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Cav channels are an important route for the entry of Ca2+ into
excitable cells, where it is required for numerous physiological
events1,2. Cav channels are opened upon membrane depolarization;
however, the amplitude of Ca2+ influx is also controlled by extracellu-
lar signals binding to membrane receptors and relayed by transduc-
tion effectors including G-proteins and phosphatidylinositol
3-kinases (PI3Ks). In vascular myocytes, PI3K mediates the increase
of L-type current produced by Gβγdimers released upon stimulation
by angiotensin II mediated by the G-protein-coupled receptor
(GPCR) AT1A

3. In cerebellar granule neurons, the stimulation of both
native L- and N-type Cav channels induced by insulin-like growth
factor (IGF-1), which binds to tyrosine kinase–associated receptors
(TKRs), is also mediated by PI3K4.

PI3Ks are lipid kinases that phosphorylate phosphoinositides on
position 3 of their inositol head group. The two main phosphoinosi-
tide products created in response to extracellular stimuli are PI(3,4)P2
and PI(3,4,5)P3, also called PIP3 (ref. 5). Both bind to pleckstrin
homology domains of their effectors, such as phosphoinositide-
dependent kinase (PDK1) and protein kinase B (PKB, also called Akt),
inducing their translocation from the cytosol to the plasma mem-
brane5,6. There are several isoforms of PI3Ks, classified according to
their in vitro lipid substrate specificity and their activation pathway5,7.
Although activation, respectively, of PI3Kγby the TKR-activated small
G-protein ras8,9 and of PI3Kβ by GPCRs10 has also been reported,
TKRs are generally associated with the activation of PI3Kα, -β and -δ
and GPCRs with the activation of PI3Kγ. Indeed, in vascular myocytes,
infusion of PI3Kγ reproduces the Gβγ-mediated effect of angiotensin
II3, whereas in neurons, overexpression of PI3Kα mimics the effect of
the TKR agonist IGF-1 (ref. 4).

Thus it is clear that several activation pathways and several isoforms
of PI3K can modulate Ca2+ entry. However, both the signal transduc-

tion pathway activated downstream of PI3K and the underlying mech-
anism(s) leading to the increased Ca2+ influx remain to be elucidated.

High-voltage-activated Cav channels are composed in vivo of
Cavα1, β, α2δ and potentially γ subunits1,2. To investigate whether the
composition of the Cav channels is a determinant for their sensitivity
to PI3K, as well as to identify the elements required for such regula-
tion, we expressed both PI3Ks and cloned Cav channels in COS-7
cells. We demonstrate, first, that PI3K increases the expression of
functional Cav channels at the plasma membrane and, second, that
this regulation occurs for channels associated with a specific Cavβ
subunit: Cavβ2. The PI3K-induced regulation is mediated by PIP3-
activated Akt/PKB and requires the phosphorylation of Cavβ2 sub-
units on a unique serine residue. Both PI3Kγand PI3Kα increased the
expression of Cav channels at the plasma membrane, indicating that
this regulation is not specific to one PI3K isoform. In neurons, we
show that acute stimulation of PI3K by TKR also induces the translo-
cation of GFP-tagged Cav channels to the plasma membrane. Thus,
our results indicate that PI3K-induced regulation of Cav channel traf-
ficking may be a general mechanism for the regulation of calcium
entry in excitable cells.

RESULTS
PI3K-induced regulation of Cav currents
We cotransfected COS-7 cells with both the catalytic subunit p110γ
and the associated protein p101 to express PI3Kγ. The expression of
both proteins was confirmed by western blotting (Fig. 1a). No
expression of p110γ was detected in control cells, indicating that
PI3Kγ was not endogenously expressed in COS-7 cells, as has previ-
ously been reported11.

PI3Kγ has been shown to have significant basal activity in the
absence of Gβγ in vitro12. In COS-7 cells, the endogenous pool of free
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Phosphatidylinositol 3-kinase (PI3K) has been shown to enhance native voltage-dependent calcium channel (Cav) currents both
in myocytes and in neurons; however, the mechanism(s) responsible for this regulation were not known. Here we show that PI3K
promotes the translocation of GFP-tagged Cav channels to the plasma membrane in both COS-7 cells and neurons. We show that
the effect of PI3K is mediated by Akt/PKB and specifically requires Cavβ2 subunits. The mutations S574A and S574E in Cavβ2a
prevented and mimicked, respectively, the effect of PI3K/Akt-PKB, indicating that phosphorylation of Ser574 on Cavβ2a is
necessary and sufficient to promote Cav channel trafficking.

NATURE NEUROSCIENCE VOLUME 7 | NUMBER 9 | SEPTEMBER 2004 939

©
20

04
 N

at
ur

e 
P

ub
lis

hi
ng

 G
ro

up
  

ht
tp

://
w

w
w

.n
at

ur
e.

co
m

/n
at

ur
en

eu
ro

sc
ie

nc
e



Gβγ13 may stimulate the activity of transfected PI3Kγ, and PI3Kγ
expressed without further activation in these cells can increase the
total content of PIP3 (ref. 14). To determine whether the heterolo-
gously expressed PI3Kγwas functional and active, we cotransfected the
cells with the GFP-tagged pleckstrin homology domain of the general
receptor for phosphoinositides (PHGrp1-GFP), which specifically
binds PIP3

15. Intensity profiles highlight the increase in fluorescence
occurring at the plasma membrane. PHGrp1-GFP domains were
homogeneously distributed in control cells (Fig. 1b, left). In contrast,
in PI3Kγ-transfected cells, PHGrp1-GFP was largely recruited to the cell
membrane, indicating that PIP3 was elevated (Fig. 1b, right). The rela-
tive increase in PHGrp1-GFP plasma membrane localization as com-
pared to cytosol in PI3Kγ-transfected cells was 56 ± 4% (n = 10 cells).
The nucleus, visualized through a decrease in fluorescence (Fig. 1b) or
stained with Hoechst 33342 (Supplementary Fig. 1 online), is not
responsible for the accumulation of green fluorescence observed at the
periphery of the PI3Kγ-transfected cells.

We then assessed the effect of PI3Kγ on Cav channels. PI3Kγ expres-
sion resulted in higher calcium channel current densities (IBa) in cells

Figure 2 Relevance of Cav subunit composition for PI3Kγ effect on IBa.
(a–f) Sample current traces and mean I-V relationship of channels formed
by (a) Cav1.2α1 alone (b) Cav1.2α1/β1b (c) Cav1.2α1/β3 (d) Cav1.2α1/β4
(e) Cav1.2α1/β2a(C3,4S) and (f) Cav2.2α1/β2a channels in control (�) and
PI3Kγ-transfected cells (�). The illustrated current traces were elicited by
a depolarization from –80 to +20 mV (a), 0 mV (b–e) and –10 mV 
(f). Vertical calibration bars are 3 pA/pF in a–d, 5 pA/pF in e and 20 pA/pF
in f. In the absence of Cavβ subunits (a), the concentration of charge
carrier was increased from 1 to 10 mM to allow measurement of current
densities comparable to those recorded with Cavβ1b, β3 or β4. Horizontal
calibration bars are 100 ms. Current densities are shown as mean ± s.e.m.
of 6–22 COS-7 cells.

expressing Cav1.2α1/β2a (by 130 ± 31%; n = 22 at 0 mV) (Fig. 1c). We
also assessed the effect of PI3K in the presence of α2δ subunits (data not
shown): we observed a similar increase, of 151 ± 44%, in the presence of
α2δ-1 (n = 3; P < 0.05). This is consistent with the effects reported to
occur after physiological stimulation of native L- and N-type 
currents3,4. The maximum conductance was twice as high in PI3Kγ-
transfected cells as in controls: 0.60 ± 0.09 nS/pF as compared to 0.30 ±
0.05 nS/pF (n = 26; P < 0.005). No differences in the kinetics of activation
or inactivation of the average normalized current traces were detected
between control and PI3Kγ-transfected cells (Fig. 1d), although the effect
of PI3Kγ resulted in a small hyperpolarization of the current
density–voltage (I-V) relationship (by –5.2 ± 1.2 mV; P < 0.005) (Fig. 1e).
The voltage dependence of steady-state inactivation remained
unchanged (Fig. 1f).

PI3Kγhas a dual role of protein and lipid kinase. The protein kinase
activity is required for the activation of the mitogen-activated protein
kinase, whereas phosphorylated PIs recruit and activate other kinases,
such as Akt/PKB16. To assess the involvement of PIP3 in the PI3Kγ-

Figure 1 Effect of PI3Kγ-induced production of PIP3 on Cav1.2α1/β2a
currents. (a) Immunodetection of PI3Kγ in control and PI3Kγ-transfected
cells. p101 (upper row, arrow) was detected in PI3Kγ-transfected cells
using an antibody to its EE-tag. The p110γ antibody revealed expression of
p110γ (lower row, arrow) in PI3Kγ-transfected cells only. (b) Subcellular
localization of PHGrp1-GFP in control (left) and PI3Kγ-transfected cells
(right) with line scans below the image taken at the position indicated by
the red bar. a.u., arbitrary units. Scale bars (in white), 10 µm. (c) Sample
current traces of Cav1.2α1/β2a IBa recorded in control and PI3Kγ-
transfected cells. Vertical and horizontal calibration bars are 10 pA/pF and
100 ms, respectively. (d) Averaged and normalized IBa traces recorded
from cells expressing Cav1.2α1/β2a channels without (Control) and with
PI3Kγ (n = 20). (e,f) Mean I-V (e) and steady-state inactivation
relationship (f) of Cav1.2α1/β2a IBa in control (�) and PI3Kγ-transfected
cells (�). The voltage protocols are indicated. Current densities are shown
as mean ± s.e.m. of 22−26 cells (e) and 5−9 cells (f). (g) Effect of
overexpressed PHGrp1-GFP on Cav1.2α1/β2a IBa control cells or PI3Kγ- and
Cav1.2α1/β2a transfected cells. The number of experiments is given in
parentheses. *P < 0.05 as compared to control.
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induced enhancement of Cav currents, we coexpressed PI3Kγwith the
PHGrp1-GFP domain and the Cav channels. This prevented the PI3Kγ-
induced increase of Cav1.2α1/β2a IBa while not significantly affecting
the control level (Fig. 1g), indicating that PI3Kγ upregulates Cav cur-
rent through production of PIP3.

Relevance of Cav channel subunit composition
To determine whether Cavβ subunits were required for the response
to PI3Kγ, COS-7 cells were transfected with the pore-forming
Cav1.2α1 alone or in association with different Cavβ subunits. There
was no difference in IBa between control and PI3Kγ-transfected cells
in the absence of Cavβ subunits (Fig. 2a). Furthermore, cells cotrans-
fected with either Cavβ1b, Cavβ3 or Cavβ4 did not show any modula-
tion by PI3Kγ (Fig. 2b−d), indicating that the PI3Kγ-induced
modulation specifically requires Cavβ2a coexpression. One unique
property of Cavβ2a as compared to the other Cavβ subunits is that it is
palmitoylated17. Coexpressing Cav1.2α1 and a palmitoylation-defi-
cient β2a(C3,4S)18 did not prevent PI3Kγ-induced enhancement of
IBa and hyperpolarization of the I-V relationship (Fig. 2e), indicating
that palmitoylation of Cavβ2a is not responsible for the specificity of
the effect. When coexpressed with Cav2.2α1, Cavβ2a also conferred
sensitivity to PI3Kγ on N-type channels (Fig. 2f), indicating that
PI3Kγ-induced modulation is not specific to one type of Cav channel.
In this case, the maximum conductance was increased from 0.27 ±
0.05 nS/pF (n = 22) in controls to 0.77 ± 0.17 nS/pF (n = 17;
P < 0.005) in PI3Kγ-transfected cells.

Effect of PI3Kγ on Cav membrane expression
Cavβ subunits have a chaperone-like role in the trafficking of Cavα1
subunits to the plasma membrane19,20. In addition, PI3K has been
reported to be involved in the membrane expression of cationic chan-
nels21. To investigate whether the enhancement of Cav maximum
conductance induced by PI3Kγ could be due to an increased expres-
sion of Cav channels at the plasma membrane, we examined the sub-
cellular distribution of GFP-tagged Cav2.2α1, which produces
functional channels with current amplitudes comparable to those of
untagged Cav2.2 channels22. In the absence of PI3Kγ, the GFP-
Cav2.2α1/β2a channels seemed largely to be located throughout the
cells either rather homogeneously (Fig. 3a, left) or with some intracel-
lular retention, mostly in the perinuclear region (Fig. 3a, right), where
they colocalized with an endoplasmic reticulum marker (ER-Tracker
Blue-White DPX; data not shown). In cells transfected with PI3Kγ,
GFP-positive cells showed distinct plasma membrane localization of
the GFP-Cav2.2α1/β2a channels. The GFP-Cav2.2α1 staining either
appeared continuous (Fig. 3b, left and middle) or formed punctate
clusters at the plasma membrane (Fig. 3b, right). The relative increase
in plasma membrane as compared to cytosolic localization, measured
along the intensity profiles, was 83 ± 2% (n = 25 cells). This strong
plasma membrane staining was visible on all focal planes of acquisi-
tion (Supplementary Video 1 online). As predicted by the electro-
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physiological experiments, GFP-Cav2.2 cotransfected with Cavβ1b
subunits (Fig. 3c) did not accumulate at the cell surface in response to
PI3Kγoverexpression, and its distribution was similar to that seen for
the control, and as previously described22. We showed that the
nucleus, visualized through a decrease in fluorescence (Fig. 3d, first
panel) or stained with Hoechst 33342 (Fig. 3d, second panel), is not
responsible for the accumulation of green fluorescence observed at
the periphery of the PI3K-transfected cells. Furthermore, overlay of
the green fluorescence either with the bright-field image (Fig. 3b, left)
or with the red fluorescence emitted by the plasma membrane marker
FM4-64 (Fig. 3d, third and fourth panels) clearly indicated that GFP-
Cav2.2α1/β2a channels are integrated at the plasma membrane.

Role of Akt/PKB in Cav channel trafficking
We next examined the pathway downstream of PI3Kγ. Akt/PKB has
been reported to be involved in the translocation of membrane pro-
teins23. PIP3 binds to the pleckstrin homology domain of Akt/PKB,
translocating it to the inner surface of the plasma membrane where it is
phosphorylated and activated on Thr308 by the PIP3-stimulated PDK1
and on Ser473 by another, less well understood, serine kinase5−7.
Expression of endogenous PDK1 in COS-7 cells was confirmed by
immunoblotting (data not shown). We found that Akt/PKB was phos-
phorylated on Thr308 (Fig. 4a, left) and on Ser473 (Fig. 4a, right) in
PI3Kγ-transfected cells, indicating that heterologous expression of
PI3Kγactivates endogenous Akt/PKB.

We first assessed the involvement of Akt/PKB in both the PI3Kγ-
induced increase in IBa and the targeting of GFP-Cav2.2 channels by
using the dominant-negative mutant AAA-Akt/PKB24, which has
been shown to prevent activation of endogenous Akt/PKB both in
HEK-293 cells24 and in myoblasts23. Coexpression of AAA-Akt/PKB
with PI3Kγ significantly reduced accumulation of GFP-Cav2.2α1/β2a
at the plasma membrane in three independent experiments (Fig. 4b),
leaving only 25 ± 5% of the cells showing any obvious membrane
expression. This proportion was significantly lower than the 69 ± 3%
of cells showing GFP-Cav2.2α1/β2a accumulation at the membrane in
cultures transfected in parallel with PI3Kγ without AAA-Akt/PKB.
Cotransfection of the AAA-Akt/PKB mutant with PI3Kγ also pre-
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Figure 3 Effect of PI3Kγ on Cav channel membrane localization.
(a,b) Subcellular localization of GFP-Cav2.2α1/β2a in control (a) or in PI3Kγ-
cotransfected cells (b). (c) Subcellular localization of GFP-Cav2.2α1/β1b in
PI3Kγ-cotransfected cells. (d) First panel, subcellular localization of GFP-
Cav2.2α1/β2a in a PI3Kγ-transfected cell. Second panel, overlay of the GFP-
Cav2.2α1/β2a fluorescence image and nuclear staining with Hoechst 33342.
Third panel, membrane staining with FM4-64. The intensity profile of FM4-
64 fluorescence is indicated in red. Fourth panel, overlay of the
fluorescence images showing GFP-Cav2.2α1/β2a and the membrane marker
FM4-64. Scale bars, 10 µm.
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lism but rather to the enhanced targeting of the Cav channels to the
plasma membrane.

Together, these data indicate that Akt/PKB mediates the effect of
PI3Kγ/PIP3 on the trafficking of functional Cav channels to the
plasma membrane.

Role of serine 574 of Cavβ2a
We identified a unique putative consensus site (RxRxxS) for phos-
phorylation by Akt/PKB25 in the C-terminal domain of Cavβ2, which
was absent from β1b, β3 and β4 subunits (Supplementary Fig. 4
online). We constructed two mutants of Cavβ2a. In the first,
Cavβ2aS574A, Ser574 was replaced by alanine to prevent phosphory-
lation. In the second, Cavβ2aS574E, it was replaced by glutamate to
mimic phosphorylation.

Expression of both PI3Kγand myr-Akt/PKB failed to increase the tar-
geting of GFP-Cav2.2/β2aS574A to the plasma membrane (Fig. 5a−c).
The Cav2.2/β2aS574A channels were functional, though insensitive to
PI3Kγ(Fig. 5b) and to myr-Akt/PKB (Fig. 5d).

The S574A mutation also prevented the increase in Cavβ2a phos-
phorylation induced by PI3Kγ coexpression (Fig. 5e−g) (see
Supplementary Methods online). One further argument for the
involvement of Akt/PKB in this modulation is that Akt/PKB coim-
munoprecipitated with the Cavβ2a subunits (Fig. 5h), indicating that
this kinase may act directly on Cavβ2a.

Finally, expression of GFP-Cav2.2/β2aS574E, in the absence of
PI3Kγ, was sufficient to increase the targeting of GFP-Cav2.2 chan-
nels to the plasma membrane (80 ± 2% increase as compared to
cytosol; n = 25 cells). The distribution patterns, either continuous
or in punctate clusters, were similar to those showed by GFP-
Cav2.2/β2a coexpressed with PI3Kγ (Fig. 6a). The strong plasma
membrane staining was visible on all focal planes of acquisition
(Supplementary Video 2 online). The S574E mutation also
increased Cav2.2/β2 IBa by an extent similar to PI3Kγ expression
(Fig. 6b). Coexpression of the dominant-negative mutant AAA-
Akt/PKB with GFP-Cav2.2/β2aS574E did not prevent the recruit-
ment of the channels to the plasma membrane (data not shown),
indicating that the S574E mutation may relieve the requirement for
Akt/PKB. Moreover, coexpression of both PI3Kγ-CAAX and myr-
Akt/PKB together with GFP-Cav2.2/β2aS574E did not further
increase the trafficking of the channels to the membrane (data not
shown), confirming that the S574E mutation bypasses the PI3K-
activated pathway.

Figure 4 Role of Akt/PKB in the PI3Kγ-induced enhancement of Cav
expression at the membrane. (a) PI3Kγ-induced phosphorylation of
endogenous Akt/PKB was measured using phospho-Thr308 (left) or
phospho-Ser473 (right) Akt/PKB antibody. Whereas Akt/PKB (arrow, upper
row) was immunodetected in both untransfected (lane 1) and PI3Kγ-
transfected cells (lane 2), phosphorylated Akt/PKB (arrow, lower row) was
detected only in PI3Kγ-transfected cells (lane 2). (b) Effect of AAA-
Akt/PKB mutant on GFP-Cav2.2α1/β2a subcellular localization in PI3Kγ-
transfected cells. Scale bars, 10 µm. (c) Top, sample traces of
Cav2.2α1/β2a IBa recorded in PI3Kγ-transfected cells without or with AAA-
Akt/PKB. Below, effect of AAA-Akt/PKB mutant on Cav2.2α1/β2a IBa in
control or PI3Kγ-transfected cells. The number of experiments is given in
parentheses. *P < 0.05 as compared to control. (d,e) Effect of myr-Akt/PKB
on GFP-Cav2.2α1/β2a subcellular localization (d) and on Cav2.2α1/β2a
channel currents (e). Top in e, example traces of Cav2.2α1/β2a IBa recorded
in control and myr-Akt/PKB-transfected cells. Vertical and horizontal scales
were 20 pA/pF and 100 ms, respectively. Below, mean I-V relationship of
Cav2.2α1/β2a channels in control or myr-Akt/PKB-transfected cells. Results
are expressed as mean ± s.e.m. of 8−18 cells.

A R T I C L E S

vented the PI3Kγ-induced increase of the mean Cav2.2α1/β2a IBa
(Fig. 4c), indicating that AAA-Akt/PKB may counteract the effect of
PI3Kγon Cav channel trafficking.

Second, because translocation of Akt/PKB to the membrane is
sufficient to promote its partial activation6, we coexpressed a myris-
toylated Akt/PKB (myr-Akt/PKB) with Cav2.2 channels. Myr-
Akt/PKB produced a significant increase of both GFP-Cav2.2/β2a
channel accumulation at the membrane (Fig. 4d) and Cav2.2/β2a IBa
(Fig. 4e). The maximum conductance was increased to 0.44 ± 0.05
nS/pF (n = 18; P < 0.05). There was also a small hyperpolarization of
the I-V relationship (by –7.7 ± 0.8 mV; n = 18; P < 0.0001) (Fig. 4e).
Both the relative increase in localization to the plasma membrane as
compared to cytosol (73 ± 4%; n = 15 cells) and the increase in cur-
rents obtained with myr-Akt/PKB were smaller than those meas-
ured with PI3Kγ, indicating that maximal activation of Akt/PKB
also requires production of PIP3.

To determine whether these effects were additive, we transfected
both PI3Kγ and myr-Akt/PKB with the Cav channels. Both the local-
ization of GFP-Cav2.2/β2a channels at the plasma membrane and the
Cav2.2/β2a IBa were increased, although to the same extent as with
PI3Kγ expression alone (Supplementary Fig. 2 online), indicating
that PI3Kγ and Akt/PKB are part of the same transduction pathway.
The total amount of Cav2.2α1 expressed was similar in both popula-
tions of control and PI3Kγ-CAAX/myr-PKB-transfected cells
(Supplementary Fig. 3 online), indicating that the effect of PI3Kγand
Akt/PKB on the plasma membrane localization of Cav channels is not
primarily due to increased Cav2.2α1 synthesis or decreased catabo-
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was 85 ± 2% (n = 15 cells). No effect of PI3Kα was detected on Cav
channel trafficking when Cav2.2 was coexpressed with Cavβ2aS574A
(Fig. 7c) or Cavβ1b (Fig. 7d) instead of Cavβ2a. These results indicate
that a sustained production of PIP3, independently of the PI3K iso-
form or activation pathway, increases Cav channel trafficking to the
plasma membrane.

Effect in neurons
To investigate whether activation of the PI3K/Akt/PKB pathway could
induce the translocation of Cav channels in neurons, we transiently
transfected rat dorsal root ganglion (DRG) neurons with GFP-
Cav2.2/β2a channels. Rat DRG neurons have previously been shown
by quantitative PCR to express Cavβ2 subunits26, and protein expres-
sion of Cavβ2 in these neurons was confirmed by immunoblotting
(data not shown). DRG neurons were deprived of serum for 24 h
before experiments. After 5 min of exposure to IGF-1, PHGRP1-GFP
was translocated to the plasma membrane (Fig. 8a) and Akt/PKB was
phosphorylated (Fig. 8b), indicative of PI3K-induced production of
PIP3 and activation of Akt/PKB, respectively. We compared in parallel
two sets of neurons, either controls (Fig. 8c) or those preincubated at
37 °C for 30 min with IGF-1 (Fig. 8d). IGF-1 induced a stronger
expression of GFP-Cav/β2a channels at the plasma membrane in 55 ±
9% (n = 36; four independent experiments) of the preincubated neu-
rons. We measured the fluorescence intensity over a 4-µm distance

These results indicate that phosphorylation of Cavβ2 subunits is
necessary and sufficient to support the PI3K- and Akt/PKB-
induced enhancement of functional Cav channel expression at the
plasma membrane.

Effect of PI3Kα on Cav membrane expression
The scavenging effect of GFP-PHGrp1 indicates that PIP3 mediates the
effect of PI3Kγ on Cav channels. We therefore examined whether
another PIP3-producing PI3K, PI3Kα, could also regulate Cav chan-
nel trafficking. The overexpression of PI3Kα (p85-p110α), like that of
PI3Kγ, was sufficient to recruit the GFP-PHGrp1 domain to the plasma
membrane (Fig. 7a), which is indicative of PIP3 production. As in the
experiments performed with PI3Kγ, the expression at the plasma
membrane of Cav2.2/β2a channels was also increased in cells cotrans-
fected with PI3Kα (Fig. 7b). The relative increase in plasma mem-
brane as compared to cytosolic localization in PI3Kα-transfected cells

Figure 5 Effect of S574A mutation on the
PI3Kγ and myr-Akt/PKB-induced regulation of
Cav2.2 channels. (a) Subcellular localization of
GFP-Cav2.2α1/β2aS574A channels in PI3Kγ -
transfected cells. (b) Top, sample current
traces of Cav2.2α1 channels cotransfected
with PI3Kγ and either wild-type Cavβ2a or
Cavβ2aS574A mutant. Below, mean I-V
relationship of GFP-Cav2.2α1/β2aS574A
channels in control and PI3Kγ-transfected
cells. (c) Subcellular localization of GFP-
Cav2.2α1/β2aS574A channels in myr-Akt/PKB-
transfected cells. (d) Top, sample current
traces of Cav2.2α1 channels cotransfected
with myr-Akt/PKB and either wild-type Cavβ2a
or Cavβ2aS574A mutant. Vertical and
horizontal scales are 10 pA/pF and 100 ms,
respectively. Below, IBa for channels formed
with Cav2.2α1 and either Cavβ2a or β2a(S574A)
in control (open bars) or myr-Akt/PKB-
transfected cells (gray bars). The number of
experiments is given in parentheses. *P < 0.05
as compared to control. (e,f) PI3Kγ-induced
phosphorylation of Cavβ2a. Cells were
transfected with Cavβ2a (e) or β2aS574A 
(f) either with or without PI3Kγ as indicated.
Upper row, amount of 33P incorporated into
Cavβ2a; lower row, amount of Cavβ2a protein as
assessed by western blotting with anti-Cavβ2a
antibodies. (g) Comparison of 33P incorporation into Cavβ2a coexpressed with PI3Kγ and Cavβ2aS574A alone or coexpressed with PI3Kγ. *P < 0.05;
ns, nonsignificant. (h) Coimmunoprecipitation of Cavβ2a and Akt/PKB. (For details of Fig. 5e−h, see Supplementary Methods online.)
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Figure 6 Effect of Cavβ2aS574E mutant on Cav2.2 channel expression at
the membrane. (a) Examples of subcellular localization of GFP-
Cav2.2α1/β2aS574E channels. Scale bars, 10 µm. (b) Top, sample current
traces of Cav2.2α1 channels cotransfected with wild-type Cavβ2a and
Cavβ2aS574E mutant. Vertical and horizontal scales were 20 pA/pF and
100 ms, respectively. Below, mean I-V relationship of GFP-Cav2.2α1/β2a
and GFP-Cav2.2α1/β2aS574E channels in the absence of PI3Kγ.
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PI3Kγ-induced effect. Furthermore, an
increase in 3-phosphoinositides is required
to activate Akt/PKB, which mediates the
PI3Kγ-induced increase of Cav channel
expression at the membrane. The Akt/PKB-
PH domain binds either PI(3,4)P2 or PIP3 in
vitro15 and PI(3,4)P2 can be produced by
dephosphorylation of PIP3 (ref. 5).
Therefore, it is possible that not only PIP3 but
also PI(3,4)P2 contributes to the promotion
of trafficking of Cav channels.

PI3K promotes the membrane insertion
of nonselective cation channels21 and cal-
cium-dependent potassium channels28, but
the mechanisms involved are still unknown.
A role for PI3K in the reorganization of the
actin cytoskeleton, which contributes to the
transport of proteins inside the cell, has also
been described29. Several recent studies have
also reported a role for Akt/PKB in traffick-
ing. Akt/PKB mediates the translocation of

glucose transporters induced by insulin in myoblasts through an
unknown mechanism23. Notably, association with the annexin p11
(ref. 30) or 14-3-3 proteins31,32 has been shown to promote traffick-
ing of potassium channels to the membrane and the 14-3-3 proteins
have been reported to bind to Akt/PKB phosphorylated sites32. One
might thus speculate that phosphorylation of Cavβ2a by Akt/PKB
could induce the association of the Cav channel complexes with
trafficking proteins to promote their translocation to the plasma
membrane. This does not, however, exclude the involvement of
other kinases or of additional phosphorylation targets for Akt/PKB.

Cavβ subunits have been reported to antagonize an unidentified
endoplasmic reticulum retention signal located in the I-II loop of
Cavα1 subunits33. Here we show that one particular Cavβ, Cavβ2, also
promotes the trafficking of Cav channels to the plasma membrane by
supporting the regulation induced by PI3K. Cavβ2a has been reported
to be a very efficient chaperone protein for Cav2.1 channel expression
at the plasma membrane and this effect was attributed to the palmitoy-
lation specific to Cavβ2a

17. This was confirmed by our experiments

covering the membrane and the immediate cytosol in 18 IGF-1-
responsive neurons and 18 parallel controls. The cells preincubated
with IGF-1 showed a 28 ± 4% increase in fluorescence at the plasma
membrane as compared to the cytosol, whereas the control cells
showed an increase of only 4 ± 2% (P < 0.00005). These percentages
correspond to an approximately sixfold greater effect in IGF-1-
treated neurons as compared to control neurons, which indicates
clearly that the IGF-1 pretreatment promoted the expression of GFP-
Cav channels at the plasma membrane.

DISCUSSION
Our experiments show that an increase of PIP3 stimulates trafficking
of Cav channels to the plasma membrane. Although it is possible that
PI(4,5)P2 depletion may also partially contribute to the 
PI3Kγ-induced increase of Cav currents27, we show here that 
the PI3Kγ-induced increase in Cav current density was blocked by 
the PIP3-scavenging PHGRP1-GFP domain, indicating that it is the
production of PIP3 rather than a decrease in PIP2 that mediates the

Figure 8 Effect of acute stimulation of PI3K on
Cav channel localization in DRG neurons. 
(a) Distribution of PHGrp1-GFP before (left) and
after 5 min incubation with 200 ng/ml IGF-1
(right). (b) Total Akt/PKB (upper row) and
Akt/PKB phosphorylated on Ser473 (lower row)
as measured by immunoblotting in control
neurons and those preincubated with IGF-1 for 5
or 30 min. (c) Subcellular localization of GFP-
Cav2.2α1/β2a in three control neurons and
averaged intensity profile corresponding to the
five segments of the cell indicated by the white
lines  on the micrographs. (d) Left, effect of IGF-
1 on subcellular localization of GFP-
Cav2.2α1/β2a in three different representative
neurons preincubated with IGF-1 for 30 min.
Middle, plasma membrane staining with the
membrane marker FM4-64. Right, overlay of the
GFP-Cav2.2α1/β2a and FM4-64 fluorescence
images. The averaged intensity profiles
corresponding to the five lines on each
micrograph are shown on the far right.

Figure 7 Effect of PI3Kα on PHGrp1-GFP and Cav channel membrane localization. (a) Subcellular
localization, in PI3Kα-transfected cells, of PHGrp1-GFP. (b) GFP-Cav2.2α1/β2a. (c) GFP-
Cav2.2α1/β2aS574A. (d) GFP-Cav2.2α1/β1b. Scale bars, 10 µm.
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showing that current density with Cavβ2a was higher than with the
three other Cavβ subunits (Fig. 2b–d) or the non-palmitoylatable
mutant of Cavβ2a (Fig. 2e). However, we showed that the palmitoyla-
tion of Cavβ2a is not involved in the PI3K-induced regulation. The
PI3K-induced increase of Cav channel density requires the phosphory-
lation of Cavβ2a on Ser574 in an Akt/PKB consensus site identified
only in Cavβ2, in its C terminus, which is common to all splice vari-
ants. This indicates that PI3K-induced regulation of Cav channels may
be determined by the cell type and the subcellular distribution of
Cavβ2 subunits and provides a key argument in our understanding of
the physiological relevance of the multiplicity of Cavβ isoforms.
Indeed, Cavβ2 has been shown to associate with L-, N- and P/Q type
Cav channels34,35, although to a smaller extent than Cavβ1b and Cavβ4
subunits when measured from whole brain tissue, indicating that the
subcellular localization of the Cav channels associated with Cavβ2 may
be a determining factor for PI3K-induced regulation of neuronal
native Cav channels.

Ca2+ entry activates Akt/PKB in a PI3K-independent manner in
neurons, and this regulation protects cells from apoptosis36. The
Akt/PKB-induced translocation of Cav channels that we demonstrate
here may thus be involved in a positive feedback to promote cell sur-
vival. Indeed, in cerebellar granule neurons, Akt/PKB-induced poten-
tiation of L-type channels has been shown to increase neuronal
survival37. Our data indicate that PI3K may also mediate changes in
excitability by increasing the insertion or prolonging the surface
expression of Cav channels containing Cavβ2 subunits. The PI3K- and
Akt/PKB-induced change in excitability might be of particular
importance in pathology such as epilepsy, where Cavβ2 subunits have
been shown to be upregulated in hippocampal neurons38.

METHODS
cDNAs. Rat brain CaV1.2 (M67515), rabbit Cav2.2α1 (D14157), N-terminal
GFP-tagged rabbit CaV2.222, rat CaVβ1b (X61394), β2a (M80545),
β2a(C3,4S)18, β3 (M88751), β4 (L02315), α2δ-1 (M86621) and mut-3b GFP
(M62653) cDNAs were subcloned into pMT2 for expression in COS-7 cells.
For expression in neurons, N-terminal GFP-tagged rabbit CaV2.2 and
Cavβ2a were subcloned into pRK5. Mutation of Ser574 to alanine in
CaVβ2aS574A and of Ser574 to glutamate in CaVβ2aS574E was done using
the Quikchange site-directed mutagenesis kit (Stratagene). For the bio-
chemistry experiments, the CaVβ2a (C3,4S) 5′ untranslated region was
removed and a hemagglutinin (HA) epitope tag was fused to the N-termi-
nus. PI3Kγ was composed of p101 (Y10742) in pcDNA3 and p110γ
(X83368) in pMT2. The membrane-targeted p110γ-CAAX (in pcDNA3) was
previously described39. PI3Kα was composed of p85α (M61745) and p110α
(M93252) both in pSG5. The PHGrp1-GFP15 was a gift from A. Gray and C.P.
Downes (Department of Biochemistry, Univ. Dundee). Mouse Akt/PKB and
myr-Akt/PKB, in pUSE-amp, were purchased from Upstate Biotechnology.
AAA-Akt/PKB24 mutant in pcMV5 was provided by D. Alessi (MRC Protein
Phosphorylation Unit, Univ. Dundee).

Transfection. Monkey COS-7 cells were cultured as previously described15.
Transfections were performed either with Geneporter transfection reagent
(Gene Therapy Systems; DNA/Geneporter ratio 6µg/30 µl) or Fugene6 (Roche
Diagnostics Limited; DNA/Fugene6 ratio 3 µg/6 µl). The Cavα1, β, p101,
p110γ, PKB isoforms or mutants were cotransfected with mut3-GFP in a
3:1:2:2:2:0.2 ratio by DNA weight. The α2δ-1 cDNA was omitted to limit the
number of cDNA constructs cotransfected into the cells. In the absence of
p101 and p110γ, the corresponding blank vectors were substituted. Akt/PKB
mutants were substituted by pMT2 and PHGrp1-GFP by mut3-GFP.
Experiments were performed 3−4 d after transfection. Dorsal root ganglion
neurons isolated from adult Sprague-Dawley rats were dissociated and trans-
fected with the Amaxa nucleofector I (Amaxa Biosystems) following the man-
ufacturer’s instructions. Neurons were plated on glass-bottomed dishes
(MatTek) coated with polyornithine (0.5 mg/ml) and cultured for 48 h before

the experiments. We examined all the cells successfully transfected with the
GFP-tagged channels with or without treatment with IGF-1. All materials were
from Sigma unless otherwise stated.

Electrophysiology. Cells were re-plated using a nonenzymatic cell dissociation
solution (Sigma) and maintained at 27 °C for between 2 and 8 h. Recordings
were made from fluorescent COS-7 cells expressing mut3-GFP. Borosilicate
glass electrodes (2–5 MΩ) were filled with (mM): cesium aspartate, 140;
EGTA, 10; MgCl2, 2; magnesium ATP, 5; and HEPES, 10; pH 7.4. The external
solution contained (mM): TEA-Br, 160; KCl, 3; NaHCO3, 1; MgCl2, 1; HEPES,
10; glucose, 4; and BaCl2, 1 or 10 when stated; pH 7.4. Whole-cell currents
were elicited every 15 s from a holding potential of 80 mV and recorded, at
room temperature, using an Axopatch200A amplifier (Axon Instruments).
Data were filtered at 1 kHz, digitized at 5 kHz and analyzed using pCLAMP 6
and Origin 5.0 software. Current records are shown after leak and capacitance
current subtraction (P/4 protocol). The maximum conductances were calcu-
lated by fitting I-V relationships with a modified Boltzmann equation.
Statistical analysis was performed using unpaired Student’s t-test.

Confocal imaging. Confocal images were acquired with a Zeiss LSM-510 con-
focal laser scanning microscope, using a ×40 (1.3 NA) or ×63 (1.4 NA) oil-
immersion objective. Optical slices were 1.5 µm thick . The nucleus and the
plasma membrane were stained with 1 µg/ml Hoechst 33342 or 1 µM FM4-64
(Molecular Probes), respectively. Images were acquired using an argon laser
(excitation, 488 nm; emission, BP505–530 nm emission filter) for GFP-
Cav2.2α1, a UV laser for excitation and a BP385–470 nm emission filter for
Hoechst 33342, and a He-Ne laser (excitation, 543 nm; emission filter, LP650
nm) for FM4-64. The outline of the nuclei is indicated by a dotted white line in
relevant figures, to emphasize that it is not responsible for membrane localiza-
tion of GFP-tagged Cav2.2. Data illustrated are representative of 20–25 cells
from at least three independent experiments. Line intensity profiles generated
with Metamorph (Universal Imaging) are indicated in red and displayed below
each confocal image. To measure the relative increase in plasma membrane
localization, we measured the fluorescence intensity over a distance covering
the membrane and the immediate cytosol. Three to five line profiles, distrib-
uted as regularly as possible, avoiding the nucleus, were performed to obtain
an average profile of fluorescence intensity representative of the staining at the
perimeter of each cell. The difference between the peak and the plateau of flu-
orescence was divided by the maximum fluorescence measured along the
linescan to give the percentage increase in fluorescence at the membrane. Scale
bars are 10 µm.

Note: Supplementary information is available on the Nature Neuroscience website.
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