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SUMMARY

Voltage-gated calcium channels (VGCCs) con-
vert electrical activity into calcium (Ca2+) sig-
nals that regulate cellular excitability, differenti-
ation, and connectivity. The magnitude and
kinetics of Ca2+ signals depend on the number
of VGCCs at the plasma membrane, but little
is known about the regulation of VGCC surface
expression. We report that electrical activity
causes internalization of the L-type Ca2+ chan-
nel (LTC) CaV1.2 and that this is mediated by
binding to the tumor suppressor eIF3e/Int6
(eukaryotic initiation factor 3 subunit e). Using
total internal reflection microscopy, we identify
a population of CaV1.2 containing endosomes
whose rapid trafficking is strongly regulated
by Ca2+. We define a domain in the II-III loop
of CaV1.2 that binds eIF3e and is essential for
the activity dependence of both channel inter-
nalization and endosomal trafficking. These
findings provide a mechanism for activity-
dependent internalization and trafficking of
CaV1.2 and provide a tantalizing link between
Ca2+ homeostasis and a mammalian oncogene.

INTRODUCTION

Changes in intracellular Ca2+ concentration ([Ca2+]i) play

an essential role in regulating secretion, motility, apopto-

sis, migration, and many other cellular processes (Ber-

ridge et al., 2000). In neurons and other excitable cells,

voltage-gated calcium channels (VGCCs) are the main

link between electrical signals at the membrane and bio-

chemical signaling pathways that control neuronal devel-

opment and plasticity. The mechanisms that regulate the

number of VGCCs in the membrane are not well under-

stood but are critically important for understanding synap-

tic plasticity and global Ca2+ homeostasis. Local Ca2+

signals allow for selective control of synaptic structure
N

and function, and their proper control is therefore a key

element in learning and memory. At a global level, exces-

sive Ca2+ elevation is toxic in many cells, whereas insuffi-

cient Ca2+ signals can lead to apoptosis and prevent the

activation of important signaling cascades (Berridge

et al., 2003). Indeed, loss of Ca2+ homeostasis is an impor-

tant feature of many neurological and cardiac diseases,

including neuroblastoma, Alzheimer’s disease, age-related

neuronal loss, and cardiac failure (Davare and Hell, 2003;

Frey et al., 2000; Khachaturian, 1994; Kunzelmann, 2005;

Porter et al., 1997).

To both regulate local Ca2+ signaling cascades and

protect cells against inappropriate global Ca2+ signals,

the activity of Ca2+ signaling molecules is under tight

homeostatic control. Transcriptional feedback modules

couple Ca2+ signals to the global expression of Ca2+ reg-

ulatory molecules, but other mechanisms that regulate

Ca2+ homeostasis are less well understood. In this paper,

we demonstrate that, in neurons and neuroblastoma cells,

[Ca2+]i can regulate the number of LTCs on the plasma

membrane, a key parameter in the generation of postsyn-

aptic Ca2+ signals. Furthermore, we identify a mechanism

for this process that involves the binding of the oncopro-

tein eIF3e to CaV1.2 channels.

VGCCs are classified into distinct subtypes (L, N, P/Q,

R, and T) based on their pharmacological and biophysical

properties (Tsien et al., 1995). LTCs contain an a1 subunit

encoded by the CaV1 family of genes and are distin-

guished by their sensitivity to dihydropyridines, their rela-

tively large single-channel conductance, and their high

voltage of activation (Hess, 1988). CaV1.2 is expressed

in many types of neurons, where it is located in the cell

body, proximal dendrites, and postsynaptic regions (Hell

et al., 1993). Ca2+ entering through LTCs directly controls

neuronal excitability and activates programs of gene

expression mediated by transcription factors such as

CREB and MEF2 (Spitzer et al., 2002; West et al., 2002).

In adult animals, LTCs contribute to some forms of synap-

tic plasticity, including long-term potentiation (Kapur et al.,

1998) and long-term depression (Wickens and Abraham,

1991). Thus, the regulation of LTCs at the membrane plays

a central role in how neurons respond to electrical activity.
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eIF3e is a member of the PCI family of proteins, com-

prised of subunits of the proteasome, COP9 signalosome

and eIF3 translation initiation complex, which participate

in translation initiation, cell-cycle regulation, and protein

degradation. eIF3e is ubiquitously expressed in adult or-

ganisms and appears early in embryonic development

(Asano et al., 1997). The eIF3e/Int6 locus is a common

site of integration for the mouse mammary tumor virus,

and the resultant transgene produces a truncated eIF3e

that can induce malignant transformation (Mayeur and

Hershey, 2002). A decreased amount of full-length eIF3e

is associated with poor outcome in patients with breast

carcinomas and non-small cell lung cancer (Buttitta

et al., 2005; Marchetti et al., 2001). In both yeast and mam-

malian cells, eIF3e associates with the multiprotein trans-

lation initiation complex eIF3, but its presence is not re-

quired for initiating the translation of most mRNAs

(Bandyopadhyay et al., 2000). eIF3e also binds to the lid

of the proteasome and the COP9 signalosome, suggest-

ing that it may participate in protein degradation (von Ar-

nim and Chamovitz, 2003). The lid of the proteasome rec-

ognizes polyubiquitylated proteins that are destined for

degradation, while the COP9 signalosome regulates ubiq-

uitylation and activation of many signaling and cell-cycle

proteins. Precisely how eIF3e balances this range of func-

tions is not understood, but mRNA translation, regulation

of the proteasome, and regulation of the COP9 signalo-

some are important for many aspects of neuronal function.

In this study, we investigated how electrical activity reg-

ulates the surface expression of LTCs in cortical neurons

and neuroblastoma cells. We developed an assay to mea-

sure the surface expression of CaV1.2 in individual cells

and found that the number of CaV1.2 channels in the cell

membrane decreased in response to activity-dependent

Ca2+ influx. Using total internal reflection (TIRF) micros-

copy, we monitored the trafficking of CaV1.2 in live cells

with high spatiotemporal resolution. We discovered that

CaV1.2 vesicles move very quickly in the vicinity of the

cell membrane and that Ca2+ influx reduced the amount

of time that vesicles containing CaV1.2 were docked at

the membrane. To identify the molecular mechanism

that underlies the Ca2+-dependent internalization and traf-

ficking of CaV1.2, we performed a proteomic screen for

proteins that regulate this process. We found that eIF3e/

Int6 binds to CaV1.2 in response to Ca2+ influx and is nec-

essary for activity-dependent trafficking and internaliza-

tion of the channel. These data identify a mechanism for

Ca2+-regulated trafficking of CaV1.2 and a function for a

tumor-suppressor gene.

RESULTS

L-Type Ca2+ Channel Activity Is Decreased

by Tonic Depolarization

To determine how prolonged depolarization regulates

VGCCs, we first used Ca2+ imaging to investigate VGCC

function following sustained electrical activity in hippo-

campal and cortical neurons. While monitoring the
616 Neuron 55, 615–632, August 16, 2007 ª2007 Elsevier Inc.
[Ca2+]i, we treated neurons with elevated potassium chlo-

ride (KCl) for 15 min to raise the membrane potential, re-

turned the cells to low-KCl conditions for 100 s, and

used a 200 s test pulse of 65 mM KCl to activate VGCCs.

Following the 15 min depolarization, the [Ca2+]i rise trig-

gered by the test pulse was 70% smaller than that ob-

served before the prolonged depolarization (Figure 1A).

To determine whether this effect was reversible, we varied

the length of time between the 15 min depolarization and

the test pulse and measured the recovery of the [Ca2+]i
signal. We observed no recovery of the [Ca2+]i signal fol-

lowing rest intervals of up to 450 s, partial recovery of

the [Ca2+]i signal after 600 s, and complete recovery after

1800 s (Figures 1B and 1C).

To determine whether the decrease in [Ca2+]i following

sustained electrical activity arose from a change in the ac-

tivity of VGCCs, we measured VGCC currents directly in

cortical and hippocampal neurons using whole-cell

patch-clamping. The whole-cell currents recorded after

depolarization of the membrane from �80 mV to 0 mV

were decreased by 53% ± 6% following 20 min of depo-

larization with no change in the current-voltage relation-

ship (Figures 1D, 1E, and 1G). To determine whether the

decrease in VGCC availability was reversible, we mea-

sured currents following depolarization and a 20 min

recovery period. Twenty minutes of recovery in resting

conditions completely restored the VGCC currents, sug-

gesting that the effects of prolonged depolarization on

VGCCs are transient.

The decrease in Ca2+ currents in depolarized cells could

arise either from channel inactivation or from loss of chan-

nels at the membrane. As an initial step toward determin-

ing whether depolarization leads to internalization of

VGCCs, we disrupted endocytosis by expressing a domi-

nant-negative mutant of dynamin 1 (DN-dyn1), a GTPase

required for the formation of endocytic vesicles from the

plasma membrane (Praefcke and McMahon, 2004). Ex-

pression of DN-dyn1 prevented the decrease in VGCC

currents associated with tonic depolarization of neurons

(Figures 1F and 1G), suggesting that prolonged electrical

activity decreases Ca2+ currents by triggering internaliza-

tion of VGCCs or molecules required for their activation.

Cortical and hippocampal neurons express several

types of VGCCs, including, L-, N-, and P/Q-type channels,

which contain the CaV1.2/1.3, CaV2.2, and CaV2.1 sub-

units, respectively. To determine which types of channels

were internalized in response to tonic electrical activity,

we used specific channel blockers to isolate the contribu-

tion of each type of channel to the [Ca2+]i elevation before

and after depolarization. We treated cortical neurons with

65 mM KCl in the presence or absence of nimodipine,

agatoxin IVA, or u-conotoxin GVIA to block L-, P/Q-,

and N-type channels, respectively (Figures 2A, 2C, and

2E). We calculated the Ca2+ rise generated by each of

these types of channels by subtracting the [Ca2+]i signal

in the presence from the [Ca2+]i signal in the absence of

each blocker (Figures 2B, 2D, and 2F). We then estimated

the fraction of channels that had been internalized by
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Figure 1. L-Type Ca2+ Channel Activity Is

Decreased by Tonic Depolarization

(A) Ca2+ imaging of cultured cortical neurons

subjected to a test pulse of 65 mM KCl follow-

ing 15 min of pretreatment with 5 mM KCl

(black) or 65 mM KCl (blue). Sample traces

from eight cells (Ai and Aii) and average traces

(Aiii) are shown for each condition (means ±

SEM; n > 50 cells for each condition).

(B) Ca2+ imaging of the [Ca2+]i elevation in cul-

tured cortical neurons subjected to a test pulse

of 65 mM KCl following a 15 min depolarizing

prepulse and recovery in 5 mM KCl for the indi-

cated length of time (means ± SEM; n > 50 cells

for each condition).

(C) Time-course of recovery of [Ca2+]i signals

after a 15 min depolarizing prepulse. The y

axis shows the ratio of the [Ca2+]i rise triggered

by the test stimulus to the [Ca2+]i elevation trig-

gered by the prepulse. The x axis shows the

time between the end of the prepulse and the

beginning of the test pulse (means ± SEM;

n > 50 cells for each condition).

(D) Whole-cell currents from hippocampal neu-

rons elicited by 60 ms step depolarization to

0 mV from a holding potential of�80 mV, using

10 mM Ba2+ as the charge carrier. Na+ and K+

currents were blocked with extracellular tetro-

dotoxin and intracellular Cs+, respectively.

Prior to recording, untransfected cells were

left unstimulated (left), treated for 20 min in

65 mM KCl (middle), or treated for 20 min in

65 mM KCl, then allowed to recover for

20 min in 5 mM KCl (right).

(E) Whole-cell current-voltage plot generated

by a voltage ramp stimulus (1.6 mV/ms).

Shown are traces from a control neuron (black)

and a neuron depolarized for 20 min with

65 mM KCl (blue).

(F) Whole-cell Ba2+ currents from hippocampal neurons expressing DN-dyn1 and left unstimulated prior to recording (left) or treated with 65 mM KCl

for 30 min (right).

(G) Normalized current densities recorded from cultured hippocampal neurons as in (D) and (F) (means ± SEM; *p < 0.0001; n = 3–8 neurons per

condition).
comparing the rate of the [Ca2+]i rise immediately after ad-

dition of KCl in depolarized and nondepolarized cells

(Figure 2G). The change in [Ca2+]i immediately after activa-

tion of VGCCs provides a measure of the [Ca2+]i influx

through a specific type of channel independent of

changes in Ca2+ extrusion or release from stores. We

found that depolarization led to a 46% decrease in Ca2+

influx through L-type channels and a 51% decrease in cal-

cium influx through P/Q-type channels but no significant

change in the calcium influx mediated by N-type calcium

channels (Figure 2H). This suggests that electrical activity

leads to selective internalization of L- and P/Q-type chan-

nels but not of N-type channels in cortical neurons.

CaV1.2 Surface Levels Are Regulated

by Electrical Activity

To study the molecular mechanisms of activity-dependent

calcium channel internalization, we developed a system to

measure the surface expression of LTCs in neurons. We
N

constructed a version of the LTC CaV1.2 containing

a YFP molecule fused to the intracellular N terminus,

and either a bungarotoxin (Btx) binding site or hemaglutti-

nin (HA) epitope in the extracellular S5–H5 loop of domain

II (YB-CaV1.2 or YH-CaV1.2). The YFP and HA tags had no

effect on the ability of the channel to elevate [Ca2+]i (see

Figure S1 in the Supplemental Data available with this ar-

ticle online) and allowed us to measure the total number of

CaV1.2 channels produced by a cell and the number of

channels on the cell surface in parallel.

We investigated the membrane localization of YH-

CaV1.2 channels by fixing the cells and staining with

anti-HA antibodies in either permeabilized or unpermeabi-

lized cells. The detergent-permeabilized cells showed

complete colocalization between the YFP and anti-HA sig-

nals, whereas the unpermeabilized neurons had YFP fluo-

rescence throughout the cell but anti-HA staining only at

the perimeter (Figures 3A and 3B and Figure S2). To as-

sess the proportion of CaV1.2 channels on the cell surface,
euron 55, 615–632, August 16, 2007 ª2007 Elsevier Inc. 617
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Figure 2. Calcium Influx through L- and

P/Q-Type Calcium Channels Is Reduced

by Tonic Depolarization

(A) Ca2+ imaging of cultured cortical neurons

stimulated with a 65 mM KCl test pulse in the

presence (red) or absence (black) of 5 mM

nimodipine following pretreatment with 5 mM

(left) or 65 mM KCl (right) for 15 min (means ±

SEM; n > 50 neurons for each condition).

(B) Contribution of LTCs to the [Ca2+]i elevation

triggered by depolarization following pretreat-

ment with 5 mM KCl (black) or 65 mM KCl

(blue).

(C) As in (A), but treating with 1 mM u-conotoxin

GVIA.

(D) As in (B), but for P/Q-type VGCCs.

(E) As in (A), but treating with 100 nM u-Aga

IVA (means ± SEM; n > 40 neurons for each

condition).

(F) As in (B), but for N-type VGCCs.

(G) Ca2+ traces in (B), (D), and (F) were fit by

linear regression to estimate the calcium influx

mediated by different VGCCs.

(H) Ca2+ influx mediated by L- (CaV1.2 and 1.3),

N- (CaV2.2), and P/Q- (CaV2.1) type channels

before (black bars) and after depolarization

(blue bars) (*p < 0.05).
we plotted the anti-HA fluorescence signal against the

YFP fluorescence signal in permeabilized neurons con-

taining YH-CaV1.2. The HA versus YFP plot was fit by

a line through the origin with a slope of 4.7 (Figure 3C).

We used this relationship between the anti-HA and the

YFP signals to calculate the fraction of channels on the

surface of cortical neurons (CaV1.2 SF: see Experimental

Procedures). In resting neurons, the CaV1.2 SF was 0.76 ±

0.06, indicating that on average 76% of the YH-CaV1.2

channels are on the cell surface (Figure S3). This distribu-

tion of YH-CaV1.2 channels strongly resembles the distri-

bution of endogenous CaV1.2 channels (Gomez-Ospina

et al., 2006).

To investigate the mechanisms that control the surface

levels of CaV1.2 channels, we examined whether the

CaV1.2 SF was regulated by the electrical activity of the

cell. Depolarization for 30 min decreased the CaV1.2 SF

from 0.76 ± 0.06 to 0.34 ± 0.04 (Figures 3D, 3F, and 3H).

Introduction of DN-dyn1 completely eliminated the de-

crease in CaV1.2 SF caused by depolarization (Figure 3H),

suggesting that this is due to channel internalization. To

determine whether activity-dependent endocytosis is
618 Neuron 55, 615–632, August 16, 2007 ª2007 Elsevier Inc.
specific for VGCCs, we measured the surface expression

of a potassium channel, KV1.2, using a KV1.2 channel con-

taining an intracellular GFP and an extracellular HA tag (Gu

et al., 2003). Thirty minutes of depolarization did not de-

crease KV1.2 surface levels (Figures 3E and 3G), indicating

that electrical activity does not trigger internalization of all

ion channels or membrane proteins.

Depolarization opens VGCCs and increases [Ca2+]i. We

investigated whether this elevation of [Ca2+]i is necessary

for CaV1.2 internalization. Depolarization in the absence

of extracellular Ca2+ prevented channel internalization

(Figure 3H), suggesting that membrane depolarization

must be accompanied by a [Ca2+]i rise to cause channel

internalization. We next asked whether a [Ca2+]i rise was

sufficient for internalization of CaV1.2 by treating cells

with the Ca2+ ionophore ionomycin for 30 min. Ionomycin

caused a robust rise in [Ca2+]i but only a small decrease in

the CaV1.2 SF (Figure 3H). To test whether Ca2+ influx

through LTCs is necessary for CaV1.2 internalization, we

depolarized cells in the presence of LTC blockers. Diltia-

zem, an LTC blocker, prevented CaV1.2 internalization

(Figure 3H), suggesting that Ca2+ influx through LTCs is
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Figure 3. CaV1.2 Surface Levels Are Regulated by Electrical Activity

(A) Cultured cortical neurons containing YH-CaV1.2 and stained using an anti-HA antibody with (left column) or without (right column) membrane

permeabilization.

(B) Profiles of the intensity of YFP and anti-HA signals along the lines drawn through the neurons in (A). The anti-HA signal in unpermeabilized cells

shows sharp peaks at the edges of the cell, whereas the other traces remain elevated throughout the cell.

(C) Relationship between the total HA and YFP intensities in permeabilized cortical neurons and fit by a linear equation (n = 35 cells).

(D) Cultured cortical neurons containing YH-CaV1.2 and treated with 5 mM KCl or 65 mM KCl for 30 min and stained using an anti-HA antibody without

permeabilization. Line scans of the fluorescence intensity through the cell bodies are shown in the insets.

(E) Cultured cortical neurons containing GFP/HA-KV1.2 and treated with 5 mM KCl or 65 mM KCl for 30 min and stained using an anti-HA antibody

without membrane permeabilization.

(F) Histogram of the CaV1.2 SF in cortical neurons treated with 5 mM KCl (white bars) or 65 mM KCl (red bars) for 30 min (n > 50 cells for each condition;

population medians differ with p < 0.005 by Mann-Whitney test).

(G) KV1.2 SF in cortical neurons treated for 30 min with 5 mM KCl or 65 mM KCl (means ± SEM; n > 50 for each condition).

(H) CaV1.2 SF in cortical neurons treated for 30 min with 5 mM KCl (bar 1) or 65 mM KCl (bars 2–5) in the presence of 2 mM extracellular Ca2+, DN-dyn1,

0 mM extracellular Ca2+, or 100 mM diltiazem. CaV1.2 SF in cells treated with 1 mM ionomycin (bar 6) or 50 mM glutamate (bar 7; means ± SEM; n > 30

for each condition; *p < 0.05 by Mann-Whitney test).
Neuron 55, 615–632, August 16, 2007 ª2007 Elsevier Inc. 619
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Figure 4. CaV1.2 Is Endocytosed in

Response to Electrical Activity

(A) Schematic of manipulations involved in the

biotin endocytosis assay (top) and surface bio-

tinylation assay (bottom).

(B) Western blot analysis using an anti-CaV1.2

antibody of fractions taken from biotin endo-

cytosis assays (lanes 1–5) or surface biotinyla-

tion assays (lanes 6–8). The presence of a band

in lane 2 suggests that CaV1.2 channels were

endocytosed by stimulation with glutamate.

Bands in lanes 4 and 5 show that short stimu-

lation with glutamate has no effect on total

CaV1.2 levels. The bands in lanes 7 and 8

show CaV1.2 surface levels in untreated and

glutamate stimulated neurons, respectively.

Band intensities are quantified below each

lane in the gel. These gels are representative

of the data from three separate experiments.

(C) Depolarization triggers CaV1.2 endocytosis

as measured in single cells. Schematic for the

fluorescent endocytosis assay (top bar). YFP

or anti-HA antibody fluorescence of neurons

expressing YH-CaV1.2 and treated with 5 mM

KCl or 65 mM KCl for 30 min. HA fluorescence

indicates endocytosed channels. Inset shows

a magnified view of internalized Cav1.2 chan-

nels in vesicles near the plasma membrane.

(D) Quantification of anti-HA staining in neu-

rons from the fluorescence endocytosis assay

shown in part (C) (bars 1 and 2) or control

experiments in which the unlabeled blocking

antibody or the permeabilization step was

omitted (means ± SEM; n > 70 for each condi-

tion; *p < 0.05 by Student’s t test).
necessary for depolarization-induced internalization. To

further characterize the stimuli that induce CaV1.2 inter-

nalization, we stimulated neurons with glutamate and

found that treatment with 50 mm glutamate for 20 min

led to a pronounced decrease in CaV1.2 SF to 0.25 ±

0.05 (Figure 3H). This suggests that glutamate receptors

are also linked to the signaling pathways that promote

CaV1.2 internalization.

The requirement of dyn1 for the activity-dependent de-

crease of CaV1.2 channels on the cell surface suggests

that this phenomenon is caused by channel internaliza-

tion. To provide further evidence that electrical activity

promotes internalization of CaV1.2, we conducted two in-

dependent sets of experiments. First, we performed biotin

endocytosis assays to measure the amount of CaV1.2 that

is internalized following depolarization. We labeled pro-

teins on the cell surface with a reducible biotin reagent

and then stimulated the cells for 15 min to allow for inter-

nalization. We removed the remaining surface biotin by

treating cells with glutathione, lysed the cells with deter-

gent (Figure 4A, top bar), incubated the lysate with avidin

beads, and analyzed the biotinylated proteins by immuno-

blotting. We detected biotinylated and, therefore, internal-

ized CaV1.2 channels only in the glutamate-treated cells

(Figure 4B, lanes 1–3), indicating that glutamate induced

internalization of CaV1.2. In parallel experiments, we
620 Neuron 55, 615–632, August 16, 2007 ª2007 Elsevier Inc.
used surface biotinylation to measure the total amount

of CaV1.2 on the surface of untreated and depolarized

cells. We stimulated cells for 15 min, labeled the surface

molecules with biotin, and used avidin beads to capture

biotinylated surface proteins (Figure 4A, bottom bar).

Western blot analysis of the captured proteins using

anti-CaV1.2 antibodies revealed that depolarization led

to a decrease in the amount of CaV1.2 on the cell surface

(Figure 4B, lanes 6–8). This relatively small effect likely

reflects limitations in the sensitivity of the assay but is con-

sistent with the idea that endogenous CaV1.2 channels are

internalized in response to sustained electrical activity.

To provide additional evidence for endocytosis of

CaV1.2 channels in response to depolarization, we also

carried out fluorescence endocytosis assays. We labeled

live neurons expressing YH-CaV1.2 with anti-HA anti-

bodies, depolarized the cells to trigger internalization,

blocked surface antibodies with unlabeled secondary an-

tibodies, and then fixed, permeabilized, and stained the

cells with fluorescent antibodies (scheme in Figure 4C;

see Supplemental Text 1 for further description and con-

trols). Depolarization led to a 2-fold increase in the number

of internalized channels, providing additional evidence

that depolarization leads to endocytosis of CaV1.2 (Fig-

ures 4C and 4D). The internalized channels were localized

in distinct puncta immediately under the cell surface,
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Figure 5. CaV1.2-Containing Vesicles Move Rapidly Close to the Membrane and Contain Endocytosed Channels

(A) Time-lapse TIRF microscopy images of Neuro2a cells containing YFP-CaV1.2 (rows 1 and 2) or myrisotylated YFP (row 3) and treated with 5 mM

KCl (row 1) or 65 mM KCl (rows 2 and 3) for 10 min. Depolarized cells show a pronounced decrease in YFP-CaV1.2 levels at the membrane.

(B) Average TIRF signal in Neuro2a cells containing YFP-CaV1.2 treated with either 5 mM KCl (red) or 65 mM KCl (black) or containing myristoylated

YFP (blue; n = 10 cells for each condition).

(C) Images of a cortical neuron containing mCherry-CaV1.2 taken with epifluorescence illumination (left) and TIRF illumination (right).

(D) Images of a Neuro2a cell containing YH-CaV1.2 taken with epifluorescence illumination (left) and TIRF illumination (right).

(E) Images of a cortical neuron (left) and Neuro2a cell (right) containing YH-CaV1.2 and CFP-TfR (pseudocolored red). Arrows mark examples of

vesicles containing both fluorescent proteins, and arrowheads mark examples of vesicles containing only YH-CaV1.2.

(F) Images of Neuro2a cells containing either YFP-CaV1.2 or YB-CaV1.2 and incubated with Alexa 594-conjugated bungarotoxin for 1 hr under resting

conditions. An arrow indicates an example of a vesicle containing both YB-CaV1.2 and bungarotoxin showing channel internalization.
suggesting that internalized channels are localized in ves-

icles that reside near the plasma membrane.

We next measured the time course of CaV1.2 internali-

zation in response to depolarization of the membrane.

To study this process in live neurons and to increase the

spatial resolution of our measurements, we used TIRF mi-

croscopy. TIRF microscopy exploits an evanescent wave

of light produced by the total internal reflection of a laser

that can excite fluorescent molecules in a field restricted

to �100 nm from a glass coverslip. We monitored the
N

TIRF signal in control and depolarized cells that contained

either YFP targeted to the plasma membrane with a myris-

toyl tag or YH-CaV1.2. The TIRF signal from stimulated

cells containing myristoylated YFP and from unstimulated

cells containing YH-CaV1.2 declined monotonically by

5% ± 2% and 16% ± 4%, respectively, over 10 min, reflect-

ing a small amount of membrane movement or bleaching

of the fluorophore during the experiment (Figures 5A and

5B). In contrast, the TIRF signal in depolarized cells de-

creased by 72% ± 8% before reaching a plateau (Figures
euron 55, 615–632, August 16, 2007 ª2007 Elsevier Inc. 621
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Figure 6. Electrical Activity Regulates the Dynamics of CaV1.2 Vesicles Near the Membrane

(A) Images of a cortical neuron under TIRF illumination at the indicated times during a time-lapse experiment. The final image is a pseudocolor prob-

ability map that indicates how frequently a channel was present in each location in the cell. The red circle marks a single vesicle that disappears and

reappears during the experiment.

(B) Images of a Neuro2a cell under TIRF illumination at the indicated points during a time-lapse experiment. The final image is a probability map that

indicates how frequently a channel was present at each location in the cell. The red and blue circles mark single vesicles that disappear and reappear

during the experiment.

(C) Images of a single vesicle over the course of a time-lapse experiment within the red region of interest in the cell shown in (B).
622 Neuron 55, 615–632, August 16, 2007 ª2007 Elsevier Inc.
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5A and 5B) after 600 s. After accounting for bleaching and

possible movement artifacts, depolarization caused ap-

proximately a 56% decrease in the amount of CaV1.2 at

or near the membrane of cortical neurons.

CaV1.2 Vesicles Move Rapidly Near the Plasma

Membrane in a Calcium-Dependent Manner

Closer inspection of the TIRF images of both neurons (Fig-

ure 5C and Movie S1) and Neuro2A cells (Figure 5D and

Movie S2) revealed that CaV1.2 is localized in 0.5–2 mm

diameter clusters, some of which move rapidly near the

membrane. In contrast, TIRF images of cells containing

myristoylated YFP displayed neither a punctate distri-

bution nor mobility of the fluorescence (Figure 5A and

Movie S3), indicating that the dynamic behavior of

CaV1.2 clusters was a property of the channel and not of

the cell membrane or of the YFP molecule. To determine

the identity of puncta containing CaV1.2, we transfected

neurons and neuro2A cells with YH-CaV1.2 and either

CFP-labeled Rab5, Rab7, Lamp, or transferrin receptor

(TfR) to label different intracellular compartments. Only

the TfR-CFP formed small, rapidly moving puncta that re-

sembled the size, localization, and dynamics of CaV1.2

channel clusters (Figure 5E and Movie S4). Furthermore,

we identified a small subset of vesicles that contained

YH-CaV1.2 together with CFP-TfR, suggesting that they

are localized to the same type of vesicles. TfR is a marker

of early endosomes and recycling endosomes that allow

for rapid insertion and removal of TfR from the surface in

response to changes in cellular iron levels (Bonifacino

and Traub, 2003). The similarity and occasional colocali-

zation between CaV1.2 and TfR puncta suggest that the

rapidly moving CaV1.2 clusters are located in vesicles

that have similar properties to recycling endosomes but

are not identical to those containing TfR.

To provide additional evidence that CaV1.2 puncta are

endosomes and not other protein trafficking organelles,

we determined whether these puncta contain channels

that have visited the cell surface. We introduced the

YFP-labeled CaV1.2 channel containing the Btx binding

site (YB-CaV1.2) into Neuro2a cells and incubated live

cells with 10 mg/ml of Alexa 594-conjugated Btx for 1 hr.

In control cells expressing YFP-CaV1.2, Btx did not label

any of the CaV1.2 clusters that could be observed by

TIRF microscopy (Figure 5F). In contrast, in cells express-

ing YB-CaV1.2, we observed colocalization between many

YFP- and Btx-labeled clusters, suggesting that many of
the CaV1.2 spots visible by TIRF had been exposed to

the extracellular environment where they bound to Btx.

We next characterized the trafficking of CaV1.2 more

comprehensively by measuring the dynamic behavior of

CaV1.2 vesicles using TIRF microscopy. We collected

TIRF images every 60 ms for 6 s and analyzed the move-

ment of CaV1.2 puncta in resting neurons and Neuro2a

glioblastoma cells. To determine when a CaV1.2 vesicle

was close to the cell membrane, we transformed each

TIRF image into a binary image using a threshold set at

three standard deviations above the mean of the camera

and photon noise (3s threshold). The 3s threshold inher-

ently excluded 99.7% of the noise generated by the acqui-

sition system and limited the number of false events to

3 per 1000 frames of acquisition, resulting in less than one

false event per experiment. We summed the binary im-

ages from an experiment and divided by the total number

of frames to create a probability image in which the value

of each pixel represents the probability that a punctum

occupied that subcellular location during an experiment

(Figures 6A and 6B). This analysis revealed that both

neurons and Neuro2a cells have two populations of

CaV1.2 puncta: a population of stable puncta that are rel-

atively static for the duration of the recording and a popu-

lation of dynamic puncta that move rapidly in and out of

the TIRF excitation field (Figures 6A–6C). To study the

trafficking of the dynamic CaV1.2 vesicles, we selected

regions of Neuro2a cells that contained CaV1.2 puncta

between 5% and 75% of the time. We measured the fluo-

rescent signal in these regions as a function of time and

applied the 3s threshold to determine when a vesicle

was close to the membrane (Figures 6D and 6E and Movie

S5). We used this information to calculate the lifetimes of

a vesicle at and away from the membrane and discovered

that CaV1.2 vesicles spent an average of 180 ms close to

the membrane and �240 ms away from the membrane

(Figures 6Fi and 6Gi). Thus, in a resting cell, dynamic ves-

icles containing CaV1.2 are close to the membrane an

average of 32% ± 5% of the time (Figure 6H).

To determine whether activity modulates the trafficking

of CaV1.2 vesicles, we measured their behavior in depolar-

ized cells. After 5 min of depolarization (the t1/2 for internal-

ization in whole-cell TIRF images), the time that the vesi-

cles were absent from the cell surface was unchanged,

but their median residence time at the surface decreased

from 180 ms to 60 ms (Figures 6Fii and 6Gii; see Supple-

mental Text 2 for discussion of measurement errors and
(D) Plot of fluorescence intensity versus time for the vesicle shown in (C) (black) and for an adjacent background region (red). The 3s threshold (red line)

was set to exclude 99.7% of the signal from the background region.

(E) A binary representation of the fluorescence intensity trace in (D). Time points classified as ‘‘present’’ exceeded the threshold, whereas time points

classified as absent fell below it.

(F) Histograms of the membrane residence time of CaV1.2 vesicles in Neuro2a cells under control (top) and depolarizing (bottom) conditions (n > 50

vesicles for each condition). For each histogram, the distribution was well fit by a single exponential equation. Medians under control and depolarized

conditions were found to differ with p < 0.005 by Mann-Whitney test.

(G) Histograms of the membrane absence time of CaV1.2 vesicles in Neuro2a cells under control (top) and depolarizing (bottom) conditions (n > 50

vesicles for each condition). For each histogram, the distribution was well fit by a single exponential.

(H) Cumulative surface probability of CaV1.2 vesicles under control (bar 1) or depolarizing (bar 2) conditions (means ± sem; *p < 0.01 by Student’s

t test).
Neuron 55, 615–632, August 16, 2007 ª2007 Elsevier Inc. 623
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Supplemental Text 3 for analysis of vesicles containing

CFP-TfR). As a result, vesicles spent an average of 11% ±

3% of the time close to the cell surface in depolarized

cells (Figure 6H), indicating that depolarization alters the

surface dwell time of CaV1.2 channels.

To investigate whether the decrease in membrane dwell

time of CaV1.2 vesicles reflects an increase in their re-

trieval or a decrease in their delivery, we analyzed the dis-

tribution of membrane residence and absence times for

many vesicles. The distributions of CaV1.2 residence

times at the membrane in both control and depolarized

cells were well fit by single exponentials, suggesting that

channel internalization proceeds according to a first-order

stochastic process analogous to the microscopic kinetics

of channel gating. If this is the case, then the time constant

of a channel at the membrane (t) is inversely related to the

rate of channel internalization (Hille, 2001). We found that

the t decreased from 171.53 to 59.57 ms upon depolariza-

tion, implying that there is a 3-fold increase in the rate of

channel internalization in response to depolarization. We

found no significant difference in the distribution of ab-

sence times between control and depolarized cells, sug-

gesting that electrical activity does not affect the rate of

channel delivery to the membrane.

CaV1.2 Binds to eIF3e

We next investigated what region of Cav1.2 is important

for activity-dependent internalization. The intracellular

loop between the channel’s second and third repeats

(II-III loop) might participate in channel internalization

because it has already been implicated in trafficking of

P/Q-type Ca2+ channels to the synapse (Catterall, 1998)

and because it contains several patches of glutamates,

which have been implicated in the endocytosis of other

membrane proteins (Bonifacino and Traub, 2003). To

test this hypothesis, we expressed the isolated II-III loop

in cortical neurons along with YH-CaV1.2 and measured

internalization in response to electrical activity. Overex-

pression of the soluble II-III loop dramatically reduced

CaV1.2 internalization in neurons, suggesting that this

domain may sequester proteins that are necessary for

channel internalization (Figure 7A).

To identify the specific molecules necessary for channel

internalization, we performed a yeast two-hybrid screen

using the II-III loop of CaV1.2 as the bait. Approximately

80% of the clones that we isolated from this screen en-

coded eIF3e, a 48 kDa protein that is a modulatory subunit

of the translation initiation machinery and is also important

for maintaining cell membrane integrity and regulating

proteolysis in yeast (von Arnim and Chamovitz, 2003).

eIF3e is also interesting because the eIF3e/INT6 locus

is a common insertion site for the mouse mammary tumor

virus (Asano et al., 1997). To determine whether CaV1.2

and eIF3e interact in mammalian cells, we first asked

whether the proteins colocalize in HEK293T cells. When

expressed independently, CaV1.2-YFP localized to the cell

membrane and intracellular compartments, while CFP-

eIF3e appeared uniformly throughout the cytoplasm (Fig-
624 Neuron 55, 615–632, August 16, 2007 ª2007 Elsevier Inc.
ure 7B). However, when the two molecules were coex-

pressed, CFP-eIF3e was recruited to the membrane

where it colocalized with CaV1.2-YFP. This finding sug-

gests that CaV1.2 can specifically alter the localization of

eIF3e.

To determine whether CaV1.2 and eIF3e are part of the

same protein complex, we transfected HEK293T cells with

plasmids encoding CaV1.2 and a myc-tagged eIF3e and

then immunoprecipitated CaV1.2 using a CaV1.2 antibody.

eIF3e was detected in immunoprecipitates from cells ex-

pressing both eIF3e and CaV1.2, but not from cells trans-

fected with CaV1.2 and a control vector or with eIF3e alone

(Figure 7C). In the reverse experiment, when eIF3e was

immunoprecipitated using a myc antibody, CaV1.2 was

coimmunoprecipitated in extracts from cells expressing

both proteins, but not from cells expressing either

CaV1.2 or eIF3e alone (Figure 7D). To determine whether

these proteins interact directly, we performed pull-down

experiments in vitro using a recombinant, GST-tagged

II-III loop from CaV1.2 and in vitro-translated, radio-la-

beled eIF3e. We detected eIF3e binding to the purified

GST-II-III loop, but not to GST alone (Figure 7E), suggest-

ing that binding of eIF3e to CaV1.2 is direct. We then

tested whether the endogenous CaV1.2 and eIF3e interact

in the brain. We purified the membranes from P5 rat cortex

and detected strong expression of both CaV1.2 and eIF3e

in this preparation. Immunoprecipitation using a control

antibody did not isolate either protein, but an immunopre-

cipitation with anti-CaV1.2 enriched both the channel and

eIF3e (Figure 7F).

Finally, we examined whether the interaction between

CaV1.2 and eIF3e is regulated by neuronal activity. Be-

cause HEK293T cells are constitutively depolarized and

the activity of whole brains is difficult to control, we used

Neuro2A neuroblastoma cells, which are efficiently trans-

fected and not depolarized at rest. We transfected Neu-

ro2a cells with expression plasmids encoding FLAG/

myc-Cav1.2 and eIF3e-myc and immunoprecipitated

Cav1.2 using an anti-FLAG antibody. In resting cells, an

antibody against CaV1.2 coimmunoprecipitated little

eIF3e, whereas in depolarized cells it coimmunopre-

cipitated large amounts of eIF3e (Figure 7G). When we

depolarized cells in the absence of extracellular Ca2+,

the binding between eIF3e and CaV1.2 was eliminated,

suggesting that recruitment of eIF3e to CaV1.2 depends

on Ca2+ influx.

Mapping of the Cav1.2/eIF3E Interaction Reveals

a Conserved eIF3e-Binding Domain

To identify the regions of CaV1.2 responsible for binding

to eIF3e more precisely, we subdivided the II-III loop into

three fragments and tested their ability to interact with

eIF3e in a yeast two-hybrid assay (Figure 8A). The two

N-terminal fragments (aa 785–831, aa 832–881) did not

bind to eIF3e, but the C-terminal 48 amino acids (aa

882–929) interacted as strongly with eIF3e as the com-

plete II-III loop. To further define the amino acids neces-

sary for eIF3e binding, we sequentially added residues
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Figure 7. The CaV1.2 II-III Intracellular

Loop Binds to eIF3e in a Calcium-Depen-

dent Manner

(A) CaV1.2 SF in cortical neurons containing

YH-CaV1.2 and a vector (bars 1 and 2) or the

CaV1.2 II-III intracellular loop (bar 3). Neurons

were treated with 5 mM KCl (bar 1) or 65 mM

KCl (bars 2-3) (means ± SEM; *p < 0.05 by

Mann-Whitney test).

(B) Epifluorescence images of HEK293T cells

containing CFP-eIF3e (pseudocolored red)

and either YFP or LTC-YFP. An arrow indicates

an example region of colocalization at the mem-

brane between CFP-eIF3e and LTC-YFP.

(C) CaV1.2 immunoprecipitates eIF3e-myc. Left

panels show CaV1.2 and eIF3e-myc levels in the

lysates from HEK293T cells. Right panels show

the levels of CaV1.2 and eIF3e following immu-

noprecipitation with an anti-CaV1.2 antibody.

(D) eIF3e-myc immunoprecipitates CaV1.2. Left

panels show CaV1.2 and eIF3e-myc levels in the

lysates from HEK293T cells. Right panels show

the levels of CaV1.2 and eIF3e following immu-

noprecipitation with an anti-myc antibody.

(E) A purified CaV1.2 II-III loop immunoprecipi-

tates eIF3e. Autoradiograms showing in vitro-

translated eIF3e (left) and immunoprecipitation

of this eIF3e with GST or GST fused to the II-III

loop (right). The bottom panel shows Coomas-

sie staining of the purified GST and GST-II-III

that was incubated with radiolabeled eIF3e.

(F) Endogenous CaV1.2 immunoprecipitates

eIF3e in the brain. Immunoblotting for CaV1.2

and eIF3e was performed on membrane frac-

tions from P5 rat brain before immunoprecipita-

tion (lane 1) and after immunoprecipitation with

a control antibody or an antibody against

CaV1.2.

(G) CaV1.2 immunoprecipitation of eIF3e is in-

ducible. Immunoprecipitation of CaV1.2 from

Neuro2a cells containing Flag/myc-CaV1.2 and

eIF3e-myc following treatment with 5 mM KCl

or 65 mM KCl with or without extracellular Ca2+.
from the C-terminal fragment to the adjacent N-terminal

fragment (aa 832–881) until we restored the ability to

bind to eIF3e. We identified three amino acids, isoleu-

cine-phenylalanine-serine (IFS), at positions 884–886

that were critical for binding of the II-III loop to eIF3e

(Figure 8A).

Alignment of the protein sequences of six CaV1.2 homo-

logs from man to zebrafish revealed that all three of these

critical residues were perfectly conserved (Figure 8B). We

next compared the amino acid sequence in this region for

all L-, N-, and P/Q-type VGCCs from Rattus Norvegicus.

Their sequences segregated into three classes based on

variation at position 884 (isoleucine or cysteine) and posi-

tion 885 (phenylalanine or leucine): CaV1.1, 1.2, and 2.3

contain IFS; CaV1.3 and 2.1 contain ILS; and CaV1.4 and

2.2 contain CLS (Figure 8D). To test whether these differ-

ences affected the binding of CaV channels to eIF3e, we

cloned the II-III loops of CaV1.2, 1.3, and 2.2 into the yeast

bait vector and performed interaction assays with eIF3e.

We found that CaV1.2 (IFS) and CaV1.3 (ILS) bound
eIF3e with equal strength, whereas CaV2.2 (CLS) did not

bind at all (Figure 8C). Based on these results, we con-

cluded that this region, particularly the isoleucine at

position 884, is crucial for the binding of CaV channels to

eIF3e, and further that channels that contain an I(F/L)S

motif (CaV1.1, CaV1.2, CaV1.3, CaV2.1, CaV2.3) bind

eIF3e, whereas those containing a CLS motif (CaV1.4,

CaV2.2) bind less strongly or not at all (Figure 8D).

To determine whether the IFS sequence is important for

CaV1.2 binding to eIF3e in the context of the full channel,

we replaced residues 884 and 885 of the CaV1.2 sequence

to create a mutant channel, CaV1.2(CLS), that lacks the

putative eIF3e-binding domain. When CaV1.2(CLS) was

expressed in HEK293T cells, the cells produced the

mutant at levels similar to the wild-type channel, and

both channels could be immunoblotted and immuno-

precipitated using an antibody against the wild-type

CaV1.2 (Figure 8E). However, when we transfected plas-

mids encoding either CaV1.2 or CaV1.2(CLS) together

with eIF3e-myc and immunoprecipitated eIF3e with an
Neuron 55, 615–632, August 16, 2007 ª2007 Elsevier Inc. 625
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Figure 8. The II-III Loop of CaV1.2 Contains an eIF3e-Binding Domain

(A) Schematic representation of CaV1.2 (top). Schematic of CaV1.2 II-III loop deletion constructs (left) and their performance as bait vectors in yeast

interaction studies with eIF3e (right). All constructs support growth on nonselective media (right), whereas only fragments capable of interacting with

eIF3e support growth on selective media (left).

(B) Alignment of the region surrounding the eIF3e-binding domain of CaV1.2 in six species with the conserved binding site highlighted in blue.

(C) Yeast two-hybrid analysis of eIF3e binding for the II-III intracellular loops of rat CaV1.2, CaV2.2, and CaV1.3. All channel loops support growth on

nonselective media (right), but only CaV1.2 and CaV1.3 support growth on selective media (left).

(D) Phylogenetic tree of CaV channels organized by their sequence in the eIF3e binding domain.

(E) eIF3e immunoprecipitates CaV1.2, but not CaV1.2(CLS). Western blot analysis of HEK293T cells containing eIF3e-myc together with CaV1.2

(lane 1) or CaV1.2(CLS) (lane 2). Membranes were immunoblotted before (bottom two panels) and after (top two panels) immunoprecipitation with

a CaV1.2 antibody.
anti-myc antibody, we could enrich CaV1.2 substantially

better than CaV1.2(CLS) (Figure 8E).

Binding to eIF3e Is Required for Activity-Dependent

Internalization of CaV1.2

To determine whether eIF3e plays a role in the activity-

dependent internalization of CaV1.2, we first tested
626 Neuron 55, 615–632, August 16, 2007 ª2007 Elsevier Inc.
whether eliminating the interaction of CaV1.2 with eIF3e af-

fected channel surface expression and Ca2+-dependent

internalization. To generate a channel that lacked eIF3e

binding and could be detected on the surface, we made

mutations in YH-CaV1.2 so that it contained the CLS muta-

tion that reduces eIF3e binding. Although these channels

elevated calcium as well as YH-CaV1.2 (Figure S1), the
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CaV1.2(CLS) SF in resting cells was slightly lower than that

of the wild-type (0.76 ± 0.06 versus 0.63 ± 0.11; Figure 3H

for wild-type data, Figures 9A and 9B for mutant data), in-

dicating that the eIF3e-binding domain may play a minor

role in setting the number of CaV1.2 channels at the surface

under basal conditions. However, when we measured the

effect of depolarization on the surface expression of YH-

CaV1.2(CLS), we found that there was only a small de-

crease in the fraction of YH-CaV1.2(CLS) channels on the

surface in contrast to the dramatic decrease observed

for wild-type channels (Figure 3H for wild-type data, Fig-

ures 9A and 9B for mutant data).

Because mutation of the IFS site on CaV1.2 could also

affect the interaction of the channel with other proteins,

we wanted to test the role of eIF3e in CaV1.2 internaliza-

tion using an independent method. We designed three

short hairpin RNAs (shRNAs) against the eIF3e coding se-

quence (sheIF3e) to reduce its expression in neurons. We

first verified that these constructs decrease the levels of

eIF3e protein (Figure S5) and then introduced YH-CaV1.2

into neurons together with sheIF3e or a control shRNA.

The sheIF3e almost completely prevented channel inter-

nalization upon depolarization, whereas the control shRNA

had no effect on Ca2+-induced internalization of CaV1.2

(Figures 9A and 9C). To further demonstrate the impor-

tance of eIF3e function in regulating the number of Cav1.2

channels at the surface, we introduced into neurons p56,

a virally induced protein that sequesters subunits of eIF3.

The human p56 binds directly to eIF3e and inhibits its asso-

ciation with the eIF3 complex (Guo et al., 2000). Neurons

expressing human p56 failed to internalize CaV1.2 in re-

sponse to depolarization (Figure 9C). Taken together, these

results indicate that the loss of eIF3e availability, either by

knockdown of the mRNA or sequestration of the protein,

blocks the activity-dependent internalization of CaV1.2.

We next wanted to determine whether eIF3e binding to

CaV1.2 is important for the internalization of CaV1.2 in live

cells. We introduced YH-CaV1.2(CLS) into Neuro2a cells

and measured the fluorescence near the membrane fol-

lowing depolarization using time-lapse TIRF microscopy.

The TIRF signal from the YH-CaV1.2(CLS) channel began

declining at the same time as the signal from wild-type

channels, but the fluorescence (corrected for bleaching)

only decreased by 13% ± 6% over a 600 s experiment

(Figure 9D) compared to a more than 60% decline of the

wild-type channel. To test whether binding of eIF3e af-

fected the trafficking dynamics of CaV1.2-containing

vesicles, we measured the movement of CaV1.2(CLS)

vesicles in images captured every 60 ms using TIRF

microscopy. The vesicles containing YH-Cav1.2(CLS)

were similar in size and number to vesicles containing

the wild-type channel but had a median surface residence

time of only 120 ms (Figure 9E), compared to 180 ms for

the wild-type. Importantly, whereas depolarization de-

creased the residence time of wild-type CaV1.2 3-fold, it

had no effect on the average surface residence time of

CaV1.2(CLS) vesicles (Figures 9E and 9F). These results

indicate that an inability to bind to eIF3e alters the kinetics
N

of CaV1.2 vesicle trafficking and reduces the influence of

electrical activity on channel trafficking.

Finally, we wanted to determine whether eIF3e regu-

lates the internalization of endogenous Ca2+ channels

in primary neurons. To test the effect of eIF3e on the

[Ca2+]i rise caused by activation of VGCCs, we first mea-

sured [Ca2+]i using Ca2+ imaging in neurons either overex-

pressing eIF3e or expressing sheIF3e to reduce eIF3e

levels (Figure 9G). Expression of sheIF3e caused an in-

crease in the [Ca2+]i elevation triggered by depolarization,

whereas overexpressing eIF3e decreased the size of the

[Ca2+]i rise. Because the sustained [Ca2+]i elevation is

largely mediated by LTCs (Figure S6), this finding also

suggests that eIF3e plays a role in regulating LTC function.

To measure the effects of eIF3e expression on the inter-

nalization of endogenous Ca2+ channels directly, we re-

corded Ca2+ currents using whole-cell patch-clamping of

hippocampal neurons (Figure 9H). We introduced sheIF3e

into hippocampal neurons and used voltage steps from

�80 to 0 mV to activate VGCCs in either untreated cells

or cells that had been depolarized for 20 min. Reducing

the expression of eIF3e using sheIF3e largely prevented

the reduction of VGCC currents caused by sustained elec-

trical activity. Taken together, these physiological record-

ings provide additional support for the idea that eIF3e

plays a role in the internalization of CaV1.2 channels in

neurons in response to electrical activity.

DISCUSSION

The mechanisms that regulate the surface expression of

VGCCs are likely to have profound cell-biological conse-

quences in neurons. In this study, we present evidence

that the number of CaV1.2 channels at the cell surface is

coupled to the level of electrical activity via a mechanism

that involves Ca2+-dependent binding of CaV1.2 to eIF3e,

a known tumor suppressor.

The CaV1.2/eIF3e Signaling Complex

The conditional binding of eIF3e to CaV1.2 suggests that

the composition of the CaV1.2 protein complex may be

an important factor in channel regulation. Several other

proteins have been found in a complex with CaV1.2,

including calmodulin, Akap15, and Akap79, and these

associations play an important role in connecting CaV1.2

to intracellular signaling pathways (Davare et al., 1999;

Peterson et al., 1999). Of these binding proteins, eIF3e is

unusual in that it is recruited to the channel in response

to [Ca2+]i elevation. Our results using purified proteins

suggest that CaV1.2 and eIF3e can bind to each other

directly, but in Neuro2A cells, CaV1.2 and eIF3e require

activation of the channel and a [Ca2+]i elevation for bind-

ing. This disparity suggests that, under resting conditions

in cells, eIF3e fails to bind CaV1.2 either because another

protein blocks the eIF3e-binding site on the channel or

because other proteins sequester eIF3e. Determining

the mechanisms by which channel activation and [Ca2+]i
regulate the CaV1.2 protein complex and eIF3e binding
euron 55, 615–632, August 16, 2007 ª2007 Elsevier Inc. 627



Neuron

Activity-Dependent Calcium Channel Trafficking
Figure 9. Binding of eIF3e Is Required for the Activity-Dependent Internalization of CaV1.2

(A) Cultured cortical neurons stained without permeabilization using an anti-HA antibody. Neurons contained YH-CaV1.2(CLS), a control shRNA

(third row), or sheIF3e (bottom row) and were treated as indicated for 30 min.

(B) CaV1.2 SF in cortical neurons containing YH-CaV1.2(CLS) and treated with 5 mM KCl (bar 1) or 65 mM KCl (bar 2) (means ± SEM; n > 35 for each

condition).

(C) CaV1.2 SF in cortical neurons treated with 65 mM KCl and containing a control shRNA (red), sheIF3e (blue), a control vector (black), or p56 (orange)

(means ± SEM; n > 35 for each condition; *p < 0.05 by Mann-Whitney test).

(D) Average TIRF signal in Neuro2a cells containing YFP-CaV1.2 (black) or YFP-CaV1.2(CLS) (red) during 10 min of treatment with 65 mM KCl. Data for

CaV1.2 are shown in 2B and reprinted here for comparison. (n = 10 for each condition).

(E) Histograms of the membrane residence time of CaV1.2(CLS) vesicles in Neuro2a cells under control (top) and depolarizing (bottom) conditions

(n > 50 vesicles for each condition). For each histogram, the distribution was well fit by a single exponential equation.

(F) Cumulative surface probability of CaV1.2(CLS) vesicles under control (bar 1) or depolarizing (bar 2) conditions (means ± SEM).

(G) Calcium imaging of cortical neurons containing a control vector (black), a plasmid encoding eIF3e, or a plasmid encoding sheIF3e (blue) and

treated with 65 mM KCl for 1000 s (means ± SEM; n > 20 cells for each condition).

(H) Currents recorded from cultured hippocampal neurons expressing sheIF3e without stimulation (black) or treated with 65 mM KCl for

30 min (red).
628 Neuron 55, 615–632, August 16, 2007 ª2007 Elsevier Inc.
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to the channel will be an interesting and important avenue

for future research.

One important consequence of the binding between

eIF3e and CaV1.2 is a change in the number of CaV1.2

channels at the cell surface. Because mutation of the

eIF3e-binding site in CaV1.2 both disrupts channel endo-

cytosis and alters vesicle retrieval from the membrane,

we believe that eIF3e is necessary for both of these pro-

cesses. Precisely how eIF3e regulates CaV1.2 vesicle traf-

ficking is unclear. One possibility is that there is direct

molecular contact between eIF3e and elements of the

endocytic machinery. Alternatively, eIF3e binding to

CaV1.2 may be necessary to reveal regions of CaV1.2

that are necessary for the recognition of endocytosed

channels by the vesicle sorting machinery. Indeed, the

CaV1.2 II-III loop contains several acidic clusters (aa

799–805 and 878–884) that have been shown to link other

membrane proteins with the clathrin-dependent internali-

zation machinery.

The involvement of eIF3e in channel internalization may

clarify some unexplained connections between ion chan-

nel internalization and protein homeostasis. Studies of

ionotropic glutamate receptor internalization have dem-

onstrated that inhibitors of either protein translation or

protein degradation block their internalization (Patrick

et al., 2003; Snyder et al., 2001). The molecular basis for

these effects is poorly understood, but an intriguing possi-

bility is that the inhibitors freeze the translation and degra-

dation machinery in a state that prevents eIF3e from dis-

sociating and binding to ion channels. Although eIF3e

has been found in complex with both the translation initi-

ation and protein degradation machinery, we were unable

to detect the presence of either complex associated with

CaV1.2 by biochemical methods (E.M.G. and R.E.D., un-

published data), suggesting that the association of eIF3e

with CaV1.2 may coincide with its dissociation from the

translation and degradation complexes. Similar dynamic

regulation of eIF3 subunits has been observed in lympho-

cytes, where Ca2+ influx induces a reorganization of the

eIF3 complex and increases the rate of protein translation

(Miyamoto et al., 2005). One clue to the significance of

eIF3 reshuffling comes from S. pombe, where different

subsets of mRNAs associate with different combinations

of eIF3 subunits (Zhou et al., 2005). These data suggest

that the composition of eIF3 may be an important target

of external stimuli that affect the activity and specificity

of translation. Less is known about the consequences of

eIF3e association with the proteasome, but it has been

proposed that the conditional association of eIF3e may

play a similar role in sculpting the activity and specificity

of degradation. In neurons, the binding of eIF3e to

CaV1.2 may provide a molecular mechanism for a coordi-

nated response to electrical activity that combines

changes in translation and degradation with selective re-

moval of ion channels from the cell surface.
Calcium-Dependent Modification of VGCC Signaling

The ability of Ca2+ to regulate the surface expression and

vesicle kinetics of CaV1.2 provides a mechanism for neg-

ative feedback in VGCC signaling. On the timescale of

hours to days, Ca2+ signals modulate the transcription of

Ca2+ pumps, Na+/Ca2+ exchangers, and Ca2+ channels

(Gabellini et al., 2002; Guerini et al., 1999). Additionally,

in the case of VGCCs, Ca2+ limits influx by inactivating

the channel within milliseconds after it enters the cell.

Our experiments identify channel endocytosis as a third

Ca2+-dependent feedback mechanism that operates on

a timescale of minutes to hours. The combination of feed-

back loops on multiple timescales is a common feature in

signal transduction and allows for complex control of sig-

naling network behaviors.

In this study, we focused our experiments on the traf-

ficking of CaV1.2, but our results are applicable to other

VGCCs. The combination of our Ca2+ imaging experi-

ments in cortical neurons and domain-mapping experi-

ments in yeast suggests that eIF3e can regulate CaV1.1,

CaV1.3, CaV2.1, and CaV2.3, but not CaV2.2 or CaV1.4.

The putative inability of these channels to bind eIF3e sug-

gests that electrical activity selectively decreases the cell-

surface expression of some ion channels without affecting

others. Two groups recently demonstrated that CaV2.2

does undergo endocytosis in response to activation of

GABAB or ORL1 receptors by a G protein-coupled pro-

cess (Altier et al., 2006; Tombler et al., 2006). Together

with our data, these findings suggest that endocytosis is

a common mechanism of channel regulation that allows

for regulation of specific types of channels in response

to diverse stimuli.

Dynamic Regulation of Local and Global

Calcium Signaling

The regulated surface expression of CaV1.2 provides

a mechanism for tuning of excitability that can protect

neurons from pathologic insults and allow them to adapt

to changing environments during development and syn-

aptic transmission. The local changes in [Ca2+]i in spines

and dendrites caused by synaptic stimulation can be

very large, and such elevation may be an important signal

for local internalization of LTCs (Koch and Zador, 1993).

This idea is supported by our observation of rapidly traf-

ficking CaV1.2 vesicles near the membrane, which implies

that neurons regulate the surface expression of CaV1.2

channels in a more local and dynamic manner than previ-

ously appreciated. Even in neurons subjected to global

changes in electrical activity, continuous regulation of

membrane excitability has been observed (Burrone and

Murthy, 2003). In cultured neurons, this is manifested by

the decrease in Ca2+ currents of neurons subjected to sev-

eral days of tonic electrical activity or membrane depolar-

ization. In sum, these results argue that regulated surface

expression may contribute to the remodeling of Ca2+
(I) Normalized current densities recorded from cultured hippocampal neurons producing sheIF3e without stimulation or treated with 65 mM KCl

for 20 min (means ± SEM; n = 3–8 neurons per condition).
Neuron 55, 615–632, August 16, 2007 ª2007 Elsevier Inc. 629
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signals under many conditions in neurons and neuronal

cells. Furthermore, our discovery that eIF3e is involved

in this process hints that regulation of Ca2+ signaling

may have unexpected connections to protein homeosta-

sis and oncogenesis.

EXPERIMENTAL PROCEDURES

Electrophysiology

Cells were voltage-clamped at –80 mV, and pulse depolarizations to

0 mV (the voltage eliciting maximum inward current; data not shown)

were applied at 10 s intervals. To compensate for day-to-day and cul-

ture-to-culture variability, each day the average control (unstimulated)

current density was measured, and all recordings were normalized to

that value.

See Supplemental Experimental Procedures for further details.

Subcellular Fractionation and Western Blotting

Western blots were performed using standard protocols (Gomez-

Ospina et al., 2006). To detect endogenous proteins in the brain,

we rapidly removed the brain from P5-7 rats and homogenized it in

320 mM sucrose and 20 mM HEPES homogenization buffer (pH 7.2),

containing 1 mM EDTA, 1 mM dithiothreitol, complete protease inhib-

itors (Roche Applied Science), and calpain inhibitors (A.G. Scientific).

Anti-CaV1.2 II-III loop was purchased from Chemicon or BD Biosci-

ences; Anti-flag M2 was purchased from Sigma. Anti-myc 4E6 was

purchased from Upstate. Rabbit anti-eIF3e was a kind gift of Dr. Chris

Norbury (Oxford University). For more details see Supplemental

Experimental Procedures.

Immunofluorescence

After stimulation, cells were immediately fixed for 20 min with 4% para-

formaldehyde/PBS and blocked for 30 min with a solution of 3% BSA/

PBS with 0.3% Triton X-100 added to permeabilize the cells where

indicated. Cells were incubated overnight with anti-HA 3F10 (Roche)

diluted 1:1000 in 3% BSA/PBS. After rinsing with PBS, the cells

were then treated with goat anti-rat secondary antibody conjugated

to Alexa 594 (1:1000, Molecular Probes) and Hoechst 33258 (1:10000).

To eliminate measurement bias, cells for analysis were selected by

scanning the slides in the YFP or GFP channel to identify transfected

cells. Once a transfected cell was identified, images were captured

automatically using a custom-written automation in OpenLab (Impro-

vision) using dichroic mirrors to select for YFP or GFP, Alexa 594,

and UV excitation wavelengths. A consistent set of acquisition param-

eters was used for each set of images.

To calculate the ratio of HA to YFP fluorescence, we selected re-

gions of interest (ROIs) in the YFP image that encompassed the

soma of each transfected neuron. The total fluorescence of each

ROI was automatically measured for the YFP and Alexa 594 images

and the cellular ratio of HA:YFP was calculated. This value was con-

verted into the surface fraction by reference to a standard curve con-

structed from the YFP and HA intensity values in permeabilized cells.

For each cell, we divided the anti-HA signal by 4.7 to convert it to

YFP fluorescence units and then divided this value by the YFP fluores-

cence to obtain the surface fraction of CaV1.2 channels (CaV1.2 SF).

All slides were visualized by conventional epifluorescence micro-

copy using a cooled CCD camera (Hamamatsu Orca-2) coupled to

an inverted Nikon Eclipse TE2000-U microscope. All statistical analy-

sis was performed using Prism 4 (GraphPad Software).

Biotinylation Assays

Surface biotinylation and biotin endocytosis assays were carried out

following established protocols (Ehlers, 2000). For both assays, cul-

tured rat cortical neurons at 7 DIV were washed three times with

PBS++ (PBS plus 1 mM MgCl2 and 2.5 mM CaCl2). For the surface bio-

tinylation assay, neurons were first stimulated with 50 mM glutamate or
630 Neuron 55, 615–632, August 16, 2007 ª2007 Elsevier Inc.
mock treated for 15 min at 37�C to allow endocytosis to occur. The

cells were then incubated with 1.5 mg/ml sulfo-NHS-SS-biotin (Pierce)

in PBS++ for 20 min at 4C, and unreacted biotin was quenched with

cold 50 mM glycine in PBS++.

For the biotin endocytosis assay, the cells were first incubated with

1.5 mg/ml sulfo-NHS-SS-biotin (Pierce) in PBS++ for 15 min at 4�C,

and unreacted biotin was quenched with cold 50 mM glycine in

PBS++. Cells were then treated with 50 mM glutamate or mock treated

for 15 min at 37�C to allow endocytosis to occur. One-quarter of the

sample was removed at this stage for analysis of total protein levels.

In the rest of the sample, remaining surface biotin was cleaved by re-

ducing the disulfide bonds with glutathione cleavage buffer (50 mM

glutathione in 75 mM NaCl, 10 mM EDTA containing 1% BSA, 0.075

NaOH) twice for 15 min at 4�C. Unreacted glutathione was quenched

with 5 mg/ml iodoacetamide in PBS++ (one rinse, followed by two

5 min incubations).

In both experiments, membranes were prepared as described

above and incubated overnight at 4�C with neutravidin beads (Pierce).

The beads were washed three times with washing buffer (50 mM Tris

[pH 7.4], 2 mM EDTA, 100 mM NaCl, and protease inhibitors) and

eluted with boiling SDS sample buffer. After PAGE, western blotting

was performed with anti-CaV1.2 (Chemicon). Quantification was per-

formed using ImageJ software, and all values were normalized against

the highest intensity in a given gel. Lanes 1–3 and 6–8 are from the

same gel and are presented separately for clarity of explanation.

Fluorescent Endocytosis Assays

Live cortical neurons were treated with 10 mg/ml mM anti-HA 3F10 and

incubated for 10 min at 37�C. Cells were then washed three times in

fresh media and subjected to 30 min of depolarization with 65 mM

KCl or a mock treatment. Neurons were then fixed with 4% PFA/

PBS and surface epitopes blocked by treatment with unlabeled anti-

rat IgG. Finally, cells were permeabilized with detergent and treated

with anti-rat IgG conjugated to Alexa 594.

Total Internal Reflection Fluorescence Microscopy

Image Analysis

Background subtraction was performed by identifying a reference area

containing no cellular fluorescence and subtracting the average value

in that region from each image. Average whole-cell intensity was deter-

mined by selecting an ROI corresponding to the cell’s footprint in the

first image and measuring the average intensity in that region over

the entire time course. Cells that moved out of this ROI were excluded

from analysis.

To quantify the motion of vesicles, the images were first corrected to

account for bleaching. Because our experiments indicated that a sig-

nificant change in surface channel levels did not occur over the course

of 6 s, we concluded that any decrease in intensity was due to bleach-

ing. Next, a 1 mm2 ROI was visually selected in a region of the cell that

never contained a fluorescent vesicle. The fluorescence intensity of

this background region was measured as a function of time during

the course of the experiment and used to determine the threshold

for detection of vesicles at the membrane. The threshold was set to

the mean fluorescence of the background region plus three times

the standard deviation of this region (3s threshold). The 3s threshold

eliminates 99.7% of the background events at the membrane resulting

in 3 false events per 1000 time points. The threshold was then applied

to convert each frame into a binary image, and the binary images were

summed to generate a pseudocolored image corresponding to the

probability of a fluorescent molecule being present in each subcellular

location.

Using these probability images, 1 mm2 ROIs were drawn in areas that

contained a vesicle between 5% and 75% of the time. The time-

dependent fluorescence intensity of these regions was measured in

the raw time-lapse movies. The raw data were then filtered with an

8 Hz low-pass filter to eliminate camera noise and shot noise and

then converted into binary signals using the 3s threshold. This yielded



Neuron

Activity-Dependent Calcium Channel Trafficking
a time-dependent binary measurement of channel presence or

absence from the cell membrane. The dwell time of channels at the

membrane was measured for more than 50 ROIs from at least five cells

per condition. These measurements of dwell time at the membrane

were compiled into histograms that were well fit by single exponential

functions. All the analysis was performed in Igor Pro 5 (Wavemetrics)

using custom-written software that is available upon request.

Image Acquisition

See Supplemental Experimental Procedures.

Calcium Imaging

Imaging and analysis were carried out as previously described in

Dolmetsch et al. (2001). Briefly, cells were loaded with Fura-2 a.m.

ester, placed on the stage of an automated fluorescent microscope,

and analyzed using time-lapse ratiometric imaging (see Supplemental

Experimental Procedures for more details).

Yeast Two-Hybrid Assays

Assays were performed using standard techniques as previously

described (Bultynck et al., 2006). See Supplemental Experimental

Procedures for further details.

GST Pull-Down Assays

GST fusion proteins were incubated with radiolabeled in vitro-trans-

lated eIF3e, immunoprecipitated with glutathione agarose beads,

washed, and western blotted as described (Serber et al., 2002).

Supplemental Data

The Supplemental Data for this article can be found online at http://

www.neuron.org/cgi/content/full/55/4/615/DC1/.
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