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SUMMARY

Regulation of AMPA receptor (AMPAR) trafficking is a
key modulator of excitatory synaptic transmission;
however, intracellular vesicular transport of newly
synthesized AMPARs has been little studied due to
technical limitations. By combining molecular tools
with imaging strategies in cultured rat hippocampal
neurons, we found that vesicles containing newly
synthesized, GluA1-subunit-containing AMPARs are
transported antero- and retrogradely at amean speed
of 1.5 mm.s�1. Synaptic activity and variations in intra-
cellular calcium levels bidirectionally modulate GluA1
transport. Chemical long-term potentiation (cLTP)
initially induces a halt in GluA1 transport, followed
by a sustained increase, while acute glutamate un-
caging on synaptic spines arrests vesicular move-
ments. GluA1 phosphomimeticmutants preferentially
travel to the dendritic tip, probably to replenish extra-
synaptic pools, distal to the soma. Our findings indi-
cate that AMPAR intracellular transport is highly regu-
lated during synaptic plasticity and likely controls
AMPAR numbers at the plasma membrane.

INTRODUCTION

AMPA (alpha-amino-3-hydroxy-5-methyl-4-isoxazole-propionic

acid)-type glutamate receptors (AMPARs) mediate most fast

excitatory transmission in the vertebrate CNS. Control of post-

synaptic AMPAR number regulates synaptic efficacy (Henley

and Wilkinson, 2016; Huganir and Nicoll, 2013) and results

from a dynamic equilibrium between AMPARs stored in intracel-

lular pools and at the synaptic or extrasynaptic plasma mem-

brane (PM). Regulation of synaptic AMPAR abundance underlies

many forms of synaptic plasticity, the cellular mechanism

thought to mediatememory and learning, and is set by three traf-

ficking steps: (1) lateral diffusion in the PM (Choquet and Triller,

2013), (2) endo- and exocytosis (Wang et al., 2008), and (3) mo-

tor-dependent intracellular transport (Kim and Lisman, 2001; Se-

tou et al., 2002). The transport of newly synthesized AMPARs
Cell
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from the Golgi apparatus (GA)—either in the cell soma or from

Golgi outposts—into dendrites is likely a critical determinant of

the number of AMPARs at the PM and synapses. However, the

mechanisms of intracellular AMPAR transport and their effect

on synaptic strength are largely unknown.

The complexmorphology of neurons requires AMPARs exiting

the GA to travel up to hundreds of microns along the dendritic

shaft to reach the PM and the synapse. Stringent quality-control

mechanisms at the level of the endoplasmic reticulum (ER) allow

only correctly folded receptors to be exported to the PM (Greger

et al., 2007). Although synthesis of AMPARs at Golgi outposts in

dendrites has been reported (Hanus and Schuman, 2013; Ju

et al., 2004), most receptors are synthesized in the somatic

GA. AMPAR subunits can have a glycosylation profile corre-

sponding to mature proteins processed by the somatic Golgi

(Hanus et al., 2016).

After budding from the Golgi, secretory vesicles containing

AMPARs traffic to thePM,presumably throughdirector indirect in-

teractions with microtubules and microtubule-based motor pro-

teins such as kinesin and/or dynein (Hirokawa and Takemura,

2005; Kapitein et al., 2010). Electrophysiological studies indicate

that AMPAR-mediated synaptic transmission depends on both

dynein and kinesin superfamily proteins (Kim and Lisman, 2001).

Moreover, increase in AMPAR number at the PM during long-

term potentiation (LTP) directly depends on their secretory trans-

port (Broutman and Baudry, 2001; Esteves da Silva et al., 2015).

In C. elegans, motor-mediated transport is the major mecha-

nism for delivery, removal, and redistribution of GLR-1 glutamate

receptors (Hoerndli et al., 2015). The microtubule-dependent

motorUNC-116 (homologofmammalianKIF5) drives thedelivery

and the removal of AMPARs,whileUNC-43 (homologofmamma-

lian Ca2+/calmodulin-dependent protein kinase II [CaMKII]) plays

an essential role inmodulating the transport of AMPARs between

the cell body and the insertion or removal of synaptic AMPARs

(Hoerndli et al., 2015). In vertebrates, AMPARs interact with the

microtubulemotor KIF5 throughGRIP1 (Setou et al., 2002). Other

motors have also been implicated in AMPAR transport, such as

Myosin-VI, an actin-dependent motor protein (Wu et al., 2002).

In hippocampal neuronal cultures, it was reported that GFP-

GluA2-containing vesicles transport bidirectionally in a dendritic

endosomal fraction and in synaptic spines (EstevesdaSilva et al.,

2015; Evans et al., 2017).
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Figure 1. Temporal Control of AMPAR from

the Endoplasmic Reticulum to the PM

(A) Natural secretion (green arrow) versus

controlled secretion (yellow arrow) of AMPAR from

the ER to the PM. Addition of the ligand allows

proteins to be exported through the secretory

pathway until the PM.

(B) ARIAD vector and strategy allowing export of

GluA1. The retention machinery is cut by the

endogenous protease Furin in the Golgi.

(C) Images of hippocampal neurons expressing

ARIAD/GFP-GluA1. Individual and merged label-

ing are shown at different incubation timeswith the

AL (t = 0–30 min). Calreticulin and GM130 anti-

bodies were used to stain ER and Golgi, and co-

localization with GluA1 was performed using line

scan analysis. Results are plotted as GluA1

(green), calreticulin (blue), and GM130 (red) in

function of the length of the dotted arrow drawn

across the somatic region in the zoomed image.

Correspondence of the peak for each line is

indicative of the colocalization of the proteins.

(D) Images illustrating total GFP-GluA1 (green) and

live labeling of GFP-GluA1 with an anti-GFP anti-

body (red) at different incubation times with the AL

(30–120 min) and the related quantification of the

kinetic (see also Figure S1D). The yellow window

delineates the acquisition time of the videos of

AMPAR intracellular transport.

Mean ± SEM of 4 independent experiments (n > 20

cells).
The intracellular transport of vesicles containing fluorescently

tagged AMPARs and its regulation by synaptic activity have

proven difficult to resolve by live-cell imaging, because at steady

state, the fluorescent signal from an abundance of AMPARs ex-

pressed in the ER (Greger et al., 2007) and at the PM of dendrites

obscures detection of transport vesicle movement. To overcome

this limitation, we used ARIAD, an ER release synchronization

system (Rivera et al., 2000), combined with spinning disk

confocal microscopy and photo-bleach to reveal the dendritic

transport of newly synthesized AMPARs in cultured rat hippo-

campal neurons. Here we report the characteristics of AMPAR-

containing transport vesicles under basal conditions and how

vesicular transport is regulated during synaptic activity.

RESULTS

Controlled Release of Newly Synthesized GluA1-
Containing AMPARs from the ER
To monitor transport of GFP-tagged AMPARs released synchro-

nously from the ER, ARIAD technology (Rivera et al., 2000) was

used, which allowed GFP-GluA1 secretion to be temporally

controlled with a cell-permeant, small-molecule drug (AP-

21998) termed Ariad ligand (AL) (Figure 1A). ARIAD cDNA codes
1002 Cell Reports 24, 1001–1012, July 24, 2018
for a signal peptide sequence, followed

by four conditional aggregation domains

(CADs), a furin cleavage site, and the pro-

tein of interest (Figure 1B). In this system,

ER retention of fusion proteins is driven
by the CADs that interact in a ligand-dependent manner and

gradually accumulate in the ER (Figure 1A). Their simultaneous

release upon addition of AL allows expressed proteins to prog-

ress through the secretory pathway in a synchronous manner,

which is particularly adapted to monitor intracellular transport.

Important features of this system include (1) no or low basal

secretion and (2) a rapid and high level of secretion in response

to the addition of AL.

To study the transport of GluA1-containing AMPARs, GFP-

GluA1 was expressed in ARIAD (Figure 1B). Furin, a trans-Golgi

resident protease that processes protein precursors before their

secretion, cleaved the CAD from GluA1, allowing its progression

through the GA to the PM (Figure 1A). To establish the kinetics

of GluA1-containing AMPAR transport from the ER to the GA,

we triggered secretion of GFP-GluA1 by incubations with AL

from0 to 30min (Figure 1C). Colocalization ofGFP-GluA1with im-

munostaining for endogenous calreticulin (ER marker) and

GM130 (GA marker) were compared by line scan profiles. Before

addition of AL (t = 0), GFP-GluA1-containing AMPARs were

entirely localized in the ER. The staining profile shifted 15min after

the addition of AL, appearing in perinuclear structures corre-

sponding to the GA. GFP-GluA1-containing AMPARs were de-

tected in the GA within 30 min of induction.
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Figure 2. Characterization of GluA1-Con-

taining AMPAR Intracellular Transport in

Basal Condition

(A) Protocol to monitor AMPAR vesicular transport

in the proximal neuronal dendritic shaft. After in-

cubation with AL, positions of transfected neurons

are registered. GluA1 vesicular transport becomes

visible after photo-bleaching (FRAP) of the region

of interest (ROI) in the proximal dendrite. Transport

is recorded by streaming one image every 100 ms

during 1 min.

(B) Images of neurons expressing TdT-GluA1 in

pRK5 (top panel) or in ARIAD (bottom panel), with

raw and annotated kymographs (right panels).

Trajectories are shownwith a color code (green for

outward movements, red for inward movements,

and blue for pausing vesicles). Dotted lines in the

crude image delineate the ROI from which kymo-

graphs were generated.

(C) Background analyses of the ROI after FRAP of

neurons in the two conditions. Results are ex-

pressed as the ratio of the background measured

with ImageJ at the end of the acquisition (frame

550) over the one measured just after the FRAP

(frame 20).

(D) Mean vesicle number passing through a

20 mm2 bleached ROI during 1 min of recording.

(E) Image of neurons expressing ARIAD/TdT-

GluA1 (left panel) and the zoomed imagesof its ROI

(right panels) at different time points (t = 4–20 s).

Colored arrows indicate outward (green), inward

(red), or static (blue) trajectories of GluA1-con-

taining vesicles.

(F) Percentage of time spent in each state by a

vesicle containing ARIAD/TdT-GluA1.

(G) Velocities of ARIAD/TdT-GluA1 vesicles.

(H) Mean frequency distribution of instantaneous

speeds of mobile GluA1 vesicles (>500 values).

For (C) and (D), mean ± SEM of 2 independent

experiments (n = 20/18 cells). For (F) to (H), mean ±

SEM of 8 independent experiments (n = 76 cells).

See also Figures S2A–S2C and Tables S1 and S2.
To assess the kinetics of GluA1 insertion at the PM (Figures

1D and S1), neurons transfected with GFP-GluA1 in ARIAD

were treated with AL and live immunostaining for GFP was

used to detect GFP-GluA1 on the cell surface. At time zero,

before AL addition, no surface labeling for GFP was observed

(Figure S1A). Thirty minutes after addition of AL, surface label-

ing for GFP was detected, on both the dendritic shaft and the

synaptic spines, and continued to intensify until reaching a

plateau 1 hr after incubation with the AL (Figures 1D and

S1D). Surface detection of GluA1 occurred at the cell body

and in proximal and in distal dendrites with similar kinetics (Fig-

ures S1B and S1C). Induction of GluA1 export did not modify

endogenous synaptic GluA2 content (mean ± SEM of GluA2

synaptic content at t = 0 min: 244.5 ± 18.95 fluorescence

a.u., n = 200; at t = 45 min: 242.9 ± 14.17 fluorescence a.u.,

n = 160; p = 0.95). Based on the kinetics of GFP-GluA1 detec-

tion at the cell surface, the optimal time window to monitor

AMPAR intracellular transport in subsequent live-cell imaging

experiments was estimated to be between 20 and 60 min after

AL addition.
Characterization of GluA1 Intracellular Transport under
Basal Conditions
To investigate the impact of the ARIAD system on GluA1 vesic-

ular trafficking per se, neurons were transfected with either

TdTomato-GluA1 in ARIAD (ARIAD/TdT-GluA1) or TdTomato-

GluA1 in pRK5 vector (TdT-GluA1) lacking the aggregation con-

trol system of secretion (Figures 2B–2D). After 7–8 days of

expression, intracellular transport of GluA1 was monitored by

videomicroscopy after its release from the ER. Before recording,

we photo-bleached a cell-body proximal dendritic segment to

erase the background signal due to the presence of tagged re-

ceptors in the ER (for ARIAD/TdT-GluA1) or the ER and PM (for

TdT-GluA1) (Figures 2A and 2B, dotted areas). This allowed clear

visualization and tracking of GluA1-containing vesicles in the

dendritic shaft as they invaded the photo-bleached area (Video

S1). To analyze GluA1 transport, kymographs were generated

from video recordings, as a representation of the distance trav-

eled by vesicles over time (Figure 2B). An ImageJ macro was de-

signed that allowed filtering, isolation of vesicles, and denoising

of the images. Vesicle trajectories were labeled green for vesicle
Cell Reports 24, 1001–1012, July 24, 2018 1003



movements away from the cell body (anterograde, i.e., OUT), red

for vesicle movements toward the cell body (retrograde, i.e., IN),

and blue for static vesicles (PAUSE).

Kymographs obtained from videos recorded with GluA1 in

ARIAD have less background than when GluA1 was expressed

in pRK5 (Figures 2B and S2A). We calculated the overall back-

ground in the region of interest (ROI) just after the fluorescence

recovery after photo-bleaching (FRAP) (image 20) or at the end

of the video (image 550) (Figure 2C). When GluA1 was expressed

in ARIAD, the background at frame 550 was 2 (±1.6) times higher

than at frame 20, whereas this ratio was 5.2 (±3.2) times higher in

pRK5. This is probably because of a recovery of a GluA1 signal at

the PM when expressed in pRK5, which is absent from ARIAD.

This difference in background allowed us to detect around 2

times more vesicles when GluA1 was under the ARIAD

system compared to pRK5 (GluA1 in pRK5, 6.5 ± 3.7 vesicles/

20 mm2/min; GluA1 in ARIAD, 11.5 ± 4.3 vesicles/20 mm2/min)

(Figure 2D). We also quantified the intensity of signal to noise

by tracing line scans every 10 s on the images of the Figure 2B

(Figure S2A). When GluA1 is expressed in ARIAD, vesicles

were more easily detected than in pRK5. Moreover, after 40 s,

the TdT-GluA1 signal-to-noise ratio was still high in the ARIAD

condition, whereas vesicles could hardly be detected in pRK5.

There was no significant difference between the speeds of

TdT-GluA1 expressed in ARIAD or those in pRK5 (Figure S2B).

The efficiency of the analysis plugin to automatically detect

vesicles and calculate their speeds was tested. We expressed

ARIAD/TdT-GluA1 and manually tracked ten GluA1-containing

vesicles. The distribution of the mean instantaneous speeds ob-

tainedmanually was similar to that of the ones obtained using the

automatized plugin (Figure S2C). Altogether, the ARIAD system

did not change the overall characteristics of GluA1 transport

compared to a standard expression system and presented

several advantages. It synchronized the transport vesicles to

exclusively track newly synthesized receptors and allowed a

specific population of Golgi-derived vesicles to be imaged.

Due to the low background in the videos, numerous vesicles

were detected and analyzed.

With imaging and analysis conditions established, GluA1 intra-

cellular transport in basal conditions expressing ARIAD/TdT-

GluA1 was characterized (Figures 2E–2H). Themean percentage

of time spent by individual vesicles in each state was calculated

(Figures 2E and 2F). Vesicles spent significantly more time mov-

ing anterogradely (OUT, 37% ± 1.44%) than retrogradely (IN,

27% ± 1.13%). In addition, they spent around one-third of their

time in a static state (PAUSE, 36% ± 1.56%) (Figure 2F). The

detection of vesicles in pause highly depends on the time

elapsed between the FRAP and the start of the acquisition (frac-

tion of vesicles in pause as a function of elapsed time: <5 s, 35%

± 2.20%; 300 s, 62% ± 2.95%) (Figure S2D). Here we used <5 s,

the acquisition starts right after photo-bleaching the ROI, and no

static vesicles remain at the beginning of the video, because they

are all initially bleached. If a delay is introduced between photo-

bleaching and beginning of the recording, the percentage of ves-

icles in pause increases, because pausing events accumulate

during this short period.

No significant difference in the vesicle velocity between OUT

and IN directions was detected (OUT, 1.46 ± 0.04 mm.s�1; IN,
1004 Cell Reports 24, 1001–1012, July 24, 2018
1.37 ± 0.04 mm.s�1) (Figure 2G). Similarly, the mean time spent

by vesicles in one direction before changing direction was not

significantly different between OUT and IN directions (OUT,

2.74 ± 0.25 s; IN, 2.48 ± 0.28 s) (Figure S2E). However, the

mean distance traveled by vesicles going OUT was higher

than that of vesicles going IN (OUT, 3.21 ± 0.46 mm; IN,

2.54 ± 0.32 mm) (Figure S2F). We found no differences between

the frequency distribution of the instantaneous speed of GluA1-

containing vesicles moving OUT and that of vesicles moving IN,

both defined by two main populations at 0.5 and 1.6 mm.s�1

(Figure 2H). Finally, for a given vesicle, the number of transitions

that go from theOUT or IN state to the PAUSE state is higher than

the transitions from one moving state immediately to the oppo-

site direction (Figure S2G), meaning that vesicles preferentially

stop before inverting their direction.

The GluA1 transport properties in proximal versus secondary

branch dendrites were also compared (Figures S2H and S2I).

Vesicles spent slightly less time outward in secondary versus pri-

mary dendrites, while pause time and inward movements were

similar. Themean speed was higher in secondary versus primary

dendrites.

Properties of GluA1 Intracellular Transport upon
Calcium Chelation
To decipher whether intracellular transport of GluA1 is

regulated by neuronal activity, we adjusted our recording

strategy and simultaneously recorded intracellular transport

and synaptic activity with the calcium sensor GCaMP6f

(Figure S3A).

First, the effect of lowering intracellular Ca2+ levels on GluA1

intracellular transport was analyzed (Figure 3) using bis–

N,N,N’,N’-tetraacetic acid-AM (BAPTA-AM), a cell-permeant

calcium chelator. Neurons cotransfected with ARIAD/TdT-

GluA1 and GCaMP6f were treated with AL, and 20 mM BAPTA-

AM was added 5 min before recording a series of alternating

frames in the green and red channels to image Ca2+ levels and

GluA1 transport, respectively (Figures 3A and S3A). Neurons

incubated with BAPTA-AM exhibited less variation in Ca2+ levels

than did control cells (Figures 3B and S3B). The mean frequency

distribution of Ca2+ levels was shifted to lower DF/F with

BAPTA-AM (Figure S3C).

We then compared the characteristics of GluA1 transport in

both conditions (control [Ctrl] versus BAPTA) (Figures 3C–3F).

Vesicles spent the same percentage of time in each state: OUT

(Ctrl, 38% ± 2.04%; BAPTA, 43% ± 2.58%), IN (Ctrl, 27% ±

1.24%; BAPTA, 28% ± 2.47%), and PAUSE (Ctrl, 35% ±

2.20%; BAPTA, 29% ± 2.25%) (Figure 3C). As described earlier

in the basal condition, the time spent by vesicles in the OUT state

remained higher than in the IN state in the presence of BAPTA.

Similarly, themean vesicle density was not changed by chelating

Ca2+ (Ctrl, 8.8 ± 0.79; BAPTA, 8.5 ± 0.75) (Figure 3D). In contrast,

velocity was increased by about 20% in the mean of both OUT

and IN speeds in the presence of BAPTA-AM (Ctrl versus

BAPTA: OUT, 1.52 ± 0.05 mm.s�1 versus 1.77 ± 0.06 mm.s�1;

IN, 1.43 ± 0.05 mm.s�1 versus 1.72 ± 0.07 mm.s�1) (Figure 3E).

The frequency distributions of both OUT (green) and IN (red)

instantaneous speeds displayed a significant decrease in the

vesicle population moving slowly (%1.5 mm.s�1) in favor of an
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Figure 3. Decreasing Calcium Level In-

creases Vesicle Speeds

(A) Images of neurons coexpressing ARIAD/TdT-

GluA1 and GCaMP6f (left panels) and their

associated kymographs (right panels) in control

condition (Ctrl, top panels) and with 20 mM of

BAPTA-AM (BAPTA, bottom panels).

(B) Variations of GCaMP6f mean fluorescence

(DF/F) over time in Ctrl and BAPTA-treated neu-

rons (see also Figures S3B and S3C).

(C) Mean outward (green), inward (red), and static

(blue) vesicle states over time in Ctrl and BAPTA-

treated neurons.

(D) Mean vesicle number passing through a

20 mm2 dendritic-bleached ROI during 1 min of

recording.

(E) Mean outward (green) and inward (red) veloc-

ities of GluA1-containing vesicles in Ctrl and

BAPTA-treated neurons.

(F) Mean frequency distribution of the outward

(green) and inward (red) instantaneous speeds of

mobile GluA1-containing vesicles in Ctrl and

BAPTA-treated neurons (>500 values).

Mean ± SEM of 4 independent experiments

(n = 43 cells for Ctrl, n = 28 cells for BAPTA). See

also Figures S3A and S3B and Tables S1 and S2.
increase in those moving quickly (>1.5 mm.s�1), with a new pop-

ulation at 3.5 mm.s�1 (Figure 3F).

Effect of Glutamate-Mediated Increase in Intracellular
Calcium on AMPAR Transport
The effects of increased Ca2+ concentration on GluA1 trans-

port were tested by glutamate uncaging to trigger Ca2+ entry

into the cell (Figure 4). One-photon uncaging and 2-color im-

aging were performed on neurons coexpressing ARIAD/TdT-

GluA1 with GCaMP6f (Figures 4A and S4A). After 21 s of

baseline recording (before), we applied 10 series at 0.2 Hz

of uncaging laser pulses on about 10 spines identified as pro-

trusions from the dendrites over the last 26 s of the video

(during) and in the presence of 0.5 mM caged 4-Methoxy-

7-nitroindolinyl-caged-L-glutamate (MNI-Glu) or the absence

of MNI-Glu (Ctrl). The GCaMP6f dendritic signal increased

during the uncaging pulses in the presence, but not in the

absence, of MNI-Glu. GCaMP6f kymographs (Figure 4B)

and time course variations of the GCaMP6f mean fluores-

cence (Figures 4C and S4B) revealed that waves of Ca2+

were synchronized with the ten uncaging pulses. Glutamate

uncaging led to a shift in the frequency distribution of Ca2+

to the higher DF/F in neurons exposed to MNI-Glu compared

to Ctrl (Figure S4C).

Next, the effects of glutamate-mediated increase in intracellular

Ca2+ concentrations on GluA1 transport were investigated (Video

S2). From the GluA1 kymographs (Figure 4D), we extracted the
Cell R
different parameters related to intracel-

lular transport before andduring uncaging

of MNI-Glu (Figures 4E–4H, S4D, and

S4E). Both OUT (green) and IN (red)

mean velocities were decreased after
glutamate release (OUT: 1.24 ± 0.06 mm.s�1 [Ctrl_before], 1.14 ±

0.06 mm.s�1 [Ctrl_during], 1.17 ± 0.05 mm.s�1 [MNI-Glu_before],

0.88 ± 0.04 mm.s�1 [MNI-Glu_during]; IN: 1.22 ± 0.07 mm.s�1

[Ctrl_before], 1.05 ± 0.05 mm.s�1 [Ctrl_during], 1.11 ±

0.07 mm.s�1 [MNI-Glu_before], 0.78 ± 0.04 mm.s�1 [MNI-Glu_dur-

ing]) (Figure 4E). The frequency distribution of the instantaneous

speed of individual vesicles displayed a moderate but significant

decrease in the population of rapidly moving vesicles for both di-

rections (Figure 4F). In addition, at the level of individual vesicles,

the instantaneous speed (IN and OUT) was negatively correlated

to the intracellular Ca2+ levels in uncaged MNI-Glu (Figure 4G),

but not in Ctrl (Figure S4D). Finally, a robust and significant

increase in the frequency of static vesicles during glutamate un-

caging was observed (Ctrl_before, 49% ± 2.67%; Ctrl_during,

58% ± 2.50%; MNI-Glu_before, 49% ± 2.09%; MNI-Glu_during,

69% ± 2.50%) (Figure 4H). The uncaging protocol alone had a

small effect on several transport parameters (mean speed IN,

Figure 4E; time in pause, Figure 4H; vesicle number, Figure S4E),

albeit a weaker one than in the presence of MNI-Glu. This is likely

an off-target effect of blue light illumination.

Altogether, these results indicate that variations in intracellular

Ca2+ concentrations modify GluA1 intracellular transport proper-

ties: low Ca2+ activates trafficking, and inversely, high Ca2+

slows and even stops vesicles. Because increases in intracellular

Ca2+ levels are hallmarks of various forms of synaptic plasticity,

we next studied the impact of chemical long-term potentiation

(cLTP) on GluA1 vesicular trafficking.
eports 24, 1001–1012, July 24, 2018 1005
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Figure 4. Glutamate Uncaging Increases

Intracellular CalciumandDecreases Vesicle

Speeds

(A) Images of control (Ctrl) and MNI-caged-L-

glutamate (MNI-Glu)-exposed dendrite from neu-

rons expressing GCaMP6f showing an increase of

the Ca2+ fluorescence intensity after release of

glutamate. Purple circles indicate the regions

of laser pulses.

(B) GCaMP6f crude kymographs in the absence

(Ctrl) or presence of MNI-Glu in the media before

and during the uncaging protocol after the purple

line.

(C) Variation of GCaMP6f fluorescence (DF/F) over

time in Ctrl and MNI-Glu media before and after

uncaging (purple line). See also Figures S4B

and S4C.

(D) Images of neurons coexpressing ARIAD/TdT-

GluA1 and GCaMP6f and their associated GluA1

kymographs in Ctrl and MNI-Glu conditions.

(E) Mean outward (green) and inward (red) veloc-

ities of GluA1-containing vesicles in Ctrl and MNI-

Glu media.

(F) Mean frequency distribution of the outward

(green) and inward (red) instantaneous speeds of

GluA1-containing vesicles in both conditions

before and during uncaging (>200 values).

(G) Correlation between outward and inward

instantaneous speeds and changes in the

GCaMP6f fluorescence (DF/F) in MNI-Glu-incu-

bated neurons during uncaging. Each dot repre-

sents one vesicle at a specific time point. See also

Figure S4D for Ctrl.

(H) Mean frequency of the time spent by vesicles in

pause in Ctrl and MNI-Glu media before and dur-

ing uncaging.

Mean ± SEM of 6 independent experiments (n = 42

cells for Ctrl, n = 37 cells for MNI-Glu). See also

Figure S4 and Tables S1 and S2.
AMPAR Intracellular Transport during the Induction
of cLTP
We applied a classical cLTP induction protocol on 17-day-old

hippocampal neurons coexpressing ARIAD/TdT-GluA1 and

GCaMP6f. cLTP was divided into two phases: (1) the induction

phase of LTP (stim-cLTP), defined as 5 min of chemical stimula-

tion with no magnesium, 30 mM bicuculline, and 200 mM glycine,

and (2) the cLTP, defined as the 20–60 min period following the

induction. We first focused our interest on stim-cLTP (Figure 5).

For these experiments, we slightly modified the protocol of

acquisition by first photo-bleaching 2–3 neurons in Tyrode’s

solution (Figure S5A) and then applying the cLTP solution and

starting the recording. As mentioned earlier, increased duration

between FRAP and video acquisition led to an increase in the

initial percentage of vesicles in pause compared to previous ex-

periments (Figures 5C and S2D).

Induction of cLTP strongly increased the GCaMP6f signal in

the entire dendrite, inducing waves of Ca2+ with a high intensity
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compared to the basal condition (Ctrl) (Figures 5A and 5B). This

increase in Ca2+ was observed in each cell and led to a shift of

the frequency distribution of Ca2+ to the higher DF/F compared

to the Ctrl (Figures S5B and S5C).

We next investigated the effects of the stim-cLTP on GluA1

transport and found a strong increase in pause frequency during

stim-cLTP compared to the basal state, to the detriment of both

outward and inward movements (Ctrl versus stim-cLTP: OUT,

18% ± 1.78% versus 9% ± 1.48%; IN, 20% ± 2.04% versus

7% ± 1.65% (IN); PAUSE, 62% ± 2.94% versus 83% ± 2.69%)

(Figure 5C). Both IN and OUT vesicle velocities were highly

decreased during the stimulation compared to Ctrl (Ctrl versus

stim-cLTP: OUT, 1.21 ± 0.07 mm.s�1 versus 0.83 ±

0.06 mm.s�1; IN, 1.27 ± 0.06 mm.s�1 versus 0.83 ±

0.08 mm.s�1) (Figure 5D). The relative frequency of slowly moving

OUT and IN vesicles (%1.0 mm.s�1) increased in favor of a

decrease in the rapidly moving ones (>1.0 mm.s�1) (Figure 5E).

At the level of individual vesicles, the instantaneous speeds
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Figure 5. cLTP Induction Decreases Vesicle

Speeds and Increases Static Vesicle Fre-

quency

(A) Images of 16-day neurons coexpressing

ARIAD/TdT-GluA1 and GCaMP6f (left panels) and

their associated kymographs (right panels) in

basal condition (Ctrl, top panels) or during stim-

cLTP (bottom panels).

(B) Variations of GCaMP6f fluorescence over time

in basal condition (Ctrl) or during stim-cLTP. See

also Figures S5B and S5C.

(C) Mean of the percentage of time spent in each

state—outward (green), inward (red), pause

(blue)—by a vesicle in both conditions. See also

Figure S2C.

(D) Mean outward (green) and inward (red) veloc-

ities of GluA1-containing vesicles.

(E) Mean frequency distribution of the outward

(green) and inward (red) instantaneous speeds of

GluA1-containing vesicles (>200 values).

(F) Correlation between outward and inward

instantaneous speeds and changes in the

GCaMP6f fluorescence during stim-cLTP. See

also Figure S5D for Ctrl.

(G) Images of neurons expressing ARIAD/GFP-

GluA1 and their related quantifications. Staining

has been performed on live cells with an anti-GFP

antibody and showed the time course external-

ization of newly synthesized GFP-GluA1 analyzed

between 5 and 20 min in basal conditions (Ctrl) or

after stim-cLTP (cLTP).

For (B) to (F), mean ± SEM of 4 independent ex-

periments (n = 22 cells). For (G), mean ± SEM of 3

independent experiments (n > 30 cells). See also

Tables S1 and S2.
(OUT and IN) were negatively correlated to intracellular Ca2+

levels in chemically stimulated neurons (Figure 5F), but not in

Ctrl (Figure S5D). Vesicle number slightly decreased in neurons

during stim-cLTP (Ctrl versus stim-cLTP: 9.0 ± 0.84 vesicles/

20 mm2/min versus 6.2 ± 0.65 vesicles/20 mm2/min; *p =

0.0121) (data not shown).

cLTP is associatedwith an increase in AMPAR exocytosis (Hu-

ganir and Nicoll, 2013; Makino andMalinow, 2009) that has been

linked to release of receptors from recycling pools (Park et al.,

2006). Our system gave us the opportunity to investigate

whether cLTP also triggers exocytosis of newly synthesized

GluA1-containing AMPARs. To do so, the externalization of

newly synthesized GluA1 in cells expressing ARIAD/GFP-

GluA1 was monitored by live immunolabeling for GFP after

stim-cLTP or Ctrl (Figure 5G). Quantification of the GFP staining

revealed a significant rise in GluA1 surface labeling as early as

10 min after cLTP induction, which continued until the end of

the monitoring (Ctrl versus cLTP: 15 min, 7.61 ± 0.90 versus

10.11 ± 0.79; 20 min, 6.88 ± 0.79 versus 10.00 ± 0.73).
Cell R
Altogether, these results confirm

that a protocol known to increase intra-

cellular Ca2+ through opening of

N-methyl-D-aspartate (NMDA) receptors

significantly slowed GluA1 transport,

decreasing both IN and OUT vesicle ve-
locities up to their immobilization. Following this Ca2+ entry, a

massive exocytosis of newly synthesized GluA1 occurred, sug-

gesting that arrest of intracellular transport of newly synthe-

sized GluA1 followed by their exocytosis could participate to

the increase in synaptic transmission during the early phase

of cLTP.

AMPAR Intracellular Transport after cLTP Induction
We next analyzed the state of GluA1 intracellular transport in the

longer term, i.e., 15–60 min after the application of the induction

protocol (called cLTP) (Figure 6). To this aim, we characterized

Ca2+ activity and GluA1 intracellular transport at least 15 min af-

ter stim-cLTP (Figures 6A and S6A). We observed moderate

changes in intracellular Ca2+ levels in neurons challenged by

the cLTP stimulation, with some high Ca2+ rise events in some in-

dividual cells (Figures 6A–6C and S6B).

During cLTP, the time spent by the vesicles in each state re-

turned toward basal levels compared with the stim-LTP phase

(Ctrl versus cLTP: OUT, 37% ± 2.02% versus 38% ± 1.76%;
eports 24, 1001–1012, July 24, 2018 1007
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Figure 6. cLTP Potentiates GluA1-Contain-

ing AMPAR Intracellular Transport

(A) Images of 16-day neurons expressing ARIAD/

TdT-GluA1 and GCaMP6f (left panels) and their

associated kymographs (right panels) in basal

condition (Ctrl, top panels) and neurons recorded

during cLTP (cLTP, bottom panels).

(B) Variations of the GCaMP6f fluorescence over

time in basal condition (Ctrl) or after during cLTP

(cLTP).

(C) Mean outward (green), inward (red), and static

(blue) vesicle states over time.

(D) Mean vesicle number passing through a

20 mm2 bleached ROI during 1 min of recording.

(E) Mean outward (green) and inward (red) veloc-

ities of GluA1 vesicles.

(F) Mean frequency distribution of the outward

(green) and inward (red) instantaneous speeds of

mobile vesicles in Ctrl or during cLTP (>900

values).

Mean ± SEM of 4 independent experiments (n = 33

cells for Ctrl, n = 36 cells for cLTP). See also

Figure S6 and Tables S1 and S2.
IN, 28% ± 2.06% versus 31% ± 1.52%; PAUSE, 36% ± 2.21%

versus 31% ± 2.15%) (Figure 6C). However, both the

number of vesicles (Ctrl versus cLTP: 8.7 ± 1.02 vesicles/

20 mm2/min versus 14.9 ± 1.14 vesicles/20 mm2/min) (Fig-

ure 6D) and their OUT and IN speeds (Ctrl versus cLTP:

OUT, 1.39 ± 0.06 mm.s�1 versus 1.63 ± 0.04 mm.s�1; IN,

1.30 ± 0.06 mm.s�1 versus 1.60 ± 0.05 mm.s�1) were strongly

increased (Figure 6E). These changes are clearly visible through

the numerous vesicle traces and their slopes on the kymo-

graphs generated from potentiated neurons (cLTP) (Figure 6A;

Video S3). In agreement with these results, frequency distribu-

tions of the outward and inward instantaneous velocities dis-

played a significant decrease in the population of vesicles mov-

ing slowly (<1.5 mm.s�1) to the benefit of an increase in those

traveling quickly (>1.5 mm.s�1), which represented approxi-

mately 30% of the total population upon cLTP (OUT, 27.01%;

IN, 29.72%) (Figure 6F).

Altogether, application of the cLTP protocol has two distinct

effects on GluA1 vesicular transport over time: (1) a slowdown

of transport up to the immobilization of vesicles during stim-

cLTP when intracellular Ca2+ is massively increasing and (2) an

increase in vesicle number and velocities during the later phase,

when some waves of Ca2+ can still be detected.

AMPAR Intracellular Transport and Phosphorylation
of GluA1
LTP-inducing stimuli trigger rapid insertion of AMPARs at syn-

apses through a cascade of CaMKII-dependent phosphoryla-
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tions. Considering the correlation be-

tween Ca2+ activity and GluA1

intracellular transport that we observed,

we investigated the transport of phos-

phomimetic (S/D) and phosphodeficient

(S/A) GluA1 mutants (Figures 7 and

S7A).
We first analyzed the two GluA1 mutants: S831A/D and

S845A/D (Figures S7B and S7C). The single mutation at position

831 or 845 did not significantly change the mean velocities of

OUT (S845A, 1.8 ± 0.08 mm.s�1; S845D, 1.9 ± 0.09 mm.s�1;

S831A, 1.7 ± 0.07 mm.s�1; S831D, 1.6 ± 0.08 mm.s�1) and IN

(S845A, 1.7 ± 0.09 mm.s�1; S845D, 1.6 ± 0.08 mm.s�1; S831A,

1.5 ± 0.07 mm.s�1; S831D, 1.4 ± 0.06 mm.s�1) or the number of

vesicles for each condition (Figures S7B and S7C). Both S831A

andS831Dmutants behaved likewild-type (WT)GluA1 regarding

the time spent by vesicles in OUT and IN directions (Figures S7B

andS7C; for comparison, seeFigure 2F),with apreference for the

OUT movement (S/A, 39% ± 0.02%; S/D, 33% ± 0.02%)

compared to the IN movement (S/A, 30% ± 0.02%; S/D,

26% ± 0.02%) (PAUSE: S/A, 31% ± 0.02%; S/D, 41% ±

0.02%). However, the S831D mutant seemed to be more static

(PAUSE) than the S831Amutant (Figure S7B). In contrast, chang-

ingS845 fromA toDhadadrastic effect on thepercentageof time

spent in each state (Figure S7C). Whereas the S845A mutant

went equally in the two directions OUT and IN, the S845D

mutant massively went in the OUT direction (S/A, 33% ±

0.03%; S/D, 41% ± 0.02%) compared with IN (S/A, 31% ±

0.02%; S/D, 28% ± 0.02%) and PAUSE (S/A, 36% ± 0.03%;

S/D, 31% ± 0.02%). In summary, it seems that these two single

mutations do not affect the speeds of the vesicles but change

the OUT and IN movements for S845 or the pauses for S831.

We thus analyzed the effect of doublemutation (S831A-S845A

or S831D-S845D) for transport (Figure 7). As exemplified in the

kymographs, the properties of transport of these two mutants
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Figure 7. Phosphorylation of GluA1 Influ-

ences the Distances and Directions of

Vesicle Travel

(A) Images of 14-day-old neurons expressing

phosphodeficient (S831A-S845A) or phosphomi-

metic (S831D-S845D) TdT-GluA1 mutants and

their associated kymographs.

(B) Mean outward (green), inward (red), and static

(blue) vesicle states over time for the two GluA1

phosphorylation (phospho) mutants.

(C) Mean outward (green) and inward (red) veloc-

ities of vesicles in neurons expressing GluA1

phospho mutants.

(D) Mean vesicle number passing through a

20 mm2 bleached ROI during 1 min of recording in

neurons expressing phospho mutants of GluA1.

(E) Epifluorescence images of neurons expressing

ARIAD/GFP-GluA1mutants SS/AA (top panel) and

SS/DD (bottom panel) and incubated for 40 or

50 min with the AL. Surface receptors are labeled

in red, and total receptors—i.e., surface and

intracellular—are in green.

(F) Kinetics of GluA1 phospho mutant external-

ization after incubation with AL. Results were

normalized according to the dendritic area in

which the extracellular GluA1 fluorescence in-

tensity has been quantified.

(G) Quantification of the extracellular fluorescence

intensity of the GluA1 phospho mutants (SS/AA

and SS/DD) expressed as the ratio of the signal

measured in the distal over the proximal dendrites.

Mean ±SEM of 4 independent experiments (n > 20

cells). See also Figure S7 and Tables S1 and S2.
are markedly different (Figure 7A). The SS/DD mutant spent

more time in the OUT direction, to the detriment of the pausing

time, while this was the reverse for the SS/AA mutant: OUT

(SS/AA, 33% ± 0.02%; SS/DD, 43% ± 0.02%), IN (SS/AA,

27% ± 0.02%; SS/DD, 28% ± 0.02%), and PAUSE (SS/AA,

40% ± 0.02%; SS/DD, 29% ± 0.02%) (Figure 7B). The DD

mutant traveled OUT about 15% faster than the AA mutant,

while the IN speeds were comparable: OUT (SS/AA,

1.56 ± 0.08 mm.s�1; SS/DD, 1.81 ± 0.08 mm.s�1) and IN (SS/

AA, 1.44 ± 0.07 mm.s�1; SS/DD, 1.49 ± 0.06 mm.s�1) (Figure 7C).

In addition, the SS/DDmutant had more vesicles than the SS/AA

one (OUT: SS/AA, 4.5 ± 0.37 vesicles/20 mm2/min; SS/DD,

7.9 ± 0.69 vesicles/20 mm2/min) (Figure 7D).

Because the SS/DD mutant is going outward more than the

SS/AA one, we wondered whether we could see a difference

in their externalization. We expressed the two proteins and

performed immunochemistry on live cells following induction

of the transport by AL (Figures 7E and 7F). As soon as

40 min after addition of AL, the SS/DD mutant was sent

farther from the cell body than the SS/AA mutant. The quan-

tification of the distal versus proximal signal indicated a dif-

ferential externalization of the two mutants (Figure 7G).

Whereas the SS/DD mutant was externalized with similar ki-

netics in all neurons, the non-phosphorylatable protein was

more externalized at the proximal part of the dendrite than

at the distal one.
DISCUSSION

GluA1 intracellular transport under basal conditions is charac-

teristic of microtubule-based transport, with vesicles alter-

nating within seconds between pauses and periods of retro-

grade or anterograde movements over several microns.

Changes in intracellular Ca2+ were associated with strong mod-

ulation of GluA1 transport. Although lowering Ca2+ accelerated

vesicle movement, acute rises in Ca2+ decreased vesicle speed

and arrested most them. Application of a cLTP protocol

induced a biphasic modulation of vesicular movement. During

the induction phase of cLTP (0–5 min), vesicles transporting

GluA1 were slowed and often arrested, likely allowing exocy-

tosis of AMPARs (5–20 min). In contrast, during the second

phase of cLTP (after 20 min), the number of vesicles transport-

ing GluA1, as well as their anterograde speed, increased. In

accordance with the known change in the phosphorylation

state of GluA1 after cLTP induction, we found that the SS/DD

mutant of GluA1 (S831-S845) traveled with a higher speed of

outward displacement and had a higher rate of exocytosis at

the tip of the dendrites compared to the corresponding non-

phosphorylatable GluA1. Altogether, these results reveal

the characteristics of GluA1-containing AMPAR intracellular

transport and its regulation by synaptic activity, introducing a

new level of regulation of GluA1 trafficking during LTP in hippo-

campal neurons.
Cell Reports 24, 1001–1012, July 24, 2018 1009



AMPAR Distribution and Transport within the Different
Compartments in Basal Conditions
Synaptic AMPARs represent a small fraction of the total pool of

AMPARs, with large amounts of receptors present in the extra-

synaptic PM and in intracellular pools, such as recycling endo-

somes, the GA, and the ER (Henley et al., 2011; Shepherd and

Huganir, 2007). AMPARs are in dynamic equilibrium between

these compartments, and different mechanisms have been

proposed for their delivery to synapses: local synthesis (Hanus

and Schuman, 2013) or motor-dependent transport of recep-

tors synthesized at the cell body (Greger et al., 2007; Kim

and Lisman, 2001; Setou et al., 2002), exocytosis (Gerges

et al., 2006; Yudowski et al., 2007), and lateral diffusion (Cho-

quet and Triller, 2013). The contribution of each of these mech-

anisms in the delivery of AMPARs to synapses is still under

debate.

AMPAR transport along the biosynthetic pathway, although

crucial, is one of the least characterized trafficking processes.

AMPARs can be synthesized in the soma and locally in den-

drites, although probably at a lower level (Bowen et al., 2017;

Ju et al., 2004). AMPARs can be exocytosed all along the

dendrite (Anggono and Huganir, 2012; Yudowski et al., 2007),

and it is thus likely that they are transported by a vesicular mech-

anism before membrane delivery. Inhibition of dynein or kinesin

substantially reduces synaptic AMPAR-mediated responses

(Kim and Lisman, 2001). Following ER exit, GluA1-containing

AMPARs undergo spatially restricted entry into the secretory

pathway and accumulate in recycling endosomes at or near

spines before reaching the PM (Bowen et al., 2017). Moreover,

GluA1 traffics through the secretory pathway faster than GluA2

(Evans et al., 2017; Greger et al., 2007). Finally, when expressed

with GluA1, GluA2 can be detected in the dendritic shaft in mov-

ing vesicles going in both directions, likely following the endoso-

mal transport routes that are largely microtubule based (Esteves

da Silva et al., 2015).

We found that under basal conditions, newly synthesized

GluA1 is transported both antero- and retrogradely, which is

likely important to rapidly distribute AMPARs all along the

dendrite. This transport in both directions and the pause

time have been previously observed in mammalian neurons

(Ju et al., 2004) and C. elegans neurons (Hoerndli et al.,

2015) and may indicate that the same motors are powering

the antero- and retrograde movements. A previous slower

speed of 1–2 mm.min�1 (50–150 times slower) was reported

for vesicles transporting GluA1 or GluA2 (Ju et al., 2004), likely

due to limitations in the imaging used. Accordingly, GluA2-

containing vesicles have been detected at a speed of

1 mm.s�1, close to the one we found for GluA1 (Esteves da

Silva et al., 2015).

We found two main populations of vesicles in terms of speed

centered, respectively, on 0.5 and 1.6 mm.s�1, with a small pro-

portion moving at 3.5 mm.s�1. In C. elegans, KIF5 (UNC-116)

microtubule-dependent motor transport is the major mecha-

nism for the delivery of GLR-1 at synapses (Hoerndli et al.,

2015). The calculated velocity was 1.6 mm.s�1 in both direc-

tions, comparable with our results. However, it seems that

the profile of speed is less complex in C. elegans than in hippo-

campal neurons.
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AMPAR Transport during Synaptic Plasticity
Amajor result of our study is to unravel the strong activity-depen-

dent regulation of GluA1-containing AMPAR transport. Activa-

tion of 5 to 10 synapses with a glutamate uncaging protocol

was necessary to trigger Ca2+ elevations inside dendrites effi-

cient to modulate transport. These waves of Ca2+ induced a

massive reduction of the vesicle speed and increased the time

in pause. This phenomenon could be the prerequisite for the

detachment of vesicles from microtubules and the exocytosis

of receptor-containing vesicles. We sometimes observed a

disappearance of the vesicle signal after pausing, although we

could not directly visualize exocytosis. In agreement with this hy-

pothesis, de novo GluA1-containing AMPARs are heavily exter-

nalized at the PM in all parts of the dendritic shaft right after in-

duction of cLTP.

In the late phase of LTP (20–60 min after induction), some

waves of Ca2+ could still be detected; these were rare and of

smaller amplitude than in the early phase but higher than in

Ctrl cells. During this phase, the number of vesicles and their

speed strongly increased, particularly through a rise in the pop-

ulation of vesicles moving around 3.5 mm.s�1. This increase in

mobility could be due to a change in the motor driving this pop-

ulation of vesicles, but this cannot explain by itself the increase in

vesicle density that could originate from an increased production

of vesicles from the Golgi. Altogether, this phenomenon could

allow refurnishing of the intracellular pool of receptors emptied

by prior externalization.

In C. elegans, UNC-43/CaMKII controls synaptic strength by

regulating motor-driven AMPAR transport, and the kinase activ-

ity was required for AMPAR transport (Hoerndli et al., 2015).

UNC-43/CaMKII has either a direct or an indirect role in the

loading of AMPAR cargo onto UNC-116/KIF5 kinesin motors,

which is critical for the synaptic delivery of AMPARs. In verte-

brates, GluA1 can be phosphorylated by protein kinase A

(PKA), protein kinase C (PKC), and CaMKII specifically on

Ser831 and Ser845 (Huganir and Nicoll, 2013). This plays impor-

tant roles during synaptic plasticity, in which phosphorylated

GluA1 represents around 50% of the total protein after induction

of LTP (Diering et al., 2016). We found that the SS/DDmutant has

more vesicles traveling and is expressed at the tip of the den-

drites compared with the null mutant. This suggests that Ca2+

could control GluA1 transport partly by regulating its phosphor-

ylation. This mechanism could allow the replenishment of

AMPAR at the tip of dendrites far from the soma.

Relevance of Transport to Address Receptors or
Distribute Receptors over Long Distances
Altogether, our data reveal that the delivery of newly synthesized

GluA1-containing AMPARs to the cell surface is a highly regu-

lated mechanism. GluA1 cargos distributed along the length of

a neuronal dendrite can repopulate synapses with AMPARs.

This provides a high degree of regulation for the delivery of newly

synthesized receptors from the ER to the PM. Intracellular

AMPAR transport is quantitatively and qualitatively different

from AMPAR Brownian diffusion observed at the PM. Vesicular

transport corresponds to fast, directed, linear movements

around 1.5 mm.s�1, whereas when the receptors have reached

the PM, they diffuse randomly around 0.05–0.2 mm2.s�1



(Choquet and Triller, 2013). Random surface diffusion is efficient

to rapidly distribute receptors over short distances (of a few mi-

crons), while directed intracellular transport is efficient over long

distances. These changes in the modality of receptor move-

ments allow different steps of regulation during the journey of

AMPARs.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit anti-calreticulin ABR Cat# PA3-900

Mouse anti-GM130 BD Transduction Lab. Cat# 610822

Mouse anti-GFP Roche Cat# 11814460001; RRID: AB_390913

Alexa 647 Goat anti-rabbit IgG(H+L) Thermo Fisher Scientific Cat# A21244; RRID: AB_2535812

Alexa 568 Goat anti-mouse IgG(H+L) Thermo Fisher Scientific Cat# A11004; RRID: AB_2534072

Chemicals, Peptides, and Recombinant Proteins

D/D Solubilizer: FM AP21998-AL Clontech Laboratories Cat# 635054

MNI-Glu TOCRIS Cat# 1490

Bicuculline TOCRIS Cat# 2503

Glycine TOCRIS Cat# 0219

BAPTA-AM Sigma Cat# A1076

Experimental Models: Cell Lines

Rat: embryonic day 12-17 hippocampal primary

neuron culture

N/A N/A

Recombinant DNA

Plasmid: TdT-GluA1/ARIAD This paper N/A

Plasmid: GFP-GluA1/ARIAD This paper N/A

Plasmid: TdT-GluA1 This paper N/A

Plasmid: GCaMP6f H. Bito’s lab N/A

Plasmid: TdT-GluA1 S831A-S845A/ARIAD This paper N/A

Software and Algorithms

ImageJ NIH https://imagej.nih.gov/ij/

KymoToolset Plugin This paper fabrice.cordelieres@gmail.com

GraphPad Prism GraphPad Software https://www.graphpad.com/scientific-software/

prism
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to andwill be fulfilled by the Lead Contact, Françoise

Coussen (fcoussen@u-bordeaux.fr).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

All experiments were performed on primary hippocampal neurons cultures from Sprague-Dawley rat E18 embryos of either sex. All

the animals were used according to the guidelines of the University of Bordeaux/CNRS Animal Care and Use Committee.

METHOD DETAILS

Molecular Biology
WTandmutatedGluA1 (NCBI Reference Sequence: NM_031608.1) were cloned in the ARIAD system following the below procedure:

the Apa1 site localized in position 3231 of the original pC4S1-FM4-FCS-hGH vector (Gift from ARIAD Pharmaceuticals, Inc.) was

mutated to erase the restriction site. In replacement of the original Spe1 - Furin cleavage site – hGH – BamH1, a DNA coding for

the Spe1 (nuc: 2078) - Furin cleavage site (nuc: 2081-2104) - Age1 (nuc: 2105) – GFP (nuc: 2105-2826) - Nhe1 (nuc: 2828) - Apa1

(nuc:2834) - Hind3 (nuc: 2840) - BamH1 (nuc: 2846) was subcloned. This vector was then used either to introduce the different cDNAs

coding for GluA subunits by subcloning into the Nhe1/Apa1/Hind3/BamH1 polycloning site or to change GFP tag by subcloning the
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different Tag DNAs, such as TdTomato or HA in the Age1/Nhe1 restriction sites. To reduce expression toxicity in neurons, GCaMP6f

and ARIAD-GluA1 WT or mutated were finally subcloned into the eukaryotic expression vector pBI TET-on, which give access to the

tetracycline-regulated expression system. The pTRE-GCaMP6f construct we used to monitored calcium activity in cultured rat

hippocampal neurons was a gift from Haruhiko Bito’s lab.

Cell Culture and Transfection Procedure
Dissociated hippocampal neurons from E18 Sprague-Dawley rats embryos were prepared as described previously at a density of

300,000 cells per 60-mmdish on poly-L-lysine pre-coated coverslips. Neuron cultures weremaintained at 36.5�C, 5%CO2 in Neuro-

basal medium supplemented with 2mM L-glutamine and 1X NeuroCult SM1 Neuronal supplement (STEMCELL technologies), during

6 days before adding progressively BrainPhys medium supplemented with 1X NeuroCult SM1 Neuronal supplement.

Neurons from 8-10 days in vitrowere transfected with the different cDNA following the calcium phosphate procedure. Doxycycline

(0.2 mg/ml) was used to induce protein expression for 36-48 hr. Experiments were performed 3 to 7 days after transfection

(12-17 days in vitro), depending on the neuron maturation degree required.

Immunocytochemistry
For intracellular labeling, neurons were fixed at 12-14 DIV in 4% PFA (4% paraformaldehyde, 4% sucrose) for 10 min at room tem-

perature either before AL addition (time point = 0) or 15 or 30 min after addition of 1mMAL AP21998 to release expressed GluA1 from

retention in the ER. Fixed coverslips were rinsed in PBS and then quenched with 50mMNH4Cl for 10 min followed by additional PBS

rinses. Cells were permeabilized with 0.2% Triton X-100 (Sigma T9284) for 3 min and then rinsed with PBS. Non-specific binding was

blocked by 45 min incubation with PBS containing 2% BSA (Sigma, A9647). Polyclonal anti-calreticulin (1:500) antibody and mono-

clonal anti-GM130 (1:2000) were used as specific markers of the ER and the Golgi compartments respectively. Both of them were

diluted in this blocking solution and incubated with the coverslips for 60 min after which coverslips were rinsed and blocked again for

30 min prior to incubation with a goat anti-rabbit or a goat anti-mouse respectively as secondary antibodies.

For extracellular labeling, after addition of 1 mM of AP-21998 AL in the cell culture medium, neurons were incubated for additional

time at 36.5�C before being fixed with PFA. Extracellular labeling of GFP-tagged receptors was performed with a monoclonal anti-

GFP antibody (1/2000) for 15 min at room temperature following by a goat anti-mouse Alexa-568. Coverslips were mounted with

ProLong Gold Antifade Mountant (LifeTechnologies).

Image Analysis and Quantification
Fluorescence images of intra- and extracellular stained proteins were collected on a wild field upright Leica DM5000 epifluorescence

microscopy with a LED light source (LeicaMicrosystems, Germany), using a 63x oil objective and aGreyscale CCD camera Coolsnap

HQ2. Extracellular labeling of GFP-GluA1 has been quantified with MATLAB software following the below procedure: surfaces of in-

terest were drawn by hand (Surface) and number of red pixels (extracellular GluA1) was quantified. Imageswere also processed using

an ‘‘in-house’’ developed ImageJ macro. Briefly, quantifications were performed by first asking the user to draw multiple sets of re-

gions of interest: one in the background (devoid of any structure), and as many ROIs as required in the cell body and the proximal or

distal dendritic shaft. For each of them, maximum intensity and area were retrieved. In a later step, the maximum intensity retrieved

from the background area, to which 3 times its standard deviation was added, is subtracted to the full image. Results are expressed

as the mean intensity fluorescence at the PM.

Colocalization images were analyzed with theMetamorph software. A line of 5 mmwas drawn and pixel intensity for each color was

determined on the line.

Videomicroscopy
Videomicroscopy was performed on inverted Leica DMI6000B, equipped with a spinning-disk confocal system (Yokogawa CSU-X1,

beam lines: 408 nm, 491 nm, 561 nm) fitted with an EMCCD camera (Photometrics Quantem 512), using a HCX PL Apo 100X 1.4 NA

oil immersion objective. The setup was driven by the Metamorph software (Molecular Devices, Sunnyvale, USA) and place under

appropriate environmental control (Life Imaging Services).

2 colors imaging: Neurons expressing TdTomato-GluA1 and the calcium sensor GCaMP6f were imaged between 15 to 17 days at

37�C in a Ludin chamber filled with 1ml of normal Tyrode solution (20 mM HEPES, 3.5 mM KCl, 150 mM NaCl, 2 mM MgCl2, 2 mM

CaCl2, 25mM D-glucose). GluA1 exit from the ER using 1mM of AP21998 AL in Tyrode. The following acquisition sequence is per-

formed: (1) Using low-magnification objective, position of co-transfected cells (4-10 cells / coverslip) are recorded; (2) If applicable,

drugs are applied to modify calcium activity for 5min; (3) Photobleaching is performed in a user-defined ROI placed over the dendritic

shaft (�60mm2, using 561nm laser) to enhance visualization of AMPAR-containing vesicles within this region; (4) Both calcium activity

and vesicular trafficking are recorded (115 time points, 200msec time interval); (5) Analysis is performed using an in-house developed

plugin to the ImageJ software (‘‘KymoToolSet’’).

LTPwas chemically induced by incubating neurons in amagnesium-free Tyrode solution (stim-media: 20mMHEPES, 3.5mMKCl,

150 mM NaCl, 2 mM CaCl2, 25mM D-glucose, 30 mM bicuculline and 200 mM glycine). (1) For experiments performed during cLTP

stimulation, positions of co-transfected cells and dendritic regions of interest are first registered during 15min in Tyrode solution con-

taining 1mM of AP21998. After photo-bleaching of the dendritic regions of interest, neurons are transferred in the stim-media and
e2 Cell Reports 24, 1001–1012.e1–e3, July 24, 2018



videos are taken during the 5min of induction (2 to 3 cells / coverslip). (2) For experiments performed after cLTP induction, positions of

co-transfected cells are first registered during 15 min in normal Tyrode solution containing 1mM AP21998. Neurons are then incu-

bated 5 min in the stim-media, before return in normal Tyrode for an additional 15 min. Same imaging and analysis procedure as

above is used on a dendritic ROI for a maximum 30min, so cells spent 1 hr maximum with the AL.

Uncaging experiments: Same imaging and analysis procedure as above is used with the following variations and additional steps:

(1) positions recording is performed in normal Tyrode containing 1mM of AP21998; (1b) MNI-Glu is added (final concentration:

0.5 mM); (2b) ROIs in close vicinity to 5-10 spines are drawn for later glutamate uncaging; (4) Both calcium activity and vesicular traf-

ficking are recorded: a-(Before stimulation) 50 time points, 426 msec time interval; b-(During stimulation) 10 repetitions of 5 time

points followed by 405nm laser uncaging.

QUANTIFICATION AND STATISTICAL ANALYSIS

Graphpad Prism version 7.0 was used for statistical analysis. All statistical analysis details are listed in the Table S1 for main figures

and Table S2 for supplemental figures. Comparison of the means of two independent samples has been made with two-tailed t test.

Unpaired t test has been used to test the statistical difference of the means of two independent samples whether paired t test has

been used to compare the means of two matched pair’s samples. To compare the means of more than two independent samples,

one-way ANOVA with Bonferroni’s multiple comparisons test has been used. Asterisks notify the following significance levels: p <

0.05 (*), p < 0.01 (**), p < 0.001 (***) and p < 0.0001 (****).
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