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SUMMARY

Following synthesis, integral membrane proteins
dwell in the endoplasmic reticulum (ER) for variable
periods that are typically rate limiting for plasma
membrane delivery. In neurons, the ER extends for
hundreds of microns as an anastomosing network
throughout highly branched dendrites. However,
little is known about the mobility, spatial scales, or
dynamic regulation of cargo in the dendritic ER.
Here, we show that membrane proteins, including
AMPA-type glutamate receptors, rapidly diffuse
within the continuous network of dendritic ER but
are confined by increased ER complexity at dendritic
branch points and near dendritic spines. The spatial
range of receptor mobility is rapidly restricted by
type I mGluR signaling through a mechanism in-
volving protein kinase C (PKC) and the ER protein
CLIMP63. Moreover, local zones of ER complexity
compartmentalize ER export and correspond to sites
of new dendritic branches. Thus, local control of
ER complexity spatially scales secretory trafficking
within elaborate dendritic arbors.

INTRODUCTION

Most neurons possess highly branched dendrites with thou-

sands of synaptic contacts, a geometry that allows for spatial

segregation and integration of diverse signals (Spruston, 2008).

The functional properties of dendrites are highly compartmental-

ized, with individual dendritic segments possessing distinct

electrophysiological properties, synaptic inputs, and molecular

composition (Losonczy et al., 2008; Matsuzaki et al., 2004).

The partitioning of dendrites into functionally distinct segments

relies on local regulation of receptor and ion channel distribution

in the dendritic membrane (Nicholson et al., 2006). Although

regulated transport of membrane components is a requisite for
neuronal morphogenesis, synapse modification, and dendritic

plasticity (Kennedy and Ehlers, 2006), the organelles and cellular

machinery for spatially restricted dendritic trafficking are poorly

understood.

Local dendritic synthesis and secretory processing of mem-

brane cargo, and in particular a-amino-3-hydroxyl-5-methyl-4-

isoxazole-propionate (AMPA)-type glutamate receptors provide

attractive mechanisms for spatially delimited modification of

dendritic segments (Sutton et al., 2006). However, unlike cyto-

plasmic proteins, which require only mRNA and ribosomes, local

production of membrane proteins requires the entire comple-

ment of secretory organelles (Hanus and Ehlers, 2008). Yet, little

is known about the local dynamics and regulation of AMPA

receptors and other dendritic membrane cargo in early secretory

compartments.

Recent studies indicate that the entire cast of secretory organ-

elles is present in some dendrites (Gardiol et al., 1999; Horton

and Ehlers, 2003). In particular, the endoplasmic reticulum (ER)

exists as a continuous anastomosing network in dendrites (Coo-

ney et al., 2002; Spacek and Harris, 1997; Terasaki et al., 1994).

For numerous synaptic receptors and notably AMPA receptors

(Penn et al., 2008), ER export is rate-limiting for plasma mem-

brane delivery. For slowly exported cargo, diffusion within the

ER determines the spatial range of cargo transport to the plasma

membrane (Herpers and Rabouille, 2004). Interestingly, AMPA

receptors dwell in the ER for variable periods up to several hours

(Greger et al., 2002), raising the possibility that dwell time and ER

mobility determine the spatial domain over which nascent recep-

tors are delivered to the dendritic plasma membrane. Receptor

diffusion at the cell surface has emerged as a critical feature of

synaptic physiology (Newpher and Ehlers, 2008). However, the

internal diffusion of receptors within the dendritic ER has not

been examined, despite a potentially large influence on the

spatial scale over which dendritic membrane composition is

modified.

Here, we show that newly synthesized membrane proteins,

including AMPA receptors, rapidly diffuse within the continuous

network of the dendritic ER. Quantitative photobleaching, super-

resolution imaging, and ultrastructural analysis reveal that
Cell 148, 309–321, January 20, 2012 ª2012 Elsevier Inc. 309

mailto:michael.ehlers@pfizer.com
http://dx.doi.org/10.1016/j.cell.2011.11.056


nascent cargo diffusion is inhomogeneous, with zones of diffu-

sional confinement corresponding to local domains of increased

ER complexity near dendritic spines, at dendritic branch points

(BPs), and near Golgi outposts (GOs). The spatial range of

receptor mobility in the ER becomes progressively limited over

neuronal development and is rapidly restricted by group I mGluR

signaling through a mechanism involving protein kinase C (PKC)

and the microtubule-binding ER protein CLIMP63. Site-specific

phosphorylation of CLIMP63 increases ER complexity, thereby

trapping nascent membrane proteins within smaller domains of

diffusional confinement. Such local zones of ER complexity

correspond to domains of ER export and sites of new dendritic

branch formation. Correspondingly, manipulations that increase

or decrease ER complexity alternately promote or reduce

dendritic branching. Finally, increased ER complexity promotes

AMPA receptor surface expression and increases synaptic

strength. Taken together, these results define a mechanism for

compartmentalized trafficking in geometrically complex cells.

RESULTS

Rapid but Spatially Restricted Diffusion of Membrane
Proteins in the Dendritic ER
Prior to reaching the plasma membrane, newly synthesized

membrane proteins are assembled in the somatodendritic ER

where their mobility is unknown. To compare the diffusion of

nascent AMPA receptors to that of freely diffusing ER and cell-

surface membrane proteins, we engineered various integral

membrane GFP fusions and measured fluorescence recovery

after photobleaching (FRAP) in hippocampal neurons (Figure 1A

and Movie S1 available online). GFP-fusions of ER-retained

GluA1 and GluA2 subunits mimicking nascent receptors (ER-

GluA1 and ER-GluA2) were generated by introducing point

mutations in their glutamate binding sites (Figures 1B and 1C

and Figures S1A–S1D). The dynamics of ER-GluA1/2 in

dendrites were compared to that of ER-VSVG (Figures 1D and

1E and Figures S1E–S1H and S2), an ER-retained version of

the vesicular stomatitis virus glycoprotein (VSVG) that freely

diffuses in the ERmembrane, to the ER calcium-pump SERCA2a

whose dynamics have been characterized (Fukatsu et al., 2004),

and to two freely moving plasma membrane proteins, PM-phluo

and GT-46 (Figures S1I and S1J).

As expected, ER-GluA1/2 and ER-VSVGwere diffusely distrib-

uted throughout the dendritic volume (Figure 1C and Figures

S1B, S1F, and S1M), consistent with an ER distribution (Cooney

et al., 2002; Gardiol et al., 1999; Spacek and Harris, 1997). FRAP

showed that GluA2, VSVG and SERCA2a had similar mobility in

the dendritic ER, while GluA1 had slightly slower recovery

kinetics (Figure 1E, top panel). Determination of apparent

diffusion coefficients using a three-dimensional diffusion model

(Figure S1K) confirmed the rapid motion of nascent AMPA

receptors (Dapp: ER-GluA1, 0.038 ± 0.004 mm2/s; ER-GluA2,

0.069 ± 0.013 mm2/s; ER-VSVG, 0.081 ± 0.004 mm2/s; SERCA2a,

0.092 ± 0.009 mm2/s). Although slightly smaller than that of

VSVG, the exchangeable fractions of GluA1 and GluA2 in the

ER were quite high (ER-VSVG, 85 ± 2%; ER-GluA1, 79 ± 2%;

ER-GluA2, 75 ± 3%), indicating that most AMPA receptors are

exchangeable and mobile in the ER (Figure 1E, bottom panel).
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The measured recovery kinetics, mobile fractions, and apparent

diffusion rates were comparable to those of receptors in the ex-

trasynaptic plasma membrane (Ehlers et al., 2007) and mirrored

the dynamics of the freely diffusing membrane proteins GT-46

and PM-pHluo at the dendritic surface (Figures 1D and 1E and

Table S1). Thus, mobility of nascent receptors in the ER is nearly

as rapid as that of mobile receptors at the PM.

To directly examine the rate and spatial extent of ER mem-

brane protein mobility throughout entire living neurons, we

performed fluorescence loss in photobleaching (FLIP) experi-

ments in neurons expressing ER-VSVG (Figure 1F). Continuous

bleaching of the soma led to a progressive loss of dendritic fluo-

rescence (Figures 1F and 1G and Figure S1L), demonstrating

functional continuity of the somatodendritic ER. Whereas fluo-

rescence loss occurred within minutes in proximal dendrites,

distal dendrites were more slowly depleted and retained a signif-

icant fraction of their initial fluorescence (Figures 1F–1H). Thus,

although highly mobile over micron scales, nascent receptors

in the dendritic ER exhibit spatially restricted exchange over

longer distances.

Membrane Cargo Mobility in the Dendritic ER
Diminishes over Development
Although ER-VSVG appears diffuse in low-resolution FRAP

experiments (Figure S1F and Figure S2G), super resolution

structured illumination microscopy (SR-SIM) (Schermelleh

et al., 2010) revealed subcellular heterogeneities in the dendritic

ER (Figure 1I). Most neurons displayed clusters of increased

fluorescence distributed along dendrites (Figure 1I), which

were stable for many minutes (Figure 1J), and became more

prominent over neuronal development (Figures 2A and 2B).

Membrane protein mobility in the ER is likely restricted by struc-

tural features such as anastomoses and cisterns. Since these

structures cannot be resolved by conventional fluorescence

microscopy (Spacek and Harris, 1997), we developed a FRAP-

based method to quantitatively assess diffusional restriction

and ER complexity within local dendritic segments. We took

advantage of the fact that the size of the bleached area affects

fluorescence recovery rates (Sprague and McNally, 2005).

Specifically, since the volume of any object increases with size

faster than its surface area, increasing the size of the bleached

area decreases the surface area to volume ratio and hence

decreases the interface available for exchange of bleached

and nonbleached molecules. Thus, for any exchanging mole-

cule, measured recovery rates become progressively slower

as a function of the effective complexity of the fluorophore-

accessible volume as the size of the bleached area increases

(Figure 2C and Figure S2). Hence, by comparing the ratio of fluo-

rescence recovery after bleaching a large area to that after

bleaching a small area, one obtains a functional measure of

the effective complexity of the fluorophore-accessible volume

(Figure S2).

Using this assay, we found that membrane protein mobility in

the dendritic ER declines significantly over neuronal develop-

ment (Figures 2C–2E). As the length of bleached dendritic

segment was increased, the slowing of recovery times was

more pronounced in older neurons (Figures 2D and 2E), indi-

cating increased effective complexity (Figure 2C and Figure S2).



Figure 1. Membrane Protein Dynamics in the Dendritic ER

(A) Model illustrating the mobility of membrane proteins in the ER and at the surface of a neuronal dendrite. PM, plasma membrane.

(B) ER-retained GluA1 and GluA2 subunits (ER-GluA1/2) mimicking nascent receptors were generated by point mutation in the glutamate binding site (see also

Figure S1). A constitutively ER-retained version of VSVG (ER-VSVG) was generated by mutagenesis of VSVG COPII binding motifs. Lum, lumen; cyto, cytosol.

(C) Distribution patterns of ER-GluA1 and ER-GluA2 in DIV15 hippocampal neurons. Insets show higher magnification of cell bodies. The scale bar represents

30 mm.

(D) Examples of raw (filled circles) and fitted (lines) FRAP plots obtained for GluA2 in the ER (ER-GluA2) and GT46 at the plasma membrane (PM).

(E) Average recovery halftime (t1/2) and fractional recovery measured for integral membrane proteins in the ER or at the cell surface (PM) in DIV17-22 neurons (see

also Movie S1). Mean ± SEM, n = 64, 38, 28, 44, 14, and 22 cells, for ER-VSVG, ER-GluA1, ER-GluA2, SERCA2a, GT46, and PM-pHluo, respectively, three to four

experiments each; *p < 0.05, **p < 0.01; ANOVA.

(F) Loss of dendritic ER-VSVG fluorescence upon continuous bleaching of the soma. Time-lapse sequences are shown for proximal (1, 2) and distal (3) dendritic

segments. Insets show ER-VSVG fluorescence before (pre) and after (post) photobleaching the soma. The scale bars represent 30 mm and 5 mm (inset).

(G) Fluorescence decay in the soma (gray) and in dendritic segments at 25 mm (green), 50 mm (blue), and 100 mm (red) from the soma in bleached neurons and at

100 mm from the soma in unbleached neurons (u.b., black). n = 7–11 dendrites in 9 cells, three experiments.

(H) Decay constants (t) and stable fractions in dendrites as a function of distance from the soma. Mean ± SEM; *p < 0.05, **p < 0.01; ANOVA.

(I) Super-resolution image of ER-VSVG obtained by structured illumination microscopy (SIM) showing spatial heterogeneities within the dendritic ER image. Epi,

epifluorescence image; SIM, SIM image; 3D, 3D reconstruction. The scale bar represents 5 mm.

(J) Time-lapse sequence of ER-VSVG. Shown are z-stack projections illustrating the relative stability of ER spatial heterogeneities (arrows). Times are shown in

minutes. The scale bar represents 5 mm.
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Figure 2. Increased ER Complexity and Reduced ER Mobility in Older Spiny Dendrites

(A and B) Distribution pattern (A) and variance (B) of ER-VSVG fluorescence along dendrites of young (DIV8-11, left) and older (DIV22, right) neurons. Arrows show

spots of increased ER-VSVG intensity. Mean ± SEM, n = 13; **p < 0.01; t test. The scale bar represents 5 mm.

(C and D) FRAP-based measurement of ER complexity (see also Figure S2). (C) Schematic of experimental approach. FRAP measurements in small dendritic

segments (tS) provide information on intrinsic molecular properties independent of ER geometry (e.g., freely diffusing fraction, binding kinetics, etc.). FRAP

measurements in larger dendrite segments (tL) depend on ER geometry and the fluorophore-accessible volume. (D) Fitted plots of ER-VSVG fluorescence

recovery after bleaching small (S, 1.2 mm) or large (L, 5 mm) segments in young (DIV8, blue) and old (DIV24, red) neurons.

(E) Recovery halftimes (normalized t1/2) as a function of the length of bleached dendritic segments in young (blue) and older (red) neurons. Mean ± SEM, n = 20, 21

cells in four experiments, respectively; *p < 0.05, **p < 0.01; t test.
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This restricted mobility in older neurons was not due to a hetero-

geneous distribution of ER-VSVG binding sites as recovered

fractions and diffusion anomaly were identical in young and

mature neurons (Figure S2J).

Zones of ER Confinement Localize Near Dendritic
Spines and Dendritic Branch Points
To determine whether ER membrane protein mobility is reduced

near excitatory synapses (Spacek and Harris, 1997), we mea-

sured FRAP recovery rates derived from small 1 mm (t1/2,S) and

larger 7 mm (t1/2,L) dendritic segments (Figure 2F), and calculated

an ER complexity index as the ratio between t1/2,L and t1/2,S ob-

tained from DIV18 hippocampal neurons with varying spine

densities. In contrast to t1/2,S which remained constant, t1/2,L
increased with spine density (Figure 2G), resulting in a positive

correlation between spine density and ER complexity (Figures

2H and 2I). To examine the ultrastructural organization of the

ER over dendritic development and its spatial relationship with

spines in vivo, we performed serial section 3D reconstruction

in CA1 pyramidal neurons. We compared ER morphology in

dendrites displaying varying spine densities in postnatal day 15

(PND15) or adult neurons. In aspiny segments of PND15

dendrites, ER consisted primarily of multiple elongated longitu-

dinal tubules connecting regions of increased ER volume found

near dendritic spines (Figures 2J and 2K). In older dendrites ER

volume was overall more heterogenous with more branched

tubules and larger distended cisternae in zones of high spine

density (Figures 2L and 2M). As an indirect metric for ER

complexity, we assessed ER volume variation along dendrites

by comparing ER cross-sectional area in aspiny and spiny

dendritic segments with varying spine number (Figure S2K).

Although ER cross-sectional area was higher in spiny dendrites

both in PND15 and adult neurons, this difference was more

pronounced in adult neurons due to higher spine density (Fig-

ure 2N), resulting in a globally increased ER complexity in adults

(Figure 2N). In agreement with previous studies (Spacek and

Harris, 1997), variation of ER volume along the dendritic shaft

of adult neurons was tightly correlated with local spine density

(Figure 2O), providing a structural basis for reduced membrane

cargo mobility. Consistent with EM reconstructions where

spines rarely contained ER (Figures 2K and 2M), fluorescence

microscopy showed that ER complexity is not due to ER entry

into spines (Figures S2L–S2N).
(F) Images of hippocampal neurons (DIV15) expressing anmCherry cell fill (mCh, le

bleached areas. The scale bar represents 5 mm.

(G) Fluorescence recovery halftimes (t1/2) as a function of dendritic spine dens

segments (L, filled circles) in older neurons (DIV17-19). n = 42 cells, three experi

(H) ER complexity index (t1/2, L / t1/2, S) as a function of dendritic spine density. Th

density was set at 0.5 spines/mm (dashed blue line).

(I) Mean complexity index of dendritic segments with low spine densities under (L,

25 cells in three experiments, respectively; *p < 0.05, **p < 0.01; t test.

(J–M) Electron micrographs (J and L) and three-dimensional reconstructions (K a

plasma membrane ([K and M] yellow), the ER (green) and excitatory postsynaptic

CA1 pyramidal neuron apical dendrites. Note the elongated longitudinal ER tubu

volume at the base of dendritic spines (arrows). In adult neurons, note the incre

represents 1 mm (J and L), 500 nm (K and M).

(N and O) Average ER cross-sectional area in aspiny, spiny, and spiny plus aspin

number in adult dendrites. Mean ± SEM, n = 528–539 sections in PND 15 aspi

segments, n = 10–17 dendrites from 2–4 animals; **p < 0.01, ***p < 0.001; ANOV
We next performed FRAP measurements at various locations

along dendrites (Figure 3A). We found no quantitative difference

in submicron diffusion rates or ER complexity (t1/2,L / t1/2,S)

between proximal and distal dendritic segments (Figures 3B

and 3C and Table S1). In contrast, ER complexity was signifi-

cantly higher at dendritic branch points (BPs) (Figures 3B and

3C). Importantly, the increased complexity at BPs was specific

for membrane proteins in the ER and was not observed at the

cell-surface (Figure 3C).

The restricted mobility of ER membrane cargo at BPs was

further supported by photoactivation experiments (Figures 3D–

3G). Specifically, ER-VSVG-paGFP photoactivated in dendritic

segments accumulated and dwelled for extended periods at

flanking BPs (Figures 3D and 3E). Conversely, decay rates of

photoactivated VSVG-paGFP measured in 15–30 mm dendritic

segments flanked by and encompassing BPs were significantly

slower than in straight dendritic segments (Figures 3F and 3G).

Taken together, these data show that BPs act as diffusional traps

restricting ER membrane protein mobility.

Compartmentalized Diffusion of Nascent AMPA
Receptors in the Dendritic ER
To determine how lateral diffusion impacts the size of the

dendritic domain explored by newly synthesized membrane

cargo in the ER, we simulated the spread of GluA1 in dendrites

(Figures S3) using measured and extrapolated diffusion coeffi-

cients (Table S2) derived from straight segments and dendritic

BPs. Exploration maps obtained over a total duration of 12 hr

assuming a constant rate of synthesis at a given location (e.g.,

BP), indicate that nascent AMPA receptors concentrate within

dendritic subcompartments (Figures S3A and S3B and Movie

S2). This accumulation occurred over hours and, by 12 hr,

produced a nearly 10-fold increase in receptor density centered

at the synthesis site. Compartmentalization was particularly

marked in complex dendrites (Figures S3C and S3D), due largely

to the reduced mobility at BPs. If the reduced diffusion at BPs

was excluded, the size of explored dendritic domains was signif-

icantly increased (Figure S3D). The additive contribution of indi-

vidual dendritic branches to nascent receptor confinement was

further confirmed by simulations in dendritic templates with

defined geometries (Figure S3E), where each bounding branch

point induced a �20% increase in local receptor concentration

(Figure S3F). These data show that cargo mobility within the
ft) and ER-VSVG (right). White boxes illustrate the small (1 mm) and large (7 mm)

ity after sequential bleaching of small 1 mm (S, open circles) and large 7 mm

ments.

e dashed red line indicates the linear fit. A cutoff for high (H) and low (L) spine

blue) or high spine densities above (H, red) 0.5 spines/mm.Mean ±SEM, n = 17,

nd M) at low and higher magnification, showing the cytoplasm (J and L) or the

differentiations (red) in postnatal day 15 (PND 15 [J and K]) and adult (L and M)

les (arrow heads), ER branching (empty arrow heads) and local increase of ER

ased ER branching (empty arrowheads) and cisternae (arrows). The scale bar

y segments (all [N]) of PND 15 or adult dendrites, and (O) correlation with spine

ny and spiny segments, and n = 433–544 sections in adult aspiny and spiny

A or t test.
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Figure 3. Diffusional Trapping of ER Membrane Cargo at Dendritic Branch Points

(A) ER-VSVG expression in a DIV15 hippocampal neuron. Shown are examples of proximal (P), distal (D), and branch point (BP) regions subjected to photo-

bleaching. The scale bar represents 30 mm.

(B) Averaged FRAP plots obtained after sequential bleaching of small 1 mm (S, light colors) and large 7 mm dendritic segments (L, dark colors) in distal dendrites

(D, blue), proximal dendrites (P, green), and dendritic BPs (red). The scale bar represents 5 mm.

(C) Average complexity (t1/2, L / t1/2, S) measured for ER-VSVG in the ER and PM-phluo at the plasma membrane (PM). D, distal; P, proximal; BP, branch point.

Mean ± SEM, n = 12–18 cells in two to three experiments each; **p < 0.01; ANOVA.

(D) Photoactivation of ER-VSVG-paGFP in a region of dendrite between two BPs. Photoactivated ER-VSVG-paGFP (blue, right) diffused away from the

photoactivated region but was trapped at adjacent BPs. mCh was coexpressed as a cytosolic cell fill (left). The scale bar represents 10 mm.

(E) Line-scan of ER-VSVG-paGFP fluorescence at two time points following photoactivation.

(F) Photoactivation of ER-VSVG-paGFP in a straight dendritic segment (left, white box) or in a dendritic segment flanked by BPs (right, white box) (see also

Figure S3 and Movie S2). Bottom panels show kymographs of fluorescence intensity along the dendrite. The scale bar represents 10 mm.

(G) Fluorescence decay plots (left) and average decay half times (right) following ER-VSVG-paGFP photoactivationmeasured in straight (S) dendritic segments or

dendritic segments of equal length flanked by BPs. Fluorescence measurements were made from larger regions that encompassed BPs as indicated by the

brackets in (F). Mean ± SEM, n = 10 cells, three experiments; *p < 0.05; t test.
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ER tunes the local reservoir of available nascent receptors and is

strongly influenced by local dendritic geometry.

Increased ER Complexity and Preferential ER Export
at Dendritic Branch Points
The increased diffusional confinement coupled with the un-

changed short-range fluorescence recovery kinetics at BPs (Fig-

ure 3B) suggested local increase in the geometric complexity of

ER structure. To address this, we performed serial section 3D

reconstruction in CA1 pyramidal neurons. In straight segments

of dendrite, the ER consisted of elongated longitudinal tubules

connected by occasional transverse bridging tubules (Figures

3H and 3K). At BPs, ER was much more complex, with multiple

anastomosing tubules and flattened cisternae (Figures 3H–3K),

providingastructuralbasis for reducedmembranecargomobility.

To test whether ER structural complexity corresponds to sites

of secretory protein biosynthesis, we examined the distribution

of ER-bound ribosomes and found that they are concentrated

at dendritic BPs (Figure 4A). This suggests that BPs constitute

a primary entry site of locally translated proteins into the secre-

tory pathway. Indeed, FRAP experiments indicated a significant

reduction in secretory cargo mobility in ER domains near Golgi

outposts (GOs, Figure 4B), which are themselves concentrated

at BPs (Horton et al., 2005; Ye et al., 2007). Moreover, ER-exit

sites (ERES) marked by Sec23-immunolabeling were enriched

at BPs and locally clustered around GOs (Figure 4C). This

suggests that local ER complexity facilitates local export and

processing of secretory cargo. To investigate this, we imaged

VSVGts045, a model cargo that can be released from the ER

in a thermosensitive manner, to monitor synchronized cargo

progression in the secretory pathway (Horton and Ehlers,

2003). Following release from the ER, VSVGts rapidly accumu-

lated at BPs (Figures 4D and 4E and Figures S4A and S4B),

leading in turn to a rapid and local increase of Sec23 (Figures

4E and 4F), indicative of local ER export (Figure S4C; Farhan

et al., 2008). These data demonstrate a spatial correlation

between increased ER complexity, decreased cargo mobility,

and preferential ER export at BPs.

We then sought to determine whether zones of increased ER

complexity correspond to sites of secretory exocytosis. We

took advantage of the transcytosic itinerary of the presynaptic

protein VAMP2, which is first exocytosed in dendrites, internal-

ized, and then targeted to and enriched in axon terminals

(Sampo et al., 2003), allowing clear spatial segregation of exocy-

tosis from secretory and endosomal compartments. In parallel

with VSVGts release from the ER, secretory exocytosis of super-

ecliptic-GFP tagged VAMP2 (VAMP2-SEP) occurred preferen-

tially at BPs (Figures 4G–4I and Movie S3).

Acute Regulation of Dendritic ER Complexity by an
mGluR/PKC/CLIMP63 Pathway
The developmental increase in dendritic ER complexity and its

correlation with dendritic spine density (Figure 2) suggested
(H–K) Three-dimensional reconstructions of electron micrographs showing the pl

presence of ER cisternal sheets at dendritic BPs (arrows) and the extensive bran

with ER tubules (filled arrowheads) in straight dendritic segments. The morpholo

(crossed arrows in [H]). The scale bars represent 1 mm (H and K), 500 nm (I), and
regulation by emergent synaptic activity. This prompted us to

assess whether activation of postsynaptic glutamatergic recep-

tors controls ER morphology and effective complexity. In

dendrites where ER fine structure could be well-resolved, ER-

localized membrane cargo was noticeably less uniform and

concentrated in ER nodules following activation of group I me-

tabotropic glutamate receptors (mGluRs) using the selective

agonist (S)-3,5-dihydroxyphenylglycine (Figures 5A–5C). As

confirmed by super-resolution imaging, these structures corre-

spond to regions of convoluted ER (Figure 5B). Although these

nodules were clearly visible only in �60% of neurons at diffrac-

tion-limited resolution, DHPG increased fluorescence variation

along dendrites regardless of nodule appeareance (Figure 5C).

Correspondingly, DHPG caused a significant increase in den-

dritic ER complexity measured by FRAP (Figures 5D–5F),

whereas NMDA receptor activation had no effect on this param-

eter. The mGluR-induced increase in ER complexity occurred

without measurable ER stress (Figure S5) and mGluR activation

did not change submicron diffusion rates (Figures 5D and 5E and

Table S1), indicating that the effect was not due to a composi-

tional change in the ER. The group I mGluRs (mGluR1, mGluR5)

couple to Gq and thereby trigger protein kinase C (PKC) and

inositol 1,4,5-trisphosphate (IP3)-dependent signaling path-

ways. Correspondingly, the DHPG-induced increase in ER

morphological and effective complexity was abolished by inhib-

iting PKC (Figures 5C and 5F). The effect of mGluR activation

was not cargo selective, as the apparent diffusional complexity

index for both ER-VSVG and ER-GluA1 was increased to the

same extent (Figure 5F) despite different absolutemobilities (Fig-

ure 1E). Thus, postsynaptic mGluR signaling via PKC rapidly

confines nascent receptor diffusion in the dendritic ER.

In fibroblasts, ER interaction with microtubules is an important

determinant of ER morphology (Vedrenne and Hauri, 2006). We

thus examined ER ultrastructure in vivo and found that whereas

elongated ER tubules frequently contacted microtubules (Fig-

ure 6A), convoluted ER membranes seen at BPs were much

more loosely associated with microtubules (Figures 6A and

6B). Among the potential targets of PKC at the ER, CLIMP63 is

an ER integral membrane protein whose binding to microtubules

is regulated by PKC-dependent phosphorylation (Klopfenstein

et al., 1998; Schweizer et al., 1993; Vedrenne et al., 2005).

When bound to microtubules in fibroblasts, CLIMP63 promotes

elongation of ER tubules to the cell periphery along microtubule

tracts (Klopfenstein et al., 1998; Vedrenne et al., 2005). Phos-

phorylation of one or more N-terminal serine residues (S3, S17,

and S19) abrogates microtubule binding (Figure 6C), eventually

resulting in ER collapse and membrane stacking around the

nucleus (Vedrenne et al., 2005). CLIMP63 is highly expressed

in brain (Farah et al., 2005), and given the regulation of dendritic

ER complexity by mGluR/PKC (Figure 5), we wondered whether

the increased ER complexity seen in neurons aftermGluR activa-

tion involved CLIMP63 phosphorylation. To test this, we gener-

ated phosphodeficient (CLIMP63-S3A, S17A, S19A; referred to
asma membrane (gray) and the ER (green) at different magnifications. Note the

ching of the ER membrane (bridging tubules, empty arrowheads), contrasting

gical complexity of the ER was also increased in areas with high spine density

250 nm (J).
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Figure 4. Preferential ER Entry and ER Exit at Dendritic Branch Points

(A) Three-dimensional EM reconstructions showing ER-bound ribosome distribution in segments of CA1 dendrites. Note the concentration of ER-bound ribo-

somes at BPs (arrows). The scale bar represents 1 mm.

(B) ER complexity index in dendritic segments lacking (–) or containing (+) Golgi outposts (GOs). Mean ± SEM, n = 10 cells in two experiments; *p < 0.05; t test.

(C) Sec23 immunoreactivity showing the distribution of ER exit sites in dendrites of DIV7 neurons. The scale bars represent 5 mm.

(D) Accumulation of VSVGts at BPs (arrows) 7 and 33 min after temperature-induced release of ER exit blockade (39�C to 32�C shift) (see also Figure S4). The

scale bar represents 5 mm.

(E–F) Images (E) and quantification (F) of the preferential increase of Sec23 at BPs after VSVGts release from the ER by shift to 32�C. The scale bar represents

5 mm. Mean ± SEM, n = 8–24 cells, two to four experiments for each; *p < 0.05, **p < 0.01; ANOVA.

(G–I) Preferential exocytosis at BPs (see also Movie S3). (G) VAMP2 is first secreted in the somatodendritic membrane (1), internalized (2) and subsequently

targeted to the axon (3). (H) VAMP2-SEP fluorescence in a dendrite and an axon (d and a, upper) and discrete exocytosis events at BPs (arrows, lower). The

scale bar represents 5 mm. (I) Cumulative exocytosis events at BPs and in the dendritic shaft. Mean ± SEM, n = 30 dendrites in 15 neurons; *p < 0.05, **p < 0.01;

ANOVA.
as 3A) and phosphomimetic (S3E, S17E, S19E; referred to as 3E)

mutant forms of CLIMP63 that either strongly bind (3A) or fail

to bind (3E) microtubules (Vedrenne et al., 2005). In neurons,

CLIMP63-3A was uniformly distributed in straight tubular struc-

tures throughout dendrites (Figure 6D, Figure S6B, and Movie

S4), consistent with tight microtubule binding. In contrast, phos-

phomimetic CLIMP63-3E was present in nonuniform clusters

(Figure 6D, Figure S6B, and Movie S4), consistent with a

decreased binding to microtubules. The ER in neurons express-

ing CLIMP63-3E was still present throughout dendrites (Fig-

ure S6B), but became much more convoluted (Figure 6D and

Movie S4), similar to changes in the ER observed upon mGluR

activation (Figure 5B).

Along with changes in ER morphology (Figure 6D), expression

of CLIMP63-3E significantly increased ER diffusional complexity

in the dendritic shaft (Figure 6E). Conversely, expression of

CLIMP63-3A decreased ER complexity in the shaft (Figure 6E).

Notably, the increased ER complexity at BPs was abrogated by

CLIMP63-3A but was not further increased by CLIMP63-3E (Fig-

ure 6E). These effects on ER effective complexity occurred with
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minor modifications in the local, absolute mobility of ER-VSVG

(Table S1). Consistently, knockdown of endogenous CLIMP63

by RNA interference (RNAi) phenocopied the effect of

CLIMP63-3E (Figures6F–6HandFigureS6C).Moreover,whereas

CLIMP63-3A blocked theDHPG-induced increase in ER effective

complexity, CLIMP63-3E quantitatively occluded the effect

(Figure 6I). In addition to normalizing ER complexity between

BPs and adjacent dendritic shaft, expression of CLIMP63-3A

abolished the preferential ER export of cargo at BPs induced by

acute ER release of VSVGts (Figure 6J; compare to Figure 4F).

These data provide strong evidence that mGluR signaling

increases ER complexity and reduces nascent receptor mobility

via PKC-dependent phosphorylation of CLIMP63.

Endoplasmic ReticulumComplexity Regulates Dendritic
Morphogenesis and Synaptic Strength
Previous studies identified dendritic GOs as hubs for forward

secretory trafficking, locally providing membrane components

to growing dendrites (Horton et al., 2005; Ye et al., 2007).

Whether and how nascent secretory cargo is confined within



Figure 5. Group I mGluR Signaling Modifies ER Morphology and Reduces ER Cargo Mobility

(A) Increased heterogeneity of ER-VSVG distribution after a 30 min exposure to DHPG (arrows) (see also Figure S5). The scale bar represents 5 mm.

(B) Structured illumination microscopy images of a dendrite showing ER-VSVG fluorescence before (1) and after SIM imaging (2–5) at low (1–2) and higher (3–5)

magnifications. Note the extensive branching (arrowheads) of ER membranes in DHPG-induced nodules (arrows). The scale bar represents 5 mm.

(C) Increased variation in ER-VSVG fluorescence along dendrites in cells as shown in (A) in the absence (DHPG) or presence of a PKC inhibitor (PKCi, 100 nM

bisindoylmalemide). Data are normalized to values measured prior to drug application, Mean ± SEM. DHPG, n = 7; DHPG + PKC inhibitor, n = 8 cells; one to two

experiments each; *p < 0.05; t test.

(D and E) Representative FRAP plots obtained from sequential bleachings of small 1 mm (S, gray) and large 7 mm (L, black) dendritic segments (DIV14) before (pre)

and after (post) exposure to NMDA or DHPG.

(F) Effective complexity (t1/2, L / t1/2, S) in individual dendrites exposed to NMDA, DHPG and DHPG + PKCi. ER complexity values measured by FRAP following

stimulation with indicated reagents are normalized to values measured prior to drug application (PKCi, 100 nM bisindoylmalemide), Mean ± SEM n = 34, 42,

16 cells for ER-VSVG in NMDA, DHPG, and DHPG+PKCi treatment, respectively; n = 19 cells for ER-GluA1 in DHPG treatment; two to four experiments; *p < 0.05

(relative to 1.0); t test.
the dendritic ER has been unclear. To address this, we first used

CLIMP63-3E as a marker for zones of complex ER (Figure 6). In

DIV 7 neurons, a period of intense dendritic growth and remod-

eling (Horton et al., 2005), CLIMP63-3E was concentrated at BPs

(Figure 7A). This local concentration was correlated with the

emergence and growth of new dendritic branches (Figures 7B

and 7C and Figure S7A). 72% ± 9% of CLIMP63-3E clusters in

primary dendrites (n = 40 in 6 neurons) corresponded to sites

of new branch formation, suggesting that local zones of in-

creased ER complexity promote dendritic branching. To address

this further, we measured the effect of CLIMP63 mutants on the

morphology of pyramidal neuron primary dendrites, whose

growth andmorphology is tightly coupled to secretory trafficking

(Horton et al., 2005). Expression of CLIMP63-3A resulted in

fewer proximal branches (Figures 7D–7F). In contrast, expres-

sion of CLIMP63-3E triggered a large increase in dendritic

branching (Figures 7D–7F). Moreover, RNAi knockdown of

CLIMP63 (Figure 7G) phenocopied the effect of CLIMP63-3E
(Figures 7H and 7I). The increase in dendritic branching induced

by CLIMP63 knockdown was reversed by expression of

CLIMP63-3A (Figures 7H and 7I).

In addition, we sought to determine whether ER complexity

controls the abundance of AMPA receptors at the dendritic

plasma membrane. Compared to CLIMP63-3A, CLIMP63-3E

expression increased both surface and synaptic GluA1 (Figures

S7B and S7C). Moreover, Whole-cell patch-clamp recordings

revealed increased amplitude and frequency of miniature excit-

atory postsynaptic currents (mEPSCs) in neurons expressing

CLIMP63-3E (Figures S7D and S7E). These data show that

increases in ER complexity produce corresponding increases

in surface and synaptic levels of AMPA receptors.

DISCUSSION

The complex cellular geometry determines the computational

properties of neurons (Spruston, 2008) and requires highly
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Figure 6. Phosphorylation-Dependent Binding of CLIMP63 to Microtubules Controls ER Morphology and Cargo Mobility

(A and B) Three-dimensional reconstructions of electron micrographs (A) showing the plasma membrane (gray), ER (green), microtubules (MT, red) and ER-MT

contacts (blue) at a dendritic branch point (B). The scale bars represent 500 nm. In (B), note the looser association of bunched ERmembranes (filled arrowhead) at

the branch point compared to elongated tubules aligned with MTs in the dendritic shaft (empty arrowheads).

(C) Topology of CLIMP63 in the ER membrane (left) and regulation of ER microtubule binding by phosphorylation (right). Three serine residues in the N-terminus

whose mutation prevents PKC-dependent phosphorylation are shown (red). Numbers indicate amino acids. Lum, lumen; cyt, cytosol.

(D) Super-resolution imaging of ER-VSVG (green) and CLIMP63-S3A, S17A, S19A (3A) or CLIMP63-S3E, S17E, S19E (3E) (red) in hippocampal neuron dendrites

(DIV15) (see also Figure S6 and Movie S4). Elongated tubules (arrowheads) or branched ER membranes (empty arrowheads) are indicated. Three-dimensional

surface renderings (3, 6) were derived from ER-VSVG images (2, 5). The scale bar represents 5 mm.

(E) Apparent ER complexity measured by FRAP in the dendritic shaft or at BPs in neurons (DIV13-14) coexpressing ER-VSVG with either mCherry (ctr),

mCh-CLIMP63-3A (3A), or mCh-CLIMP63-3E (3E). Mean ± SEM, n = 64, 39 and 43 cells for dendritic shaft, n = 18, 14, 9 cells for BPs, respectively, four to five

experiments for each; *p < 0.05, ***p < 0.01; ANOVA.

(F–G) CLIMP63 knockdown by RNA interference. (F) CLIMP63 immunoreactivity (IR, pseudocolored fluorescence) in untransfected and transfected (asterisks)

neurons (somatas) expressing scramble (Sc) or target (KD) short hairpin RNAs (shRNA). (G) Normalized CLIMP63 levels in Sc and KD dendrites, Mean ± SEM

n = 19 cells, two experiments; ***p < 0.001; t test.

(H) CLIMP63 knockdown increases ER complexity. FRAP as in (E) in dendrites of neurons expressing scrambled (Sc) or CLIMP63 (KD) shRNAs or reporter only

(tdTomato, ctr) with ER-VSVG. Mean ± SEM, n = 25, 16 and 17 cells, respectively, three to five experiments for each; **p < 0.01; ANOVA.
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Figure 7. Phosphorylation of CLIMP63 Regulates Dendritic Branching

(A) Distribution of mCherry-tagged CLIMP63-3A and CLIMP63-3E (red) in DIV10 neurons expressing GFP (green). Note CLIMP63-3E enrichment at BPs (arrows).

The scale bar represents 5 mm.

(B) Zones of ER complexity labeled by CLIMP63-3E concentrate at sites of new dendritic branches (arrow) (see also Figure S7). Outlines represent GFP

expressing emerging dendritic branch. Time in hr:min. The scale bar represents 5 mm.

(C) CLIMP63-3E clustering precedes and marks sites of dendritic branching. Schematic of method to quantify dendritic branch growth and CLIMP63-3E

enrichment index (C1), their variation with time (C2) and correlation (C3) after emergence of the branch shown in (B).

(D and E) Camera lucida drawings (D) and Sholl analysis (E) of primary dendrites fromDIV10 hippocampal pyramidal neurons expressingmCherry (ctrl), CLIMP63-

3A (3A), or CLIMP63-3E (3E). The scale bar represents 5 mm. Mean ± SEM, n = 16–18 cells, two experiments for each; *p < 0.05, **p < 0.01; t test (3A versus 3E).

(F) Primary dendrite length (mm) and branch tip numbers for neurons expressing mCherry (ctrl), CLIMP63-3A (3A), or CLIMP63-3E (3E). Mean ± SEM, **p < 0.01,

***p < 1 3 10�4; ANOVA.

(G) CLIMP63 knockdown after viral transduction. Shown are immunoblots for endogenous CLIMP63, tdTomato (tdT) and b-actin from hippocampal culture

lysates after transduction with scramble (Sc) or CLIMP63 (KD) shRNA.

(H and I) Sholl analysis (H) and length and tip numbers (I) of primary dendrites from DIV10 hippocampal neurons. Neurons were transduced with scrambled (Sc)

or CLIMP63 (KD) shRNA with or without an RNAi resistant mCherry-tagged CLIMP63-3A (3A). Mean ± SEM, n = 15-31 cells, two to four experiments for each;

*p < 0.05, **p < 0.01; t test (H) or ANOVA (I).
compartmentalized delivery of membrane cargo (Kennedy and

Ehlers, 2006). In Drosophila oocytes, the range of ER diffusion

dictates the location of cargo secretion and is crucial for polar-

ized signaling (Herpers and Rabouille, 2004). In mammalian
(I) CLIMP63-3A blocks and CLIMP63-3E occludes the DHPG-induced increase in

experiments for each; *p < 0.05; t test.

(J) CLIMP63-3A abrogates the preferential increase of Sec23 at BPs after VSVGt

cells, two experiments for each; **p < 0.01; t test. Ctr, control.
neurons, dendritic spines act as diffusion sinks restricting cyto-

plasmic protein diffusion (Santamaria et al., 2006). In both cases,

geometric complexity produces functional compartmentaliza-

tion without direct immobilization. Our results suggest that
ER complexity. Mean ± SEM, n = 44, 39 and 43 cells, respectively, four to five

s release from the ER. The scale bar represents 5 mm. Mean ± SEM, n = 11-18
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nascent secretory proteins in dendrites are confined by local ER

complexity near spines and BPs, directly coupling organelle

structure to dendritic geometry for local control of membrane

production and composition.

Local synthesis of membrane proteins has been proposed to

mediate diverse forms of neuronal plasticity. However, the

spatial range with which locally synthesized receptors modify

synapses is not clear. Newly synthesized GluA1 andGluA2 reach

the Golgi apparatus with time constants of �3 hr and �12 hr,

respectively (Greger et al., 2002). Such variable and prolonged

dwell time in the ER is characteristic of multisubunit receptors

and neuronal ion channels, and suggests the potential for tight

regulation of ER export kinetics which, together with lateral ER

diffusion, will determine the spatial range over which ER export

occurs. Here, we have shown that the overall geometry and

complexity of ER membranes can restrict the spatial mobility

of membrane cargo near spines and BPs, providing a general

mechanism to tune the spatial dimensions of secretory traf-

ficking independent of cargo identity. Our results further show

that increased ER complexity promotes AMPA receptor surface

expression and accumulation at synapses, providing a potential

basis for dendritic segment-specific variation in AMPA receptor

abundance (Nicholson et al., 2006).

Group I mGluR activation promotes the dendritic accumula-

tion of AMPA receptor subunit mRNAs (Grooms et al., 2006),

increases dendritic ER-export (Aridor et al., 2004), and triggers

the dendritic translation of AMPA receptors (Mameli et al.,

2007). Here, we have shown that mGluR activation reduces the

lateral mobility of nascent receptors by increasing ER com-

plexity. Such a mechanism provides a pathway that couples

local secretory processing of nascent receptors with signaling

events controlling protein translation.

Extending for hundreds of microns, it has been unclear how the

ER is elaborated in dendrites, what controls its structure or

morphology, and howERmorphology impacts neuronal develop-

ment and function. Here,we have shown that bidirectional regula-

tion of ERcomplexity throughCLIMP63phosphorylation provides

a direct mechanism to tune the spatial dimensions of ER cargo

mobility in dendrites. Notably, the concentration of complex ER

domains at dendritic BPs is accompanied by enrichment of ribo-

somes, ER exit sites, and GOs. This shows that the entire

ensemble of secretory machinery becomes compartmentalized

at BPs, and indicates that zones of increased ER complexity

control dendritic branching by facilitating nascent cargo confine-

ment and ER-export at sites of new branch formation.

Ultimately, spatially directed secretion together with retention

of receptors and other secretory cargo in dendritic subdomains

could both acutely augment and persistently confine newmolec-

ular components for locally modifying dendrite function. More

broadly, local regulation of ER complexity may provide a general

paradigm for stimulus-dependent regulation of local membrane

composition in geometrically complex cells.

EXPERIMENTAL PROCEDURES

Cell Culture, Transfection, and shRNA Knockdown of CLIMP63

Rat hippocampal cultures were derived from E18 rat embryos and transfected

as previously described (Horton and Ehlers, 2003). FRAP and photoactivation

experiments were performed 12–24 hr posttransfection in neurons displaying
320 Cell 148, 309–321, January 20, 2012 ª2012 Elsevier Inc.
low to moderate levels of exogenous protein expression. For shRNA knock-

down of CLIMP63, the sequence UCAACCGUAUUAGUGAAGUUCUACA

was cloned in pLentilox3.7 and expressed for 5 to 10 d.

Live Cell Imaging and Drug Treatments

Hippocampal neurons were monitored at 37�C in E4 medium (150 mM NaCl,

3 mM KCl, 15 mM glucose, 10 mM HEPES, [pH 7.4]) supplemented with

2 mM CaCl2, 2 mM MgCl2 (standard E4) or 4 mM CaCl2, 0 mM MgCl2 (low

Mg E4), for a maximal duration of 90min. DHPG, TTX, NMDA, and AP5 (Tocris)

were used at final concentrations of 100 mM, 2 mM, 50 mMand 100 mM, respec-

tively. ER complexity wasmeasured by FRAP analysis in lowMg E4 before and

25-35 min after addition of DHPG, or in low Mg E4 supplemented with TTX

before and 15–30 min after a 3 min exposure to NMDA (Ehlers, 2000). The

PKC inhibitor bisindolylmaleimide I (Calbiochem) was used at 100 nM. The

39� to 32�C and 39�-20�-32�C temperature-shift experiments with VSVGts045

were done as previously described (Horton and Ehlers, 2003).

Computational Analysis of ER Diffusion

Fluorescence recovery in dendrite segments was analyzed using a custom

three-dimensional anomalous diffusion model. The diffusion of photoactivated

molecules was quantified using the samemodel. For fluorescence loss in pho-

tobleaching (FLIP) experiments, fluorescence decay was quantified using

monoexponential curve fitting after correction for photobleaching during

imaging acquisition, which was determined on nearby unbleached dendrites.

Serial Section Electron Microscopy, 3D Reconstructions,

and Analysis

Serial electron micrographs (EM) were obtained from the stratum radiatum in

the CA1 area of male rat hippocampus as previously described (Spacek and

Harris, 1997). The RECONSTRUCT� software (Fiala and Harris, 2001) was

used to align, reconstruct, quantify and visualize SER within the three-dimen-

sional dendrite reconstructions using previously described identification

criteria (Spacek and Harris, 1997).

ER cross sectional area in aspiny or spiny dendrites was calculated as the

average of total cross-sectional ER area per section through spans of serial

sections beginning with the first section where the base of a spine started to

emerge and ended with the section where the base of the last spine was no

longer detectable (Figure S2K). A dendritic segment was considered aspiny

if it spanned two or more serial sections without a spine emerging.

Super-Resolution Imaging

Structured illumination fluorescence imaging was performed using a 633 1.4

NA objective on a Zeiss Super resolution-SIM invertedmicroscope (Carl Zeiss,

Inc.). 3D reconstructions were generated in Amira (Visage Imaging, Inc.).

SUPPLEMENTAL INFORMATION

Supplemental Information includes Extended Experimental Procedures, two

tables, seven figures, and four movies and can be found with this article online

at doi:10.1016/j.cell.2011.11.056.
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Supplemental Information

EXTENDED EXPERIMENTAL PROCEDURES

Constructs
GFP-taggedWT-GluA1 and GluA2 constructs (GluA1WT-PRK5-GFP and GluA2WT-PC3.1-GFP) were gifts from Dr. Richard Huganir

(Johns Hopkins University). HA-tagged WT-GluA2 (pGW1-GluA2WT-HA) was a gift from Dr. Morgan Sheng (Genentech). HA-tagged

WT-GluA1 were generated by cloning the PCR amplified HA open reading frame (ORF) into GluA1WT-PRK5-GFP as a MluI fragment

which replaced the GFP ORF. pmCherry-N1 was derived from an mCherry encoding construct (Giepmans et al., 2006) provided by

Dr. Roger Tsien (University of California, SanDiego). ThemCherry ORFwas PCR amplified and ligated as an AgeI-BsrGI insert into the

pEGFP-N1 backbone (Clontech) where it replaced GFP. VSVGts045-GFP, GT-GFP (Horton and Ehlers, 2003) and b-actin-mCherry

(Helton et al., 2008) have been described previously. VSVGts045-tdT and VSVGts045-mCh were produced by replacing GFP by

tdTomato or mCherry in GFP-tagged VSVGts045 construct. The GFP-SERCA2a encoding plasmid (Fukatsu et al., 2004) was

a gift from Dr. K. Mikoshiba (RIKEN Brain Science Institute, Japan). The VAMP2-SEP encoding plasmid was a gift from Dr. George

Augustine (Korea Institute of Science and Technology).

GFP-tagged ER-GluA1 and ER-GluA2 were generated from GluA1WT-PRK5-GFP and GluA2WT-PC3.1-GFP by site-directed

mutagenesis (Stratagene) of their glutamate binding site (Figure S1A) (Greger et al., 2007; Grunwald and Kaplan, 2003), which led

to a retention in the ER and diminished surface expression (Figures S1B and S1C). Receptors assembled from these subunits

were still able to hetero-oligomerize (Figure S1D), demonstrating that ER-retention was not due to a failure to initiate folding and

assembly.

GFP tagged ER-VSVGwas generated from VSVGts045-GFP constructs (Horton and Ehlers, 2003) by site-directed mutagenesis of

VSVGts45COPII binding domains (Nishimura andBalch, 1997; Sevier et al., 2000; Figure S1), which led to constitutive retention in the

ER (Figures S1F and S1G). Photoactivatable ER-VSVG (ER-VSVG-paGFP) was produced by replacing GFP by paGFP (Patterson and

Lippincott-Schwartz, 2002) in the GFP-tagged ER-VSVG construct. PM-pHluorin (PM-pHluo) was generated by PCR amplification of

the superecliptic pHluorin (Miesenbock et al., 1998; Sankaranarayanan et al., 2000) from a plasmid provided by Dr. George Augustine

(Korea Institute of Science and Technology), and cloned as a BglII-SalI insert downstream and in frame with the signal peptide

sequence of the cell-surface expression type1 membrane protein backbone pDisplay (Invitrogen). The YFP-tagged GT46 encoding

plasmid (Kenworthy et al., 2004; Pralle et al., 2000) was a gift from Dr. S. Grinstein (University of Toronto).

CLIMP63-WT, CLIMP63-S3A, S17A, S19A (3A), CLIMP63-S3E, S17E, S19E (3E) (Vedrenne et al., 2005) constructs were gifts from

Dr. H. P. Hauri (University of Basel, Switzerland). mCherry-tagged constructs were generated by PCR amplification of the CLIMP63

ORF as a XhoI-EcoRI fragment inserted into pmCherry-N1. For expression in neurons, the CMV promoter of these plasmids was

attenuated as described (Hanus et al., 2006) and all constructs were verified by sequencing. GFP-homer1C construct was a gift

from Dr. Daniel Choquet (Université de Bordeaux, France).

shRNA Knockdown of CLIMP63
For shRNA knockdown of CLIMP63, we used the following target sequence: UCAACCGUAUUAGUGAAGUUCUACA. TheDNA oligo-

nucleotides containing the shRNA target sequence, a 10 nucleotide loop region (TTGATATCCG), and the shRNA antisense sequence

were ligated and cloned into pLentilox3.7 (a gift from Dr. Tyler Jacks, MIT) (Kennedy et al., 2010) modified to express tdTomato as

a cell fill under a synapsin I promotor. pLentilox3.7 expressing a scrambled shRNA sequence was used as a negative control. The

efficacy of our shRNA sequences was assessed by immunocytochemistry and immunoblotting in hippocampal neurons transduced

with pLentilox3.7 harboring either scrambled control shRNA or shRNA targeting CLIMP63, and resulted in a 65% reduction of

CLIMP63 levels. For FRAP experiments, CLIMP63 shRNA and scrambled control constructs were transfected and expressed

from DIV2 to DIV11. To minimize ER stress, ER-VSVG was introduced at DIV10 by a second transfection and imaged 12–24 hr post-

transfection. To monitor dendritic morphogenesis at DIV11, neurons were transduced with lentivirus expressing tdTomato upon

plating with subsequent transfection of shRNA-resistant CLIMP63-3A at DIV5.

Antibodies
The following antibodies were used for immunocytochemistry (ICC), immunoprecipitation (IP), or immunoblotting (IB) at the indicated

concentration/dilution. Mouse anti-VSVG (Horton and Ehlers, 2003) (ICC, 1/300), rabbit anti-GFP (Clontech, IP, 1 mg/mL), chicken

anti-GFP (Chemicon, ICC, 1:1000), mouse anti-HA (Roche, IB, 1:1000), rabbit anti-Grp78/BiP (Abcam, ICC, 1:300; IB, 1:2000), rabbit

anti-Sec23 (Abcam, ICC, 1:300), mouse anti-GM130 (BD Bioscience, ICC, 1:750), rabbit anti-PERK (Cell Signaling, IB, 1:1000),

mouse anti-b-actin (Sigma, IB, 1:10,000), rabbit anti-RFP (Rockland, IB, 1:1000), mouse anti-MAP2 (Millipore, ICC, 1:2000), rabbit

anti-GluA1 (Kennedy et al., 2010), ICC, 1:300), mouse anti-GluA2 (Chemicon, ICC, 1:300), goat rhodamine-RX or FITC-conjugated

anti-IgG secondary antibodies (Jackson Laboratory, ICC, 0.75 mg/mL), goat Alexa 647-conjugated secondary antibodies (Molecular

Probes, ICC, 1:400), HRP-conjugated (Amersham, IB) and IRDye secondary antibodies (Li-Cor, IB, 1:15,000).

A custom anti-CLIMP63 rabbit polyclonal antibodywas raised (OpenBiosystems) against rat CLIMP63 amino acids 14–27 (peptide

CHGAASP(pS)DKGAHPSG, Open Biosystems) and characterized as described in Figure S6A. Unchanged antibody recognition of

wild-type CLIMP63 upon increased (2 mM PMA, Tocris) or decreased (lambda phosphatase) phosphorylation and equivalent
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recognition of CLIMP63-S19A demonstrated that this antibody was not phosphospecific and could be used as a pan-CLIMP63 anti-

body (data not shown).

Immunoprecipitation and Immunoblotting
Immunoprecipitation experiments were performed in 293T cells. Cells were scraped in PBS supplemented with protease (Roche) and

phosphatase (Sigma) inhibitor cocktails and disrupted by sonication. Membrane fractions were collected by ultracentrifugation for

30 min at 100,000 3 g (Beckman Coulter Optima) and solubilized overnight at 4�C in RIPA buffer (150 mM NaCl, 25 mM Tris, 1%

sodium deoxycholate, 0.1% SDS and 1% NP40, [pH 7.6]) supplemented with protease (Roche) and phosphatase inhibitor cocktails

(Sigma). Proteins of interest were coimmunoprecipitated by sequential incubation with 1 mg rabbit anti-GFP for 2 hr and protein

G-coated sepharose beads (GE Healthcare) for 1 hr at 4�C.
Cultured hippocampal (Figure 7G and Figure S5) neurons were directly collected in RIPA buffer supplemented with benzonase

(Sigma) and protease inhibitors (Roche) in the presence or, for subsequent l phosphatase treatment, in the absence of phosphatase

inhibitor cocktail (Sigma). For analysis of brain tissue (Figure S6A), postnatal day 7 hippocampi were dissected in Gey’s balanced

saline solution supplemented with 6.5% glucose and homogenized in 4 mM HEPES and 1.32 M sucrose, (pH 7.4), and then lysed

for 1 hr at 4�C with 0.3% SDS in the presence of benzonase (Sigma). Lysates were resolved by SDS-PAGE in 4%–12% Bis-Tris

gels (Invitrogen) and analyzed by immunoblotting using chemiluminescence (ECL Plus, GE Healthcare) or near infrared fluorescence

(Li-Cor Lifesciences Inc.).

Immunocytochemistry
Cells were fixed for 15 min at RT in 4% paraformaldehyde/PBS (Serva, Germany) and then incubated for 30 min in 5% BSA/PBS

(blocking solution) after 15min permeabilization in 0.15% (w/v) Triton X-100/PBS. Incubationswith primary and secondary antibodies

were performed in 1.5% BSA/PBS either overnight at 4�C or for 1 hr at RT. Coverslips were mounted on glass slides in ImmuMount

medium (Thermo).

Sec23 immunolabeling was performed with a separate protocol (Hammond and Glick, 2000; Horton and Ehlers, 2003). In brief,

cells were first fixed in ice-cold methanol for 3 min, rehydrated in 0.1% N-octyl-beta-D-glucopyranoside incubated (OGP) and

100 mM of the cross linker bis-sulfosuccinimidyl for 30 min at RT and incubated in 0.1% ethylenediamine-HCl (pH 7.5) for 15 min

and blocked in the presence of OGP in 3% fish gelatin.

For labeling of surface AMPA receptors, neurons were incubated with primary antibodies for 12 min at room temperature before

fixation and were then processed as described above.

Image Acquisition and Analysis
Confocal imaging was performed using a 603 1.4 NA objective on a TE300 Nikon inverted microscope equipped with a CSU10 spin-

ning disk confocal unit (Yokugawa, Inc.), an EM-CCD camera (Hamamatsu, Inc.), and a custom 405, 488, 568, and 640 nm diode-

laser illumination module (Prairie Technologies, Inc.). Photobleaching and photoactivation experiments were performed using a 63

3 1.4 NA objective on a Zeiss LSM5-LIVE inverted confocal microscope, with the pinhole open at 5-6 Airy units and images acquired

using 2 3 2 pixel binning. For long-term imaging experiments (12–24 hr), neurons were imaged in conditioned Neurobasal/B27

medium (Invitrogen) supplemented with 7.5 mM HEPES in a 5% CO2 atmosphere using a 203 0.8 NA objective on a Zeiss LSM5-

LIVE inverted confocal microscope. Live cell imaging experiments were performed at 32�C (VSVGts) or 37�C. All image analysis

was performed using Metamorph software (Universal Imaging Corporation).

Variation of ER fluorescence and Sec23 levels along dendrites

Integrated fluorescence intensities were measured after application of a 3 3 3 matrix low pass filter and background correction. To

exclude ER fluorescence variation due to local heterogeneity of dendritic shapes, ER fluorescence variation coefficients throughout

dendrites (standard deviation / mean) were normalized to the pixel-to-pixel fluorescence correlation index measured for GFP and

a red cell fill (mCherry). Sec23 immunoreactivity was measured in segments of dendrites defined by 5 and 10 mm radius circles

centered at branch points. Enrichment at branch point was quantified as the ratio of average fluorescence in the center 5 mmsegment

to the average fluorescence in the two 2.5 mm long flanking segments.

VSVGts accumulation in Golgi outposts at dendritic branch points

Z-stacks of GT-GFP and VSVGts-mChy were acquired at 5 min (for early time points, 10-30 min after 39-32�C temperature shift) or

10 min (for later time points, 30-40 min after temperature shift) intervals. VSVGts-mCh fluorescence was quantified at branch points

displaying GOs in the first 200 mmapical dendrite of hippocampal neurons usingmaximal projections. Regions of interest were traced

by thresholding (GOs) or manually (BPs). BP areas were defined as sections of dendrites included in 4 mm circles centered on GOs.

VSVGts-mCh accumulation was measured as the integrated fluorescence intensity inside or outside outlines of GOs within BP areas

after application of a 3 3 3 matrix low pass filter and background correction.

VAMP2 exocytosis

Time-lapse sequences (101 frames) of VAMP2-SEP were acquired in single focal planes at 1 s intervals every 10 min starting 10 min

after 39�C–32�C temperature shift. Exocytosis events were identified as one step increase of SEP fluorescence and were counted in

the first 200 mm proximal portions of primary and secondary dendrites that were in focus. Dendritic surfaces used to calculate event
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density (N/mm2) were traced manually. Branch points were defined as described above in 5 mmor 2.5 mm circles centered on large or

smaller branch points, respectively.

Dendritic branch formation and zones of ER complexity

The number of new dendritic branches emerging from zones of ER-complexity was quantified in the first 200 mm of apical dendrites.

Zones of ER complexity were defined by local enrichment of CLIMP63-3E-mCh over periods of at least 5 hr andwere only considered

if initially localized in straight dendritic segments. Only dendritic protrusions longer than 10 mm and maintained for at least 5 hr were

quantified as newly formed branches.

AMPA receptor surface expression and synaptic levels

Surface GluA1-IR was quantified in the first 150 mm of the apical dendrite of pyramid-shaped hippocampal neurons. Dendrites were

manually traced on the overlaid images of GFP-homer1C andGluA1-IR. Only segments where synapses could be assigned to the cell

of interest were included in the analysis. Surface expression was quantified as the average fluorescence measured on the entire

dendrite after application of a low pass filter and background correction. For analysis of synaptic receptor clusters, 0.8 mm circles

(9 pixels) were centered on excitatory postsynaptic densities marked by homer1c-GFP and on GluA1 clusters. Synaptic clusters

were defined as GluA1 clusters overlapping with homer1c-GFP (overlap of 10 pixels or more).

ER entry into spines

The low fluorescence of ER membranes in dendritic spines and the relatively low spatial resolution and high sensitivity to photo-

bleaching of FRAP experiments did not allow for quantification of ER-VSVGmobility and ER entry into spines in the same cells. These

quantifications were thus done in parallel in live cells (FRAP) and after fixation. In live cells, spines were visualized by expressing a red

cell fill (mCherry) and only spiny neurons displaying with clear mushroom spines were analyzed (Wang et al., 2008) (Figure 2F). Spine

density was calculated by counting protrusions regardless of their morphology (stubby, mushroom-like, etc.) (Spacek and Harris,

1997) in 10 mm dendritic segments centered on photobleached areas. In fixed cells, spines were visualized by expressing b-actin-

mCherry (Figure S2L), imaged at high resolution, and counted in 50-100 mm dendritic segments. The clear visualization of ER entry

into spines required a saturation of ER-VSVG-GFP signal in the dendritic shaft, and was quantified manually on an all-or-none basis

using a constant fluorescence scaling. Variation of ER complexity as a function of ER entry into spines was determined by calculating

partial averages of these two parameters after binning the samples in groups of increasing spine density (0.1 spine/ mm increments).

FRAP Analysis
The time required for photobleaching was < 0.5 s and was negligible compared to the duration of recovery. Only cells displaying >

70%photobleaching relative to initial fluorescence in the bleached area and a global photobleaching during image acquisition < 15%

were used for analysis. All data were corrected for photobleaching during image acquisition and processed using Matlab (The Math-

Works Inc.). Photobleaching was performed on 4mm long dendritic area (Figures 1D and 1E and Figure S1K) or otherwise specified in

the Results. Experiments in neuronal dendrites were performed in dendritic segments of matched diameters at similar distances from

the cell body.

FRAP in fibroblasts

The normalized fluorescence intensity F(t) in bleached areas at time t was analyzed using the two-dimensional diffusion model as

described (Feder et al., 1996) and fitted with the equation:

FðtÞ=
F1 + ðRðF0 � F1Þ+F1Þ

�
t

t1=2

�a

1+

�
t

t1=2

�a (1)

where F0 is the fluorescence intensity before bleaching, F1 is the fluorescence intensity immediately after bleaching, R is the recov-

ered fluorescence fraction, and t1/2 is the recovery halftime.

FRAP in neuronal dendrites

A custom fitting model was used for analysis according to Fick’s second diffusion law (Crank, 1975). Assuming three-dimensional

diffusion in cylindrical structures, the concentration C of fluorophore at position r within the photobleached segment at time t,

C(r, t), along with the concentration gradient V induced by photobleaching are related by Fick’s second diffusion law written as:

vCðr; tÞ
vt

=DðtÞV2Cðr; tÞ (2)

The diffusion was considered to be potentially anomalous, implying a diffusion coefficientD varying with the transport coefficient G

such that

DðtÞ= 1

4
Gta�1 =D1t

a�1 (3)
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with r included in the photobleached rectangular profile of length 2w, a symmetric recovery at each side of the bleached cylinder, and

an absence of diffusion in the direction n perpendicular to its axis. The boundary conditions were:

Cðw; tÞ=Cð�w; tÞ=C0; tR0;
Cðr; tÞ= 0; t = 0;
vCðr; tÞ

vn

����
U

= 0
(4)

Dendrites were considered to be cylinders along which C(r, t) is equal in the plane orthogonal to the cylinder axis at position r. The

Equation (2) can then be approximated using a one-dimensional diffusion relationship where the second Fick’s law becomes

vCðx; tÞ
vt

=DðtÞ v
2Cðx; tÞ
vx2

; (5)

with x being the distance along dendrites from the center of the photobleached rectangle. With the symmetry present at x = 0,

boundary conditions can be written in the form:

Cðw; tÞ=Cð�w; tÞ=C0; tR0;

vCðx; tÞ
vx

= 0; x = 0; tR0

Cðx; tÞ= 0; t = 0; jxj<w

(6)

The differential Equation (6) was solved using the method of separation of variables and integration by parts, resulting in an equa-

tion of the form:

Cðx; tÞ=C0 � 4C0

p

X+N
n= 0

ð�1Þn
2n+ 1

exp

 
� D1ð2n+ 1Þ2p2ta

4aw2

!
cos

ð2n+ 1Þpx
2w

(7)

The normalized fluorescence intensity F(t) observed at timeR 0 and calculated in the entire bleached rectangle could thus be ex-

pressed in the form:

FðtÞ=R

 
1� 8

p2

X+N
n= 0

1

ð2n+ 1Þ2 exp

 
� D1ð2n+ 1Þ2p2ta

4aw2

!!
(8)

withR the recovered fraction,D1 the apparent diffusion coefficient, and a an ‘‘anomalous’’ coefficient, which were calculated bymini-

mization of the mean-squared error. The sum used for the integration was truncated with n varying from 0 to a nonnegative integer N

(chosen as 10 across the analysis). Throughout the present study, calculated a coefficients were not significantly affected under any

of our experimental conditions (see also Table S1).

The quality of FRAP plot fitting was estimated by R-square values (Bevington, 1992). Only plots showing fitting within 90% statis-

tical confidence were included in our analysis (>90% of the neurons we monitored).

Modeling Nascent AMPA Receptor Diffusion in the Dendritic ER
Synthesis rates and accumulation of nascent GluA1 and GluA2

Since ER-bound ribosomes (Figure 4A) and Golgi outposts (Horton et al., 2005) concentrate at branch points, we selected branch

points as points of origin of newly synthesized AMPA receptors. However, the model can be applied to any arbitrary point source

or multiple point sources along the dendrite. Due to the combined effect of translation initiation, elongation, protein folding, and

subunit assembly, it is difficult to estimate realistic synthesis rates of a given membrane protein a priori (Hershey, 1991). Rough esti-

mates of nascent GluA1 and GluA2 accumulation rates were extrapolated from protein elongation rates measured in vitro (�6 amino

acids/second per active ribosome) (Hershey, 1991), the estimated number of ER-bound ribosomes present at dendritic branch points

in our EMmicrographs, the relative abundance of GluA1 and GluA2mRNA in hippocampal neuron dendrites reported in the literature

(Grooms et al., 2006; Poon et al., 2006; Tsuzuki et al., 2001), and the relative abundance of secreted and transmembrane proteins

found in the murine transcriptome (http://locate.imb.uq.edu.au/; Sprenger et al., 2008). Single cell PCR measurement indicate that

GluA1 and GluA2 mRNAs represent approximately 1/240 and 1/500 of total cellular mRNAs in cultured hippocampal pyramidal

neurons, respectively (Tsuzuki et al., 2001). Assuming that GluA2 mRNA displays the same relative dendritic enrichment as GluA1

mRNA (�3.2) (Grooms et al., 2006; Poon et al., 2006), GluA1 and GluA2 encoding mRNAs can be expected to represent �1/75

and �1/150 of total dendritic mRNAs, respectively. Among the 58,128 protein sequences present in the RIKEN FANTOM mouse
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protein sequence database (Carninci et al., 2005), 4231 correspond to secreted (signal-peptide containing) proteins, and 14,088

correspond to membrane (transmembrane domain containing) proteins (http://locate.imb.uq.edu.au/; Sprenger et al., 2008).

Although this estimation does not take into account mitochondrial transmembrane proteins, cytoplasmic proteins processed by

ER-bound ribosomes, or neuron-specific transcriptomes, one can estimate that �31.5% of mRNAs will be processed by ER-bound

ribosomes in a generic murine cell. Assuming that mRNA dendritic enrichment preserves these proportions, one can estimate that

GluA1 and GluA2 mRNAs represent �1/23.6 and �1/47.2 of dendritic mRNAs processed by ER-bound ribosomes, respectively.

Finally, assuming optimal and equal translation initiation rates and an average size of 700 codons for all dendritic mRNAs, the

�100 ER-bound ribosomes found at a single generic dendritic branch point could in principle assemble 600 amino acids per second,

thus 51 proteins and therefore �2.2 GluA1 and �1.1 GluA2 per minute. The potential effects of their association with ER chaperone

proteins, posttranslational modifications, and ER associated degradation (ERAD) on nascent receptor diffusion were not considered

in the present model.

Computation of nascent receptor densities along dendrites

Reference dendritic trees were obtained by imaging DIV24 hippocampal neurons expressing a red cell fill. Dendritic trees were

segmented into 7 mm long segments (the sized of bleached area used for FRAP) starting at dendritic branch points. Apparent diffusion

coefficients estimated for branch points or straight spiny dendrites (see also Table S2) were assigned to the resulting structures. The

density of nascent GluA1 and GluA2 produced at the rates described above at a randomly chosen dendritic branch point over time

was then computed in Matlab using a modified version of Equation (7), allowing the incorporation of distinct apparent diffusion coef-

ficients assigned to specific dendritic regions. Shown in Figure S3 and Movie S2 are color-coded densities of nascent GluA1

computed at different time points.

For the analysis, Equation (5) was modified so that D became a function of the distance x along the dendritic tree from the origin.

With xs and Rs being the coordinate of the origin branch point and associated protein synthesis rate, respectively, the diffusion within

a dendritic branch i, was expressed in the form:

vCiðxi; tÞ
vt

=

8>>><
>>>:

DðxiÞ v
2Ciðxi; tÞ
vx2i

+Rs; if xi = xs;

DðxiÞ v
2Ciðxi; tÞ
vx2i

; otherwise:

(9)

Assuming that dendritic branches are narrow enough to be considered as elastic tubes along which diffusion rate and protein

density is constant at any arbitrarily small cross section, protein entry into dendritic branch points upon bifurcation will be directly

proportional to the cross sectional area of each branch. For example, considering protein flow entering branches 1 and 2 from branch

0, with Fi(xb) i = 0, 1, 2 the transfer rate per area unit, Di the diffusion coefficient at the branch point xb, and ri the radius of branch i,

mass conservation at branch points implies that:

pr20F0 =pr21F1 +pr22F20r20D0

vC0ðxb; tÞ
vt

= r21D1

vC1ðxb; tÞ
vt

+ r22D2

vC2ðxb; tÞ
vt

: (10)

With T and B the two sets encompassing all dendritic ends and branch points, respectively, nascent protein diffusion throughout

the entire dendritic tree can be described using the following partial differential equations:

vCiðxi; tÞ
vt

=

8>><
>>:

DðxiÞ v
2Ciðxi; tÞ
vx2i

+Rs; if xi = xs;

DðxiÞ vCiðxi; tÞ
vx2i

; otherwise:

r20D0

vC0ðxb; tÞ
vt

= r21D1

vC1ðxb; tÞ
vt

+ r22D2

vC2ðxb; tÞ
vt

;cxb˛B
vCiðxe; tÞ

vxe
= 0;cxe˛T

Ciðxi; 0Þ= 0;cxi:

(11)

Unlike FRAP data analysis where closed form solutions could be derived, it was difficult to obtain analytical solution of (11). We thus

used a finite difference method to solve (11). At time t, we could approximate:

v2Ciðxi; tÞ
vx2i

z
Ciðxi � Dx; tÞ � 2Ciðxi; tÞ+Ciðxi +Dx; tÞ

Dx2
; (12)

where Dx>0 is a small step size. We then updated Ciðxi; t +DtÞ using the relations:

Cell 148, 309–321, January 20, 2012 ª2012 Elsevier Inc. S5

http://locate.imb.uq.edu.au/


Ciðxi; t +DtÞ zCiðxi; tÞ+ v2Ciðxi; tÞ
vx2i

Dt

zCiðxi; tÞ+Ciðxi � Dx; tÞ � 2Ciðxi; tÞ+Ciðxi +Dx; tÞ
Dx2

Dt; if xisxs; (13)

where Dt is a small time step size. When xi = xs, we only needed to add RsDt to the right hand side of (13). At the branch point xb, we

thus have

r20D0

C0ðxb; t +DtÞ � C0ðxb � Dx; t +DtÞ
Dx

= r21D1

C1ðxb +Dx; t +DtÞ � C1ðxb; t +DtÞ
Dx

+ r22D2

C2ðxb +Dx; t +DtÞ � C2ðxb; t +DtÞ
Dx

(14)

Note that C0ðxb; t +DtÞ=C1ðxb; t +DtÞ=C2ðxb; t +DtÞ. Therefore,

C0ðxb; t +DtÞ =
r20D0C0ðxb � Dx; t +DtÞ+ r21D1C1ðxb +Dx; t +DtÞ+ r22D2C2ðxb +Dx; t +DtÞ

r20D0 + r21D1 + r22D2

(15)

Finally, the third boundary condition in (11) implies that: Ciðxe; t +DtÞ=Ciðxe � Dx; t +DtÞ;cxe˛T.
By executing (13)-(15) in Matlab, we obtained the numerical solution of (11).

Electrophysiology
Whole-cell voltage clamp recordings were performed in DIV10-13 neurons after expressing mCherry and CLIMP63 phosphomutants

for 3-6 days. Neurons were held at �60 mV using a MultiClamp 700A amplifier (Axon Instruments, CA) controlled by a Pentium PC

running MultiClamp Commander and pClamp (Axon Instruments) in extracellular solution containing (in mM) 150 NaCl, 5 KCl, 10

HEPES, 1 MgCl2, 30 D-glucose, 2 CaCl2, 0.001 TTX and 0.03 bicuculline (330 mOsm/l, pH 7.4). Recording pipettes, with resistances

between 3-5MU, were filledwith a solution containing (inmM) 30CsSO4, 70 K2SO4, 25HEPES, 25 N-methyl-D-glucamine, 0.1 CaCl2,

1 EGTA, 2 Na2ATP and 0.1 leupeptin (300 mOsm/l, pH 7.2). Data were analyzed using MiniAnalysis software (Synaptosoft, Decatur,

GA). mEPSC traces with amplitude greater than 5 pA and rise times (from the onset to the peak) less than 5 ms were included in the

analysis.

Statistics
Throughout the paper, data are presented as means ± SEM. The number of cells and independent experiments used for quantifica-

tions are indicated in the text or in the figure legends. Statistical significance was determined using 2-tailed unpaired or paired t tests

when comparing paired sets of data obtained in cell populations or in individual cells, respectively. ANOVA was used when simul-

taneously comparing more than two data sets.
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Figure S1. Probes for Endoplamic Reticulum and Cell Surface Membrane Protein Dynamics, Related to Figure 1

(A–J) Characterization of ER and plasmamembrane probes. (A) Single point mutations in theGluA1/2 ligand binding sites. (B) GFP fluorescence (GFP) and surface

staining (surf-IR) of WT or ER-retained GFP-GluA1 and GFP-GluA2 expressed in DIV15 neurons. The scale bars represent 25 mm and 15 mm (inset). (C) Relative

surface expression (surface staining / total GFP fluorescence). Mean ±SEM, n = 13-34 cells, ***p < 0.001; t test. (D) Hetero-oligomerization ofWT and ER-GluA1/2

assessed by immunoprecipitation (IP) and immunoblotting (IB). The �100 kDa band corresponds to HA-tagged GluA1/2 (arrow). IN, input. (E) Point mutations in

VSVGts045. (F) Total GFP and surface staining of VSVGts and ER-VSVG in DIV15 neurons. The scale bar represents 25 mm. (G) Surface expression of VSVGts

(WT) and ER-VSVG (ER) measured as the fluorescence ratio between surface staining and total GFP at 39�C and 45min after switching to 32�C.Mean ± SEM, n =

9-32 cells; ***p < 0.001; t test. (H) Images and quantification of Grp78/BiP immunoreactivity (BiP-IR) as a measure of the unfolded protein response. Normalized

BiP-IR in nontransfected neurons (NTF) after a 24 hr exposure to 2 mM thapsigargin (TG), and in neurons expressing citrine or ER-VSVG. Mean ± SEM, n = 10–21

cells, two experiments; ***p < 0.001; t test. The scale bar represents 25 mm. (I) PM-pHluorin fluorescence at the DIV15 neuronal surface at pH 7.4 or pH 5.5. The

scale bar represents 25 mm. (J) GT46 fluorescence at the neuronal surface in DIV15 neurons. The scale bar represents 10 mm.

(K) Fluorescence recovery after photobleaching (FRAP) of ER-VSVG in a neuronal dendrite (DIV15). Left, image and kymograph of ER-VSVG. Right, corre-

sponding FRAP plot showing raw data (red) and curve fit (blue). The scale bar represents 5 mm.

(L) Fluorescence along dendritic segments shown in Figure 1F at various time during repeated photobleaching at the soma. x axis indicates proximal-to-distal

length along dendrites.

(M) Similar distributions of ER-VSVG and endogenous Grp78/BiP immunoreactivity in DIV14 neuron dendrites with zones of increased ER fluorescence (arrows).

The scale bar represents 5 mm.
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Figure S2. FRAP-Based Method to Measure ER Complexity and the Increase in ER Complexity Accompanying Dendritic Development but

Unrelated to ER Entry into Dendritic Spines, Related to Figure 2

(A) Hypothetical endoplasmic reticulum (ER, green) in two dendrites with either simple (#1) or convoluted (#2) spatial organization. Blue circles indicate diffusing

molecules within the ER membrane.

(B) Fluorescence recovery in small (S, blue) and large (L, red) dendritic segments from #1 and #2. Dendritic regions with more complex fluorophore-accessible

volumes will display a more pronounced slowing of recovery as the size of the bleached area increases.

(C) Increased complexity is revealed by plotting normalized recovery rates as a function of the size of the bleached areas. Hence, by comparing the ratio of

fluorescence recovery rates derived from large areas (typically > 5 mm) to small areas (typically 1 mm), one obtains an index of the apparent complexity of the

fluorophore-accessible volume.

(D) Fluorescence of the plasma membrane marker PM-pHluorin (top) and the ER marker ER-VSVG-YFP (bottom) in HeLa cells (pseudocolor scale). Top inset

shows sequential switches to pH5.5 and quenching of the surface PM-pHluorin. Bottom inset shows reticular structure of the ER. The scale bar represents 10 mm.

(E) Raw (circles) and fitted (lines) recovery plots after photobleaching PM-pHluorin (blue) or ER-VSVG (red) in 1 mm (top) or 7.2 mm (bottom) regions. The slower

recovery of ER-VSVG after bleaching a large region (bottom) indicates the more complex fluorophore-accessible volume of the ER relative to the PM.

(F) Recovery halftimes (t1/2) and recovery fractions (inset) as a function of the diameter of bleached areas for PM-pHluorin (blue) and ER-VSVG (red) normalized to

values obtained with 1 mm bleached areas. Mean ± SEM, n = 12-13 measurements for each data point over two to three experiments; *p < 0.05, **p < 0.01; t test.

(G–J) Developmental increase of ER complexity. (G) ER-VSVG distribution and position of the bleached dendritic segments (1.2 - 15 mm) used for FRAP on a DIV8

hippocampal neuron. The scale bar represents 5 mm. (H) Progressive slowing of ER-VSVG recovery in bleached dendrite segments of increasing length (value in

white circles). (I-J) Recovery halftimes (I) and recovered fractions (J) in 1.2, 5, 10 and 15 mm long dendrite segments. Mean ± SEM, n = 20, 21 cells in four

experiments at DIV8 and DIV24, respectively; **p < 0.01, ***p < 0.001; t test.

(K) For morphological analysis of electron micrographs, spans of serial sections defining aspiny or spiny segments of dendrites began with the first section where

the base of a spine started to emerge from the dendritic shaft and ended with the section where the base of the last spine was no longer detectable.

(L) Visualization of dendritic spines (b-actin-mCh) and ER (ER-VSVG) in hippocampal neuron dendrites. Arrows and arrowheads indicate spines containing and

lacking ER, respectively. The scale bar represents 5 mm.

(M) Spine density does not correlate with the fraction of ER-positive spines.

(N) Lack of relationship between ER complexity and ER intrusion into spines.
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Figure S3. Compartmentalization of Nascent AMPA Receptors in the Dendritic ER, Related to Figure 3

(A) The spread of nascent AMPA receptors (blue) within the dendritic ER was simulated in actual dendritic tree templates assuming a constant rate of protein

synthesis by ER-bound ribosomes (orange) at a dendritic branch point (red circle). See Experimental Procedures for details. The scale bar represents 50 mm.

(B) ER-GluA1 density at different time points after the initiation of synthesis at the branch point marked by a red circle. The area within the white dashed box is

magnified in the lower panels. See Experimental Procedures for details. The scale bars represent 50 mm (upper panel) and 25 mm (lower panel).

(C) Dendritic templates with low (#1) or high (#2) degrees of branching. The scale bar represents 50 mm.

(D) Fractional exploration of the total dendritic domain over time assuming constrained diffusion at branch points (BP, plain lines) or homogenous diffusion without

branch point constraint (dashed lines) in the two templates (#1, #2) shown in (C). The range of AMPA receptor exploration is reduced with increasing dendritic

complexity and with constrained diffusion at branch points.

(E) Simplified dendritic templates with 0 to 3 dendritic branch points distributed at equal distances from the branch point marked as the point of synthesis (red

circle). The scale bar represents 25 mm.

(F) Normalized ER-GluA1 concentrations in the dendritic subcompartment shown in blue in (E) after a 30 min synthesis period, as a function of branch point

number. Branch points cumulatively increase receptor accumulation by diffusional confinement.
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Figure S4. ER-to-Golgi Trafficking of VSVGts at Dendritic Branch Points, Related to Figure 4

(A–B) ER-released VSVGts accumulates in dendritic Golgi outposts (GOs) visualized by GFP tagged with the Golgi targeting sequence of galactosyltransferase

(GT-GFP). (A) Images and time-lapse. Arrowheads indicate VSVGts-mCh accumulated in a GO. (B) Quantification of VSVGts-mCh accumulation over time.

Plotted is VSVGts fluorescence colocalized with GT-GFP in Golgi outposts (GO) over time, and total VSVGts fluorescence at branch points outside GO regions

labeled with GT-GFP (BP outside GO). The scale bar represents 5 mm. Mean ± SEM, n = 13 cells; *p < 0.05, **p < 0.01; ANOVA.

(C) Immunolabeling for Sec23 after accumulation of VSVGts-mCh in GOs (same dendrite as in A). Note the complete colocalization of VSVGts with GOs (white

arrowheads) and the lack of colocalization with ER exit sites labeled for Sec23 (black arrowheads). The scale bar represents 2.5 mm.

Cell 148, 309–321, January 20, 2012 ª2012 Elsevier Inc. S11



Figure S5. Absence of Detectable ER Stress upon Type I mGluR Activation by DHPG, related to Figure 5

Phospho-PERK, Grp78/BiP, and b-actin levels (immunoblotting, pseudocolored fluorescence intensities) in DIV14 hippocampal neurons in the absence or

presence of DHPG or 5 mMDTT for 1 to 5 hr. In the upper blot, note the shift of PERK immunoreactivity toward higher apparent molecular mass species allowing

the detection of nonphosphorylated (lower band) and phosphorylated PERK (upper band) in the presence of DTT but not DHPG. In the middle blot, note the

unchanged and increased BiP expression in cells exposed to DHPG and DTT, respectively.
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Figure S6. CLIMP63 Expression in Rat Hippocampus and Presence of ER in Distal Dendrites of Neurons Expressing CLIMP63 Mutants,

Related to Figure 6

(A and B) Characterization of custom anti-CLIMP63 rabbit antibody. (A) CLIMP63 (green) and b-actin (red) immunoreactivity in postnatal day 7 (PND7) hippo-

campus detected by immunoblot using either preimmune or anti-CLIMP63 sera documenting the detection of a single band corresponding to CLIMP63. 10 or

20 mg total protein was loaded in each lane.

(B) Distribution of the ER (ER-VSVG, green) in DIV14 hippocampal neurons expressing mCherry-tagged CLIMP63-3A (3A) or 3E (3E) mutants documenting the

presence of the ER in distal dendrites (arrows). The scale bar represents 30 mm.

(C) Endogenous BiP immunoreactivity (green) in DIV14 hippocampal neurons documenting the presence of the ER in distal dendrites (arrows). Neurons were

transduced with scrambled (Sc) or CLIMP63 (KD) shRNA with tdTomato (tdT) reporter. The scale bar represents 30 mm.
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Figure S7. Concentration of CLIMP63-3E at the Base of Emerging Dendritic Branches and CLIMP63-3E Effects on AMPA Receptor Surface

Expression at Synapses, Related to Figure 7

(A) CLIMP63-3E (pseudocolored) concentration at branch point (arrowheads) occurs upon new branch emergence (arrows). Outlines represent GFP expression

in the emerging branch. Time in hr:min. The scale bar represents 10 mm.

(B and C) Representative images (B) and quantification (C) of surface GluA1 (sGluA1) immunoreactivity (IR) in DIV12 hippocampal neurons expressing the

postsynaptic excitatory synapse marker homer1c-GFP (H1C) with either CLIMP63-3A or CLIMP63-3E mutants. Shown in (C) are total average (av. fluo.) sGluA1-

IR in dendrites or median (med. fluo.) synaptic IR (arrowheads in B) after normalization to CLIMP63-3A values. Empty arrowheads in (B) mark extrasynaptic

clusters of sGluA1. The scale bar represents 5 mm. Mean ± SEM, n = 13–14 cells, two experiments; *p < 0.05, **p < 0.01, t test.

(D and E) Electrophysiological recordings (D) and quantification (E) of mEPSCs recorded at the soma from DIV11-DIV13 hippocampal neurons expressing

CLIMP63-3A (3A) or CLIMP63-3E (3E). Note the increased mEPSC amplitude and frequency in neurons expressing CLIMP63-3E. Mean ± SEM, n = 12–13 cells,

three to four experiments for each; *p < 0.05, **p < 0.01, ***p < 0.001; t test.
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