. Barium currents were evoked by depolarizing voltage
pulses (�70 to �40 mV, in 10 mV increments) from a holding potential
of �80 mV; to minimize rundown, pulse duration was minimized
(30 –50 ms). For each cell, the pulse protocol was run a minimum of three
times before IGF-1 addition to ensure that currents were stable. IGF-1
diluted in extracellular recording saline was then superfused over the
cells, and currents were recorded for an additional 0.5–5 min. The esti-
mation of rate constants was as follows. The rising phase of each evoked
current was fit with a single exponential. Similarly, inactivation during
the test pulse was assessed by fitting the time-dependent reduction in
current by a single exponential. At the end of each test pulse, the mem-
brane potential was returned to �80 mV, revealing tail currents that were
fit with the sum of two exponentials. All curve fitting was done using the
HEKA software, allowed to run to 1000 iterations.

Patch electrodes were filled with (in mM) 150 CsCl, 5 Na-HEPES, pH
7.4, and amphotericin B (final concentration, 0.25 mg/ml) to permeabil-
ize the patch and allow low-resistance electrical access without breaking
the patch membrane (electrode resistance, �3 M�). For SH-SY5Y cells,
the extracellular recording saline included barium as a charge carrier plus
a mixture of inhibitors to block other voltage-gated channels: 100 mM

NaCl, 20 mm BaCl2, 20 mM tetraethylammonium chloride, 5 mm
4-aminopyridine, 1 �M tetrodotoxin, 1 �M nimodipine, 400 nm
�-conotoxin-GVIA, and 10 mM Na-HEPES, pH 7.4. For cortical neu-
rons, 300 nm �-agatoxin-IVA was also included to inhibit P/Q calcium
channels. Nimodipine stock solutions were made at near saturating con-
centrations in DMSO; when 100 �M nimodipine was used to inhibit
CaV1.3 activity, the final DMSO concentration in test salines was
0.002%. The low (1 �M) concentration of nimodipine used to inhibit
CaV1.2 activity (Reeve et al., 1994; Bence-Hanulec et al., 2000) (sup-
plemental Fig. 2 E, time point 3, available at www.jneurosci.org as
supplemental material) was not expected to affect CaV1.3 activity
(Koschak et al., 2001; Xu and Lipscombe, 2001) and, in our hands,
had no detectable effects on CaV1.3 currents. Under these conditions,
CaV1.3 currents could be recorded for 5 min without displaying sig-
nificant “rundown.”

Immunocytochemistry. To determine total levels of CaV1.3 or pCREB,
cultured cortical or hippocampal neurons were fixed with 2% parafor-
maldehyde plus 3% sucrose, washed, and permeabilized with 0.01% Tri-
ton X-100, and nonspecific binding sites were blocked with 4% goat
serum. Cells were then incubated with an anti-GFP monoclonal antibody
(mAb) (1:100, QBiogene AFP; QBiogene, Irvine, CA) and either an
anti-CaV1.3 rabbit polyclonal antibody (pAb), which recognizes both
a and b isoforms and the antigenic site of which is intracellular (1:400;
Alamone Laboratories, Jerusalem, Israel), or an anti-pCREB rabbit
pAb (anti-phospho-S133-CREB, 1:500; Upstate Biotechnology, Lake
Placid, NY). After washing off unbound primary Ab, cells were incu-
bated with tetramethylrhodamine isothiocyanate (TRITC)-
conjugated goat anti-rabbit Ab and FITC-conjugated goat anti-
mouse Ab (Jackson ImmunoResearch, West Grove, PA). Labeling was
visualized under fluorescence optics using a Zeiss (Thornwood, NY)
Axioskop or a Leica (Nussloch, Germany) TCS SP2 AOBS laser-
scanning confocal microscope.

To identify surface expression of CaV1.3, we inserted two extracellular
HA tags into the wild-type and S1486A-CaV1.3a constructs; the epitope-
tagged constructs expressed well in neurons and in SH-SY5Y cells where
they produced currents and IGF-1 responses (or nonresponses) indistin-
guishable from untagged constructs. To immunolabel surface CaV1.3,
neurons were transfected with HA-tagged CaV1.3 for 1 d and processed
as above, omitting the permeabilization step. The extracellular epitope
was detected using an anti-HA mAb (1:1000; Covance, Denver, PA),
followed by incubation in TRITC-conjugated anti-mouse secondary Ab
(Jackson ImmunoResearch).
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Results
CaV1.3 activity is rapidly modulated by IGF-1
Within 30 s of bath application, low (10 –100 ng/ml) concen-
trations of IGF-1 strongly potentiated the activity of both
CaV1.3a- and CaV1.3b-containing L channels (Fig. 1 A–D)
(n � 20 of 20 cells for CaV1.3a; n � 50 of 51 cells for CaV1.3b).
Specifically, CaV1.3a or CaV1.3b was coexpressed with the
auxiliary subunits �2� and �1b and, to identify transfectants,
with GFP in SH-SY5Y human neuroblastoma cells. In the
presence of inhibitors to block other voltage-gated channels,
CaV1.3 channel currents were evoked by depolarizing voltage
pulses. No differences were observed when a different � sub-
unit was used (n � 6 of 6 �2a-expressing cells were potenti-

ated). Calcium imaging confirmed these
results (Fig. 1 E). When CaV1.3-express-
ing SH-SY5Y cells were depolarized by
elevating extracellular potassium, those
that had been treated immediately prior
with IGF-1 showed larger responses.
Note also that the addition of IGF-1
caused a small, transient increase in free
intracellular calcium; because this effect
was observed in saline that would be pre-
dicted to create a transmembrane poten-
tial of approximately �85 mV, no
CaV1.3 channels should be active, sug-
gesting that in addition to potentiating
the activity of voltage-sensitive CaV1.3
channels, IGF-1 also induces calcium re-
lease from internal stores.

Significantly, the IGF-1-modulation
shifts the voltage dependence of CaV1.3
activation (Fig. 1B,D). In the absence of
IGF-1, CaV1.3 channel currents were un-
detectable at �60 mV, and peak current
densities were typically obtained at ap-
proximately �10 mV (�8 � 2 mV for
CaV1.3a; �12 � 2 mV for CaV1.3b).
However, when the same cells were ana-
lyzed after brief (30 s) exposure to IGF-1,
whole-cell currents could be detected at
potentials as hyperpolarized as �60 mV,
and current levels peaked at approxi-
mately �20 mV (�19 � 2 mV for
CaV1.3a; �24 � 3 mV for CaV1.3b). In
particular, the IGF-1/RTK effect was most
prominent at strongly hyperpolarized
membrane potentials, disappearing with
increasing depolarization and becoming
undetectable at positive membrane
potentials.

Mechanistically, the potentiation ap-
pears to result from more rapid activation
of the channels: for CaV1.3a before IGF-1,
�rise was 5.7 � 0.7 ms, whereas 30 s after
IGF-1, �rise was significantly faster at 2.3 �
0.3 ms; for CaV1.3b before IGF-1, �rise was
6.7 � 0.8 ms, whereas 30 s after IGF-1, �rise

was 2.8 � 0.4 ms (Em� �30 mV) (Fig.
1A,C, top). No differences in the rates of
inactivation or deactivation were demon-
strable when barium was used as a charge
carrier, suggesting that the primary kinetic

mechanism involves increasing the speed of activation.

The CaV1.3 potentiation signaling pathway is distinct from
the CaV1.2 pathway
IGF-1 is known to rapidly potentiate the activity of neuronal
CaV1.2 channels via a signaling pathway leading from the IGF-1/
RTK, to stimulating the lipid kinase PI-3 kinase, to stimulating
the serine/threoninc kinase, Akt, and an Src family tyrosine ki-
nase, and resulting in Src-dependent phosphorylation of a spe-
cific tyrosine residue in the C terminus of the CaV1.2 subunit
(Blair and Marshall, 1997; Blair et al., 1999; Bence-Hanulec et al.,
2000). Because of the high homology between L-channel sub-
types, we first tested whether any of these intermediates regulated

Figure 1. IGF-1 rapidly potentiates CaV1.3 activity. A, Wild-type CaV1.3a-containing channels respond within 30 s to IGF-1
(arrowheads). At hyperpolarized membrane potentials, channels are potentiated (top; �30 mV), but little potentiation is ob-
served at moderately depolarized potentials (middle; 0 mV) and none when the cell is strongly depolarized (bottom; �30 mV).
Recordings are from an SH-SY5Y neuroblastoma cell transfected with GFP, CaV1.3a, and the auxiliary subunits �2� and �1b.
Channel currents were evoked by depolarizing voltage steps from a holding potential of�80 mV before and 30 s after the addition
of 20 ng/ml IGF-1. B, Current–voltage relationships for CaV1.3a channels. Data are plotted as normalized current versus mem-
brane potential (Em). Note that although CaV1.3 currents are small at strongly hyperpolarized Em, the fold increase in response to
IGF-1 is much greater at �40 and �30 mV than at more depolarized potentials. f, Currents evoked before IGF-1; �, 30 s after
20 ng/ml IGF-1 (arrowhead; n � 20 cells; mean � SEM). Because individual transfectants express different CaV1.3 levels, data for
each cell were normalized to the peak current of that cell obtained before IGF-1 addition. For each cell, the peak current value
before IGF-1 was determined; in most cells, the pre-IGF-1 peak value was obtained at �10 mV. CaV1.3a currents in that cell were
then measured at each potential before and after IGF-1 and divided by its pre-IGF-1 peak value. Peak current densities at �30 mV
were �14.4 � 2.9 pA/pF before IGF-1 and �50.3 � 7.1 pA/pF after 30 s in IGF-1. C, D, Identical results are obtained with the
short C-terminal isoform CaV1.3b channels. Experiments were performed and analyzed as in A and B (n � 51 cells; peak current
densities at �30 mV were �2.4 � 0.7 pA/pF before IGF-1 and �12.6 � 4.3 pA/pF after 30 s in IGF-1). E, IGF-1 potentiation
measured by increased intracellular calcium levels. Calcium imaging of fluo-4-loaded SH-SY5Y cells expressing CaV1.3a is shown.
Depolarization (depol; filled arrowheads) in 90 mM KCl (calculated Em� �5 mV) induces a larger increase in free intracellular
calcium levels in cells treated for 1 min with 20 ng/ml IGF-1 (E2) than in untreated cells from sister cultures (E1). Note that the cells
responded to the IGF-1 (E2, open arrowhead) with a slight rise in intracellular calcium.
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the modulation of CaV1.3 channels. However, neither specific
inhibition of PI-3 kinase with either wortmannin or LY294002
[2-(4-morpholinyl)-8-phenyl-4H-1-benzopyran-4-one] nor in-
hibition of Src family kinases with PP2 blocked IGF-1-induced
potentiation (Fig. 2A), indicating that the modulation of CaV1.3
uses a unique pathway.

The signaling pathway regulating CaV1.3: phospholipase C,
IP3-sensitive stores, and CaMKII
The CaV1.3 modulation appears to require phospholipase C-�,
calcium release from IP3-sensitive stores, and CaMKII. Specifi-
cally, we found that inhibiting the activation of phospholipase C
with U73122 (10 �M) prevented the IGF-1-induced potentiation

(Fig. 2A). CaV1.3-expressing SH-SY5Y cells were pretreated with
inhibitor or vehicle (0.02% ethanol in extracellular saline) for 30
min, and the ability of IGF-1 to induce potentiation was tested.
All U73122-treated cells failed to respond (n � 0 of 7 cells),
whereas all of the sister control cells (n � 4 of 4 cells) displayed a
prominent increase in CaV1.3 currents at hyperpolarized mem-
brane potentials. U73122 inhibits several phospholipase C iso-
forms (�, �, and �). However, because the isoforms are activated
by different mechanisms [phospholipase C-� by RTKs, phospho-
lipase C-� by G-protein-coupled receptors, phospholipase C-�
by ras (Kelley et al., 2001)], it is likely that phospholipase C-�
mediates the IGF-1/RTK effect.

Activating phospholipase C leads to increased PKC activity
and increased calcium release from IP3-sensitive intracellular
stores (Rhee, 2001), raising the possibility that downstream sig-
naling components could include either PKC or intracellular cal-
cium. We therefore tested the effects of specifically inhibiting
PKC with bisindolylmaleimide I (10 �M). No block of IGF-1
potentiation was detectable, with all treated cells responding (Fig.
2A) (n � 6 of 6 cells). In contrast, inhibiting store release com-
pletely blocked the IGF-1 potentiation (Fig. 2A), indicating that
elevated internal calcium is required for CaV1.3 potentiation.
These data are consistent with our observation that, in conditions
in which there would be no voltage-sensitive calcium channel
activity, IGF-1 causes a transient increase in intracellular free
calcium (Fig. 1E; see Fig. 4D).

The IGF-1 effect appears to be mediated via release from IP3-
sensitive intracellular stores. Pretreatment with the IP3 store re-
lease inhibitor 2-APB (100 �M) blocked the ability of CaV1.3b
channels to respond to IGF-1 (Fig. 2A) (n � 0 of 12 cells). Con-
versely, pretreatment with the ryanodine receptor (RyR) inhibi-
tor ruthenium red (100 �M) had little or no effect, with all cells
responding to IGF-1 (Fig. 2A) (n � 9 of 9 cells). No differences
were observed when CaV1.3a-containing channels were tested
(n � 0 of 5 cells were potentiated during IP3 store release inhibi-
tion; n � 9 of 10 cells during RyR inhibition). However, a minor-
ity of RyR-inhibited cells (n � 1 of 10 cells) showed diminished
responses, raising the possibility that RyR-mediated store release
might make a marginal contribution; other possibilities include
that RyRs were not fully inhibited or that, for other reasons,
IGF-1 induced less potentiation in those particular cells. To-
gether, the results clearly suggest that IP3-sensitive intracellular
stores are the primary source for calcium release leading to IGF-1
potentiation.

The requirement for calcium store release coupled with the
known association of calcium-sensitive CaM and CaMKII with
neuronal CaV1.2 channels (Peterson et al., 1999; Hudmon et al.,
2005) led us to test whether CaMKII was a signaling intermediate.
We found that inhibiting CaMKII with 10 �M KN62 or 10 �M

KN93 fully inhibited the potentiation of CaV1.3b channel activity
(Fig. 2A) (n � 0 of 10 cells); the inactive analog, KN92 (10 �M),
failed to block potentiation in sister cultures (n � 7 of 7 cells
potentiated). Again, identical results were observed with CaV1.3a
channels when CaMKII activity was blocked (n � 1 of 11 cells
potentiated).

Elevating CaMKII activity exerted effects opposite to CaMKII
inhibition: coexpressing a constitutively active CaMKII (ca-
CaMKII) appears to mimic the IGF-1 effect, causing, in the ab-
sence of IGF-1, an increase in CaV1.3 currents at hyperpolarized
membrane potentials (Fig. 2B). Although moderate/strong de-
polarization evoked currents that were indistinguishable (at Em�
�10 mV; peak current density without ca-CaMKII, �26.2 � 3.9
pA/pF vs �27.8 � 2.1 pA/pF when coexpressing ca-CaMKII),

Figure 2. IGF-1/RTK potentiation of CaV1.3 requires CaMKII, phospholipase C, and calcium
release from IP3-sensitive stores. A, SH-SY5Y cells expressing wild-type CaV1.3b were pre-
treated for 30 min with specific inhibitors or vehicle and tested for their ability to respond to
IGF-1. To determine the fold change in CaV1.3 current levels for each cell, the peak current 1 min
after IGF-1 was compared with that before IGF-1 (test potential, �30 mV). The value 1.0
indicates a complete block of potentiation. Currents in vehicle-treated control cells exhibited a
more than twofold potentiation, whereas inhibiting phospholipase C with 10 �M U73122,
release from IP3-sensitive intracellular stores with 100 �M 2-APB, or CaMKII with 10 �M KN93
fully blocked potentiation. Inhibiting release from RyR-sensitive stores with 100 �M ruthenium
red slightly but not significantly decreased potentiation ( p � 0.90). Inhibiting PI-3 kinase or
Src (intermediates required for potentiating CaV1.2) with 100 nM wortmannin or 10 �M PP2 had
no effect, nor did inhibiting PKC with 10 �M bisindolylmaleimide I. PLC, phospholipase C; IP3R,
IP3 receptor. B, Evoked CaV1.3 current–membrane voltage relationship indicates that when
coexpressed with a ca-CaMKII, CaV1.3 channel activity was indistinguishable from IGF-1-
potentiated activity. Compared with unpotentiated CaV1.3 activity, CaV1.3b channels in the
presence of ca-CaMKII produce larger currents at hyperpolarized membrane potentials and
display a left shift, with current amplitudes peaking at �30.8 � 1.8 mV (n � 16 cells). No
differences with observed with CaV1.3a plus ca-CaMKII (�32.3 � 2.6 mV; n � 11 cells).
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huge differences were observed at relatively hyperpolarized test
potentials (at Em� �40 mV; peak current density without ca-
CaMKII, �6.8 � 3.7 pA/pF; peak current density when coex-
pressing ca-CaMKII, �52.0 � 10.9 pA/pF). Moreover, subse-
quent superfusion of IGF-1 was incapable of inducing further
potentiation, suggesting that the ca-CaMKII bypasses the re-
quirement for IGF-1. Together, these data indicate that CaMKII
is required for IGF-1 potentiation of CaV1.3, acting downstream
of the IGF-1/RTK.

Phosphorylation of serine-1486 of CaV1.3 is required
To identify potential modulatory sites on CaV1.3, we first con-
sidered those within CaMKII consensus sequences, RXX(S/T)
(Soderling, 1996). Because we found that both CaV1.3a and
CaV1.3b channels are potentiated, we focused on sites present in
both isoforms. Two sites were conserved: S860 in the II–III linker,
which by alignment is near a CaMKII phosphorylation site in
T-type calcium channels (Welsby et al., 2003), and S1486 in the C
terminus. S860 was tested and found not to contribute to the
potentiation. Point mutation of this site failed to block the rapid
IGF-1 effect (n � 5 of 5 cells potentiated for CaV1.3a; n � 9 of 9
cells potentiated for CaV1.3b). Note also that the PKA site in the
C terminus of CaV1.2, which increases its currents in a voltage-
independent manner (Naguro et al., 2001), is not conserved in
CaV1.3.

S1486, found in both CaV1.3a and CaV1.3b, was a particularly
attractive site because it lies within the EF-hand region that inter-
acts with the CaM-binding IQ motif to regulate calcium-
dependent inactivation (Kim et al., 2004). Although it should be
noted that we do not yet know whether CaMKII phosphorylates
this site in vivo, we do find that substitution of alanine for serine
at this position (S1486A-CaV1.3) prevents the IGF-1 increase in
the amplitude of CaV1.3 currents and the left shift in the current–
voltage relationship (Fig. 3A) (n � 0 of 14 cells responded to
IGF-1). Interestingly, CaV1.2 lacks a phosphorylatable residue at
this position (Fig. 3C).

We also found that a phospho-mimic (S1486D-CaV1.3) be-
haves similarly to coexpressing ca-CaMKII with wild-type
CaV1.3 (Fig. 3B). In the absence of IGF-1, large S1486D-CaV1.3
currents were observed at hyperpolarized membrane potentials,
and the current–voltage relationship was shifted to the left (cur-
rents peaked at �27.0 � 3.7 mV; n � 17 of 17 cells). Importantly,
the phospho-mimic bypasses IGF-1: exposure to IGF-1 caused
no additional potentiation (n � 0 of 9 cells for CaV1.3a; n � 0 of
8 cells for CaV1.3b), suggesting that in the wild-type CaV1.3,
S1486 is required for IGF-1-induced potentiation.

IGF-1 rapidly potentiates CaV1.3 in cortical neurons
The ability of IGF-1 to modulate native CaV1.3 channels in cul-
tured cortical neurons was determined. After pharmacological
inhibition of all other voltage-gated ion channels and, in partic-
ular, in the presence of 1 �M nimodipine to block native CaV1.2
channel activity, CaV1.3 activity in cortical neurons was evoked
and IGF-1 responsiveness was tested as for the neuroblastoma
cells. We found that IGF-1 (20 ng/ml) strongly potentiates the
activity of CaV1.3 channels within 30 s (Fig. 4A) (n � 7 of 7 cells).
We also found that the voltage dependence of CaV1.3 activation
is shifted, with potentiation being very prominent at hyperpolar-
ized membrane potentials and disappearing with increased depo-
larization (Fig. 4B). Such a shift in CaV1.3 activity raises the
possibility that stimulating neuronal IGF-1/RTKs might signifi-
cantly increase the ability to respond to synaptic stimulation.

Modulation of native neuronal CaV1.3 channels also requires

CaMKII. As with heterologously expressed channels in neuro-
blastoma cells, pretreatment with 10 �M KN93 fully inhibited the
potentiation of cortical neuronal CaV1.3 channel activity (Fig.
4C) (n � 0 of 8 neurons potentiated), indicating that CaMKII is a
requisite signaling intermediate. Moreover, when endogenous
CaV1.3 levels or when surface expression of epitope-tagged
CaV1.3a were assessed immunocytochemically, we found
that CaV1.3 was easily detectable in dendritic shafts and spines of
cortical and hippocampal neurons and that surface CaV1.3a fre-
quently colocalized with CaMKII in the tips of dendritic spines
(Fig. 5). Specifically, when compared with all spine heads in
which immunofluorescently labeled surface HA-CaV1.3a was
detected, GFP-tagged CaMKII was also detected in 71.2 � 5.2%.

Figure 3. Serine-1486, a potential CaMKII phosphorylation site on CaV1.3, is required for
IGF-1-induced potentiation. A, S1486A-CaV1.3a channels are unable to respond to IGF-1. After
30 s in IGF-1 (arrowhead), currents fail to increase and a slight rundown is observed. The
cumulative results from 10 SH-SY5Y cells transfected with S1486A-CaV1.3a (��2���1b�
GFP) are shown. Experiments were performed and analyzed as in Figure 1 A–D. B, Cells trans-
fected with a phospho-mimic at position 1486 (S1486D-CaV1.3a) have larger currents at hyper-
polarized membrane potentials than those expressing wild-type CaV1.3. Cumulative data show
that in the absence of IGF-1, S1486D-CaV1.3a channel currents peak at a relatively hyperpolar-
ized potentials (�27.0 � 3.7 mV; n � 9 cells transfected with S1486D-CaV1.3a). Experiments
were performed and analyzed as in Figure 1 A–D. C, CaV1.3 channels show almost 100% amino
acid identity with CaV1.2 in this region, with the exception of S1486: CaV1.2 has an alanine in
the corresponding position.
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Calcium imaging confirmed the IGF-1 potentiation and indi-
cated a dependence on IP3-sensitive intracellular store release in
cortical neurons. When CaV1.3 channels were depolarized by
elevating extracellular potassium, those that had been treated
immediately prior with IGF-1 showed larger responses (Fig. 4D).
We additionally observed that at a predicted membrane potential
of approximately �85mV (in which no CaV1.3 channels should
be active), exposure to IGF-1 caused a small, transient increase in
free intracellular calcium (Fig. 4D2). This suggests that in addi-

4

divided by its pre-IGF-1 peak value. C, Inhibiting CaMKII with 10 �M KN93 fully blocks the
IGF-1-induced potentiation. D, IGF-1 potentiation measured by increased intracellular calcium
levels. Dependence on release from IP3-sensitive stores is shown. Calcium imaging of fluo-4-
loaded cortical neurons in which CaV1.3 channels were pharmacologically isolated is shown.
D1, D2, Depolarization (depol; filled arrowheads) in 90 mM KCl (calculated Em� �5 mV)
induces a larger increase in free intracellular calcium levels in cells treated for 1 min with 20
ng/ml IGF-1 (D2) than in untreated cells from sister cultures (D1). Similar to the neuroblastoma
cells expressing CaV1.3a in Fig. 1 E, the neurons responded to the IGF-1 (D2, open arrowhead)
with a slight rise in intracellular calcium. D3–D5, Requirement for calcium release from IP3- but
not RyR-sensitive stores in cortical neurons. Depolarization in the presence of IGF-1 causes a
large, transient increase in free intracellular calcium (D3) even when RyR-sensitive store release
is inhibited with 100 �M ruthenium red (D4 ). In contrast, pretreatment with 100 �M 2-APB to
block IP3-sensitive store release primarily blocks the IGF-1� depolarization-induced increase
(D5). Results with sister cultures are shown. All neurons in each test field were imaged and
calcium-fluophore intensities calculated using MetaMorph software (n � 4 independent ex-
periments each performed in triplicate). Quantification was as follows. Because of culture–
culture variabilities and because fluo-4 is an indicator of relative changes in intracellular calcium
levels, data for each set of sister cultures were normalized to the mean maximum response (i.e.,
that obtained in depolarizing saline in the presence of IGF-1). Compared with the relative
increase in free intracellular calcium obtained in IGF-1� depolarization (100%), depolarization
in the absence of IGF-1 yielded only a 17.2 � 1.8% increase, whereas IGF-1 alone (in saline with
a calculated Em� �85 mV) produced a 24.7 � 0.7% increase; values are means � SEMs.
Inhibiting RyR-sensitive store release failed to block the IGF-1� depolarization-induced in-
crease (97.1 � 5.4%), but inhibiting IP3-sensitive store release eliminated the IGF-1� depo-
larization effect (2.7.1 � 0.1%).

Figure 4. IGF-1 rapidly potentiates CaV1.3 activity in cortical neurons. A, At hyperpolarized
membrane potentials, CaV1.3 channels respond within 30 s to IGF-1 (arrowhead). Recordings
are from the soma of a cortical pyramidal neuron in which other voltage-sensitive channel
activity has been blocked. CaV1.3 currents were evoked by depolarizing voltage steps from a
holding potential of �80 mV before and 30 s after the addition of 20 ng/ml IGF-1. B, Current–
voltage relationships for native CaV1.3 channels in cortical neurons. Data are plotted as normal-
ized current versus membrane potential (Em). Similar to the neuroblastoma cells, the effect of
IGF-1 on CaV1.3 in cortical neurons is much greater between �50 and �30 mV than at more
depolarized potentials. f, Currents evoked before IGF-1; �, 30 s after 20 ng/ml IGF-1 (arrow-
head; n � 7 neurons; mean � SEM). Because of the variability of CaV1.3 current levels in the
cortical neurons, data for each neuron were normalized to the peak current of that neuron
obtained before IGF-1 addition. For each neuron, the peak current value before IGF-1 was
determined; in most neurons, the pre-IGF-1 peak value was obtained at �10 mV. CaV1.3
currents in that neuron were then measured at each potential before and after IGF-1 and

Figure 5. Surface CaV1.3 colocalizes with CaMKII in the heads of dendritic spines of pyrami-
dal neurons. A, Surface CaV1.3a, epitope tagged extracellularly with HA, was detected immu-
nocytochemically (TRITC) and found to primarily colocalize with the spontaneous fluorescence
of the GFP-tagged CaMKII. The overlay of CaMKII and CaV1.3a shows numerous orange and
yellow spine tips, indicating the overlap of green and red markers. B, To reveal surface localiza-
tion of CaV1.3a in relation to spine structure, neurons in sister cultures were transfected with
GFP- and HA-tagged CaV1.3a and surface HA was detected immunocytochemically (TRITC). The
overlay shows that CaV1.3a is prominently localized to dendritic shafts and spine tips.
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tion to potentiating the CaV1.3 channels, IGF-1 also causes cal-
cium release from internal stores.

Release from IP3-sensitive intracellular stores appears to be
crucial for IGF-1 modulation in neurons (Fig. 4D3–D5). Pre-
treatment with thapsigargin to deplete stores or with the IP3 store
release inhibitor 2-APB (100 �M) blocked the ability of pharma-
colocially isolated CaV1.3 channels to respond to depolarization
in the presence of IGF-1 (Fig. 4D5) (n � 0 of 37 2-APB-treated
neurons; n � 0 of 53 thapsigargin-treated neurons). Conversely,
pretreatment with the RyR inhibitor ruthenium red (100 �M)
had little or no effect, with all cells responding to IGF-1 (Fig.
4D4) (n � 44 of 44 neurons). However, a minority of the RyR-
inhibited neurons (N � 3 of 44 neurons) showed weak responses,
raising the possibility that RyR-mediated store release might
make a minor contribution. Together, the results clearly imply

that IP3-sensitive intracellular stores are the primary source for
calcium release in the pathway leading to IGF-1 potentiation.

IGF-1 potentiation of CaV1.3a increases pCREB
The transcription factor CREB is required for IGF-1- and
neurotrophin-mediated neuronal survival (Riccio et al., 1999;
Brunet et al., 2001; West et al., 2001). Particularly relevant here is
that stimulating CaV1.2 L-channel activity is known to promote
the formation of activated phospho-S133 CREB (Deisseroth et
al., 1998; Dolmetsch et al., 2001; West et al., 2001; Chen et al.,
2003). We found that, in cortical and hippocampal neurons,
IGF-1 potentiation of CaV1.3 increases pCREB, whereas
S1486A-CaV1.3a or small interfering RNA to endogenous
CaV1.3a decrease resting pCREB levels and essentially block the
ability of IGF-1 to stimulate pCREB (Fig. 6A–G).

Figure 6. CaV1.3a regulates pCREB in pyramidal neurons: requirements for IGF-1 potentiation of S1486, IP3 store release, and CaV1.3 interaction with Shank. A–L, Levels of activated pCREB were
assayed by indirect immunofluorescence. To assess any regulation specifically attributable to CaV1.3 activity, all other calcium channel activity was inhibited pharmacologically (see Materials and
Methods). To stimulate the activity of voltage-sensitive CaV1.3 channels, neurons were depolarized for 20 min in iso-osmotic 65 mM KCl, fixed immediately, and processed for immunocytochemistry
(n � 8 independent experiments with each test condition assayed in triplicate). Changes in pCREB levels were analyzed using the Intensity module of the MetaMorph image analysis software; the
fold change in pCREB was calculated using the mean level observed in the absence of any treatment (A) as the reference value of 1.0; values are means � SEMs. A, In the absence of any treatment,
pCREB levels were moderate/low. B, IGF-1 (20 ng/ml) alone has little effect. Fold change in pCREB levels were 1.04 � 0.07. C, D, Depolarization in the absence of IGF-1 increases pCREB levels 1.6 �
0.1-fold (C), but, in the presence of IGF-1, pCREB levels are very high (D), increasing by 3.1 � 0.1-fold. E, F, Reducing CaV1.3 activity with 100 �M nimodipine (E) or CaV1.3a expression with RNAi
specific for CaV1.3a (F; see Fig. 6 M, N and supplemental Fig. 2 for controls) strongly reduces the elevation of pCREB induced by depolarization plus IGF-1. F, Left, The RNAi transfectant was identified
by GFP coexpression. Right, pCREB levels are low in the transfectant (arrowhead) but high in two neighboring nontransfected neurons. Both treatments resulted in pCREB levels below that of the
reference condition: high nimodipine, 0.8 � 0.1; RNAi-CaV1.3a, 0.7 � 0.1. G, Overexpressing S1486A-CaV1.3a prevents the IGF-1� depolarization-induced increase in pCREB, producing a fold
increase of only 1.3 � 0.1. Left, Transfected neuron indicated by GFP fluorescence. Right, pCREB levels in all neurons in the same field with the GFP � neuron (arrowhead). H, Requirement for Shank:
overexpressing Shank-1a with a W520A point mutation to disrupt its SH3 domain blocks the ability of IGF-1� depolarization to increase pCREB; the fold change in pCREB levels was 1.1 � 0.1. Left,
Transfected neuron (GFP). Right, pCREB levels in all neurons in the field with the W520A-Shank-1a � neuron (open arrowhead). Inset, Unlike W520A-Shank-1a � neurons, overexpressing wild-type
(wt) Shank-1a in a sister culture results in high pCREB levels (filled arrowhead); the fold increase was 3.3�0.1. I, Requirement for Shank–Homer interaction: overexpressing Shank-1a with a P1495L
point mutation to disrupt its binding to Homer blocks the ability of IGF-1� depolarization to increase pCREB; the fold change in pCREB was 0.9 � 0.1. Left, Transfected neuron (GFP). Right, pCREB
levels in all neurons in the field with the P1495L-Shank-1a� neuron (open arrowhead). J–L, Ca 2� store dependence. Depleting stores with 1 �M thapsigargin (I ) or blocking IP3-sensitive store
release with 100 �M 2-APB (L) prevents the IGF-1� depolarization-induced increase in pCREB, whereas inhibiting ryanodine (RyR)-sensitive store release (K ) with 100 �M ruthenium red has little
effect, producing a fold increase of 2.9 � 0.1. For both store depletion and blocking IP3-sensitive store release, the fold change in pCREB levels was 0.9 � 0.1. M, N, In cortical pyramidal neurons,
RNAi to CaV1.3 strongly reduced CaV1.3 levels (M ) and evoked CaV1.3 activity (N ). M, Left, GFP cotransfection reveals a neuron expressing RNAi to CaV1.3a. Right, Total CaV1.3 (surface plus
intracellular) in that neuron (open arrowhead indicates the soma). N, Somal CaV1.3 currents are evident in the absence of RNAi (N1) but undetectable in an RNAi-transfected neuron (N2). Recordings
were performed in the presence of 1 �M nimodipine to inhibit CaV1.2 activity. See supplemental Fig. 2 (available at www.jneurosci.org as supplemental material) for additional information.
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Phospho-S133 CREB (pCREB) levels in cultured hippocam-
pal and cortical pyramidal neurons were assessed by indirect im-
munofluorescence after a 20 min exposure to IGF-1, to depolar-
izing extracellular saline (calculated Em� �20 mV) or to
depolarization in the presence of IGF-1. To ensure that any reg-
ulation was specifically attributable to CaV1.3, all other calcium
channels were inhibited pharmacologically; importantly, 1 �M

nimodipine was used to inhibit native CaV1.2 activity. We found
that in the absence of depolarization, pCREB levels were moder-
ate/low (Fig. 6A) and that IGF-1 treatment without depolariza-
tion produced only a slight increase (Fig. 6B). In contrast, depo-
larization resulted in a considerable increase (Fig. 6C), and
depolarization in the presence of IGF-1 caused a massive rise (Fig.
6D).

To establish CaV1.3 dependence, CaV1.3 activity was inhib-
ited pharmacologically (Fig. 6E) and CaV1.3a expression was
reduced with a short hairpin interfering RNA (RNAi) (Fig.
6F,M,N; supplemental Fig. 2, available at www.jneurosci.org as
supplemental material). Specifically, neurons were transfected
with RNAi-CaV1.3a, or untransfected neurons were treated with
100 �M nimodipine, a concentration that should inhibit CaV1.3
activity (Lipscombe et al., 2004), and were depolarized in the
presence of IGF-1. Reducing CaV1.3 activity and CaV1.3a levels
both reduced the elevation of pCREB (Fig. 6E,F). We also found
that the IGF-1� depolarization-induced increase requires S1486:
overexpressing an epitope-tagged S1486A-CaV1.3a strongly re-
duced the ability of IGF-1� depolarization to elevate pCREB
(Fig. 6G; supplemental Fig. 3, available at www.jneurosci.org as
supplemental material).

We also examined the potential roles of Shank and Homer
scaffolding proteins. Shank has recently been demonstrated to
interact with the C terminus of CaV1.3a (Olson et al., 2005;
Zhang et al., 2005) and is known to be important in recruiting
Homers to mGlu receptors (mGluRs) (Tu et al., 1999). Hom-
ers, in turn, act to tether group I mGluRs to IP3-sensitive
stores as well as increase IP3 receptors in dendritic spines (Tu
et al., 1998; Sala et al., 2001). Based on our observation that
CaV1.3 modulation requires calcium release from IP3-
sensitive stores, we hypothesized that the CaV1.3-induced
regulation of pCREB might arise through Shank interactions
with CaV1.3, which could, via Homer, link the channels to
IP3-sensitive calcium stores.

We found that overexpressing Shank-1a with a disrupted SH3
domain (W520A-Shank-1a) both reduced the ability of depolar-
ization and IGF-1 to elevate pCREB in cortical neurons (Fig. 6H)
and reduced Shank colocalization with plasmalemmal CaV1.3a
(supplemental Fig. 4, available at www.jneurosci.org as supple-
mental material). Similarly, depolarization in the presence of
IGF-1 was unable to stimulate formation of pCREB in neurons
overexpressing a Shank-1a mutant (P1495L) unable to bind
Homer (Fig. 6 I). In contrast, when wild-type Shank-1a was over-
expressed, IGF-1in the depolarizing saline strongly enhanced
pCREB (Fig. 6H, inset). We also found that calcium release from
intracellular stores was required. Depleting stores with thapsigar-
gin (Fig. 6 J) or blocking IP3-sensitive store release (Fig. 6L) pre-
vented the IGF-1- and depolarization-induced increase in
pCREB, whereas inhibiting ryanodine-sensitive store release
(Fig. 6K) had little effect. Together, these results indicate that
IGF-1-induced potentiation of cortical CaV1.3 channels via
phosphorylation of a specific serine residue, S1486, may be a
mechanism for regulating CREB (supplemental Fig. 1, available
at www.jneurosci.org as supplemental material).

Discussion
Together, the data indicate that CaV1.3 activity is rapidly poten-
tiated by IGF-1 in a pathway that involves stimulating phospho-
lipase C-� to produce IP3, calcium release from IP3-sensitive in-
ternal stores, activating CaMKII, and the phosphorylation of a
CaMKII consensus site in the C termini of CaV1.3a and CaV1.3b
(supplemental Fig. 1, available at www.jneurosci.org as supple-
mental material). Surprisingly, this modulatory pathway is dis-
tinctly different from that of CaV1.2, in which IGF-1 stimulation
of its RTK activates PI-3 kinase, Akt, and Src and leads to phos-
phorylation of a C-terminal tyrosine residue on CaV1.2 (Blair
and Marshall, 1997; Blair et al., 1999; Bence-Hanulec et al., 2000).
Moreover, the required serine, S1486, is not conserved in CaV1.2,
and the tyrosine required for CaV1.2 potentiation is not present
in either CaV1.3a or CaV1.3b. Nonetheless, for CaV1.2 and both
CaV1.3 isoforms, IGF-1 stimulation results in increased evoked
currents at hyperpolarized membrane potentials, increased rates
of activation at hyperpolarized potentials, and a left shift in peak
evoked current–membrane potential relationships.

CaMKII-dependent phosphorylation of S1486 could poten-
tially increase CaV1.3 currents by either inducing a facilitation-
like state or by reducing inactivation. Intriguingly, S1486, which
is found in both CaV1.3a and CaV1.3b, is located within the EF
hand, a region that interacts with the CaM-binding IQ motif to
regulate calcium-dependent inactivation in the highly homolo-
gous CaV1.2 (Kim et al., 2004). Inactivation is an important
mechanism for controlling calcium entry, and, although not yet
completely understood, recent studies have revealed many essen-
tial features of calcium- and voltage-dependent inactivation. The
EF hand appears to act as a signal transducer to mediate calcium-
dependent inactivation, and deletion of the EF hand motif
strongly affects both calcium-dependent and voltage-dependent
inactivation in CaV1.2 (Peterson et al., 2000; Kim et al., 2004;
Cens et al., 2005), raising the possibility that phosphorylation of
S1486 might influence inactivation.

Conversely, relatively little is known of the molecular mecha-
nisms governing facilitation. In cardiac myocytes, L-channel ac-
tivity is facilitated by a CaMKII-dependent mechanism (Dzhura
et al., 2000), but in hippocampal neurons, L-channel activity in
dendritic spines is facilitated by �2 adrenergic receptors via a PKA
pathway (Davare et al., 2001; Hoogland and Saggau, 2004). Ad-
renochromaffin cells appear to use another means, whereby fa-
cilitation occurs via recruitment of quiescent, but otherwise iden-
tical, L channels (Artalejo et al., 1994). However, this mechanism
is unlikely to explain our results. We observed large increases in
peak currents only at hyperpolarized membrane potentials and
no potentiation at strongly depolarized potentials. The multiplic-
ity of L-channel subtypes in neurons has also made it difficult to
determine whether facilitation occurs via CaV1.2, CaV1.3, or
both. However, in striatal medium spiny neurons, D2 dopami-
nergic receptor-induced reduction of L currents via a phospho-
lipase C-�–IP3– calcineurin signaling pathway (Hernandez-
Lopez et al., 2000) appears to affect CaV1.3 specifically (Olson et
al., 2005), raising the possibility that phospho-S1486 could be the
target of calcineurin.

Downstream effects of activating CaV1.3 channels include in-
creased IP3-sensitive internal store release via a CaV1.3–Shank–
Homer interaction, potentially creating a signaling microdomain
(Jacob et al., 2005) that leads to increased levels of the transcrip-
tion factor pCREB (supplemental Fig. 1, available at www.
jneurosci.org as supplemental material). If the pathway we pro-
pose for the IGF-1 modulation of CaV1.3 activity is correct, a
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positive feedback loop would be created. Calcium release from
IP3-sensitive stores appears to be important for activating
CaMKII to phosphorylate the channel, with the resultant in-
creased channel activity leading to increased calcium release from
IP3 stores. However, CaMKII may also provide a potential brak-
ing mechanism via phosphorylation and reduced activity of the
IP3 receptors (Matifat et al., 2001; Bare et al., 2005).

In the long term, IGF-1 modulation of CaV1.3 may regulate
processes such as dendritic growth and neuronal survival by reg-
ulating transcription. CaV1.2-mediated calcium influx is known
to lead, via the MAPK (mitogen-activated protein kinase) path-
way, to elevation of survival promoting phospho-S133 pCREB
levels (Dolmetsch et al., 2001; Weick et al., 2003) and, via a
CaMKIV and CRM1– exportin-1 pathway, to decreased nuclear
levels of the pro-apoptotic transcription factor C/EBP� (Mar-
shall et al., 2003). For the regulation of pCREB we observe here,
CaV1.3a, the extended C-terminal isoform, appears to be crucial.
The truncated isoform, CaV1.3b, lacks both the SH3 and PDZ
binding sites thought to mediate Shank binding to CaV1.3a (Ol-
son et al., 2005; Zhang et al., 2005). We found in neurons and
heterologous cells that CaV1.3a and Shank-1a colocalize and en-
hance pCREB levels. Furthermore, expressing a CaV1.3a with a
C-terminal truncation to remove the PDZ binding site or ex-
pressing wild-type CaV1.3a with a Shank-1a, the SH3 domain of
which is nonfunctional, eliminates colocalization and the ability
of CaV1.3a activity to stimulate pCREB. This dependence on
Shank, taken with the absence of Shank interactions with
CaV1.3b (Zhang et al., 2005), indicates that CaV1.3a is responsi-
ble for the downstream regulation of CREB.

How CaV1.3 and CaV1.2 channel activities both contribute to
regulating CREB is as yet unknown. Like CaV1.3, IGF-1 also
potentiates the CaV1.2 channels (Blair and Marshall, 1997; Blair
et al., 1999; Bence-Hanulec et al., 2000) (supplemental Fig. 2E,
available at www.jneurosci.org as supplemental material). At the
simplest level, these could be back-up pathways (i.e., system re-
dundancy); in fact, knockdown of CaV1.2 enhances CaV1.3 ex-
pression in cardiac myocytes (Xu et al., 2003), and we found that
RNAi knockdown of CaV1.3 enhances CaV1.2 expression in cor-
tical neurons. In addition, the differences in the biophysical
properties and distribution of CaV1.2 and CaV1.3 channels raise
the possibility that channels in different subcellular compart-
ments are regulated by different stimuli. The relatively higher
levels of surface CaV1.3a in dendrites and spines suggest that
glutaminergic synaptic activity may be their major source of
depolarization-dependent activation, whereas CaV1.2 channel
activity may primarily be significant during action potential spik-
ing. Moreover, the finding that CaV1.3a in dendritic spine heads
frequently colocalizes with synaptic markers and with CaMKII
suggests that IGF-1 modulation of CaV1.3 may modulate the
efficacy of synaptic transmission.

The different L channels may also differentially regulate the
targets of transcription. CREB, as a result of calcium influx, is
phosphorylated at multiple sites. CaV1.2 activity is well estab-
lished to promote phosphorylation of S133 (Dolmetsch et al.,
2001; Kornhauser et al., 2002; Weick et al., 2003). Our results as
well as a recent study by Zhang et al. (2005) show that CaV1.3
similarly stimulates formation of phospho-S133 CREB. How-
ever, Kornhauser et al. (2002) also demonstrated that low con-
centrations of nimodipine fully blocked depolarization-induced
phosphorylation of S142. Because low nimodipine concentra-
tions were sufficient, the data suggest that S142 phosphorylation
may be independent of CaV1.3 activity. Their data additionally
indicate that phosphorylation of S142 disrupts CREB interac-

tions with the transcriptional coactivator CBP (Kornhauser et al.,
2002). Together, these results raise the possibility that CaV1.2
activity may favor CREB transcription not requiring CBP as a
cofactor, whereas CaV1.3 activity may principally influence
CREB/CBP-mediated transcription. Likewise, another possibility
is that CaV1.3 and CaV1.2 channel activities might differentially
recruit additional transcription factors, such as CREST (Aizawa
et al., 2004; Konur and Ghosh, 2005).

Interestingly, IGF-1 and calcium influx regulation of CREB,
CBP, and CREST are essential for normal dendritic outgrowth in
the brain (Niblock et al., 2000; Cheng et al., 2003; Aizawa et al.,
2004; Konur and Ghosh, 2005). In the shorter term, mGluR-
induced release from IP3-sensitive stores has been shown recently
to regulate the stability of dendritic arborization and to enhance
in a Homer-dependent manner L-channel-mediated calcium in-
flux (Lohmann et al., 2002; Yamamoto et al., 2005). Although
these studies did not attempt to separate CaV1.3 from CaV1.2
activities, our observations of IP3 store dependence in the IGF-1/
RTK-induced modulation of CaV1.3 raise the tantalizing possi-
bility of cross talk between receptor systems.
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