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Despite the large number of G-protein-coupled receptor (GPCR) types expressed in the CNS, little is known about their dynamics in
neuronal cells. Dynamic properties of the somatostatin type 2A receptor were therefore examined in resting conditions and after agonist
activation in living hippocampal neurons. Using fluorescence recovery after photobleaching experiments, we found that, in absence of
ligand, the sst,, receptor is mobile and laterally and rapidly diffuse in neuronal membranes. We then observed by live-cell imaging that,
after agonist activation, membrane-associated receptors induce the recruitment of B-arrestin 1- enhanced green fluorescent protein
(EGFP) and B-arrestin 2-EGFP to the plasma membrane. In addition, 3-arrestin 1-EGFP translocate to the nucleus, suggesting that this
protein could serve as a nuclear messenger for the sst,, receptor in neurons. Receptors are then recruited to preexisting clathrin coated
pits, form clusters that internalize, fuse, and move to a perinuclear compartment that we identified as the trans-Golgi network (TGN), and
recycle. Receptor cargoes are transported through a microtubule-dependent process directly from early endosomes/recycling endo-
somes to the TGN, bypassing the late endosomal compartment. Together, these results provide a comprehensive description of GPCR
trafficking in living neurons and provide compelling evidence that GPCR cargoes can recycle through the TGN after endocytosis, a

phenomenon that has not been anticipated from studies of non-neuronal cells.
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Introduction

G-protein-coupled receptors (GPCRs) belong to the largest fam-
ily of cell surface molecules involved in signal transduction and
mediate numerous physiological functions of peptide and non-
peptide neurotransmitters (Pierce et al., 2002). Agonist-
stimulated GPCRs first trigger the activation of heterotrimeric
G-proteins that modulate the generation of diffusible second
messengers and entry of ions at the plasma membrane. Recent
evidence suggests a second signaling mechanism that involves a
family of adaptor molecules, the B-arrestins (Ferguson, 2001;
Gainetdinov et al., 2004). These proteins promote the internal-
ization and desensitization of several GPCRs through the recruit-
ment of key endocytic proteins (Premont and Gainetdinov,
2007). Receptor-bound B-arrestins can also activate nonreceptor
tyrosine kinases and mitogen-activated protein kinases, which, in
turn, trigger a large variety of physiological responses (Shenoy
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and Lefkowitz, 2005; DeWire et al., 2007). In addition, some
GPCRs can induce the translocation of B-arrestin 1 to the nu-
cleus, an event involved in the regulation of histone acetylation
and gene transcription (Kang et al., 2005; DeWire et al., 2007).
After endocytosis, ligand-activated receptors are typically recy-
cled to the cell surface to promote functional resensitization, or
directed to lysosomes leading to proteolytic receptor downregu-
lation (Tsao and von Zastrow, 2000; Tsao et al., 2001; Wolfe and
Trejo, 2007). Ligand-promoted translocation of a given receptor
protein from the plasma membrane into the cell interior thus
represents a key cellular pathway of GPCR signaling.

Molecular mechanisms underlying GPCR endocytosis and
postendocytosis are receptor specific, may vary between cell
types, and are still not clearly characterized. Surprisingly, in neu-
rons, although recent promising approaches are emerging
(Scherrer et al., 2006; Yudowski et al., 2006), analysis of GPCR
trafficking has been mainly limited to antibody labeling. In par-
ticular, receptor mobility at the plasma membrane as well as for-
mation, maturation, and sorting of GPCR cargo over time re-
main incompletely characterized in living neurons. In this study,
we first examined the mobility of the somatostatin (SRIF) type 2A
(ssty,) receptor at the plasma membrane of cultured hippocam-
pal neurons by fluorescence recovery after photobleaching
(FRAP). Live-cell confocal imaging was then used to visualize
early and late trafficking events of this receptor after agonist ac-
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Figure 1.  Characterization of transfected sst,, receptors in hippocampal neurons. 4, Hippocampal neurons were transfected
with a plasmid encoding the wild-type receptor (sst,,-WT), fixed, and processed for fluorescence immunocytochemistry for
visualization of the receptor by confocal microscopy. Note the intense sst,,-WT fluorescence localized at the membrane of the
soma and the dendrites of this transfected neuron. sst,,-WT fluorescence is also visible in spine heads. Scale bar, 25 um. B, C,
Hippocampal neurons were transfected with a plasmid encoding the sst,, receptor tagged with EGFP (sst,,-EGFP) and processed
for live-cell confocal microscopy. As observed for the wild-type receptor, the sst,,-EGFP is enriched at the somatodendritic
membrane domain as well as in spine heads. Scale bars: B, 50 um; ;5 um. D, Expression of endogenous and transfected sst,
receptors as measured by immunocytochemistry and confocal microscopy. The bar charts represent mean fluorescence measured
at the membrane of neurons expressing the endogenous receptor or expressing the sst, ,-WT or the sst,,-EGFP receptor (n = 10;
mean = SEM; **p < 0.001; a.u., arbitrary unit). E, CHO cells were transfected with pCRE-SEAP alone or cotransfected with
pCRE-SEAP and either the sst,,-WT or sst,,-EGFP receptor. OCT induces a significant decrease in the level of cAMP in CHO cells
stimulated by forskolin (Fsk) and expressing the sst,,-WT or sst, ,-EGFP receptor. This effect was not observed in cells expressing
pCRE-SEAP alone (n = 6; mean == SEM; **p << 0.001, ***p << 0.0001; ns, nonsignificant; a.u., arbitrary unit). F, Representative
time series from a FRAP experiment in spine heads. Bleaching of sst,,-EGFP (delimited by black borders) is followed by rapid
recovery of fluorescence. Scale bar, 2 um. G, Graph shows normalized FRAP curve from bleached area shown in F. H, Averaged
mobile fractions, half-time of recoveries (Thalf), and diffusion coefficients for somatic membrane, dendriticmembrane, and spine
heads (n = 15; mean = SEM; *p << 0.05, **p << 0.001).

tivation. Real-time trafficking of the sst,, receptor was also ex-
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mer’s disease (Saito et al., 2005). The sst,
receptor rapidly internalizes in the CNS af-
ter activation by either endogenous or ex-
ogenous ligands (Dournaud et al., 1998;
Csaba et al.,, 2001, 2007; Stumm et al.,
2004), and therefore represents an interest-
ing receptor model for dynamic studies in
living neurons.

Materials and Methods

DNA constructs. pcDNA3 plasmid construct of
the wild-type mouse sst,, cDNA (98.1% iden-
tity with rat sst,,), designated sst,,-WT, were
modified by directed mutagenesis (QuikChange
Site-Directed Mutagenesis kit; Stratagene, La
Jolla, CA) and excision/ligation experiment to
obtain the C-terminal labeled versions of the
receptor:  sst,,-pEGFP-N1  [sst,,-enhanced
green fluorescent protein (EGFP)] and sst,,-
mCherry-N1 (sst,,-mCherry) derived from
PEGEFP-N1 plasmid (Clontech, Mountain View,
CA).

The pCRE-secreted alkaline phosphatase
(SEAP), EGFP B-arrestin 1 and 2, and Ds-Red
clathrin plasmids were kindly provided by Dr.
Lakshmi A. Devi (Mount Sinai School of Medi-
cine, New York, NY), Dr. Stefan Schulz (Otto-
von-Guericke-Universitit, Magdeburg, Ger-
many), and Dr. Tomas Kirchhausen (Harvard
University, Boston, MA), respectively. Amplifi-
cation and extraction of plasmids were per-
formed with DH5a and One Shot TOP 10
Chemically Competent Escherichia coli (Invitro-
gen, Carlsbad, CA) and Qiagen (Hilden, Ger-
many) kit.

Cell cultures and transfections. Hippocampi
were dissected from 18-d-old embryo Sprague
Dawley rat brains and dissociated in HBSS with
0.25% trypsin and 0.1% DNase 1. Hippocampal
neurons were plated on glass coverslips previ-
ously coated with gelatin and poly-L-lysine.
Neurons were grown in Neurobasal medium
(Invitrogen) supplemented with B27 and glu-
tamine (Invitrogen) and maintained in an incu-
bator at 5% CO,.

Hippocampal neurons were transfected at
day in vitro (DIV) 3 with the appropriate cONA
(wild-type sst, , receptor, EGFP-tagged sst, , re-
ceptor, mCherry-tagged sst,, receptor, EGFP-
tagged B-arrestin 1, EGFP-tagged B-arrestin 2,
or Ds-Red-tagged clathrin) wusing Lipo-
fectamine 2000 (Invitrogen) in OptiMEM me-
dium (Invitrogen). AraC (cytosine [-p-ar-
abinofuranoside; Sigma, St. Louis, MO),
polyunsaturated fatty acids (cis-4,7,10,13,16,19-
docosahexaenoic acid, arachidonic acid;
Sigma), and antibiotics (penicillin streptomy-
cin; Invitrogen) were added at DIV 4. All exper-

amined in regard to key proteins of the endocytic pathway, clath-
rin and B-arrestins 1 and 2. The sst,, receptor is the major
subtype of the somatostatin receptor family in the CNS (Dour-
naud et al., 2000; Csaba and Dournaud, 2001) and mediates SRIF
inhibitory actions (Vezzani and Hoyer, 1999; Peineau et al., 2003;
Bassant et al., 2005). Several studies have linked sst2 receptor
signaling to the etiology of various CNS disorders including epi-
lepsy (Vezzani and Hoyer, 1999; Csaba et al., 2004, 2005), isch-
emia (Stumm et al., 2004; Mastrodimou et al., 2005), and Alzhei-

iments were realized 8—12 d after transfection.

Pharmacological treatments. For real-time experiments, the imaging
chamber was perfused 1-20 min with either 1 um SRIF-14 (Peninsula
Laboratories, San Carlos, CA) or 1 uMm of the sst,, receptor agonist oct-
reotide (OCT) (SMS 201-995; kindly provided by Dr. Daniel Hoyer,
Novartis Pharma, Basel, Switzerland) diluted in the isotonic medium. In
some experiments, neurons were perfused with 10 um of the sst, , recep-
tor antagonist BIM-23627 (kindly provided by Dr. Michael Culler, Bi-
omeasure, Milford, MA) with or without 1 um SRIF-14 or OCT.

For time course experiments, neurons were incubated with 1 um OCT
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(SMS 201-995; sst, 4 receptor agonist) in Neu-
robasal medium for 1-20 min and fixed imme-
diately or after rinsing and preincubation for
appropriate times of recovery in Neurobasal
medium. In some experiments, neurons were
incubated with 10 um of the sst,, receptor an-
tagonist BIM-23627 with or without 1 um
SRIF-14 or OCT.
To block G;,,-mediated signal transduction
or inhibit the G-protein-coupled receptor ki-
nase 2 (GRK2), hippocampal neurons were re-
spectively treated with pertussis toxin (PTX)
(100 ng/ml; Sigma) for 20 h or with suramin (3
M; Sigma) for 30 min in Neurobasal medium
at 37°C before addition of OCT.

To depolymerize microtubules or inhibit
protein synthesis, hippocampal neurons were '
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Antibodies. Endogenous and transfected sst, ,
receptor was immunolocalized using a fully
characterized antiserum raised in rabbit against
the C-terminal segment 330—-369 of the human
protein (1/20,000) (Bassant et al., 2005; Csaba et
al., 2007). Mouse monoclonal antibodies were
used to detect MAP2 (microtubule-associated
protein 2) (MAB378; 1:10,000; Millipore Bio-
science Research Reagents, Temecula, CA),
transferrin receptor (TfR) (13-6800; 1:10,000;
Zymed Laboratories, South San Francisco, CA),
early endosome antigen 1 (EEAL) (610457;
1:100; BD Transduction Laboratories, Lexing-
ton, KY), syntaxin 6 (§55420; 1:5000; BD Trans-
duction Laboratories), clathrin heavy chain
(610499; 1:500; BD Transduction Laborato-
ries), the trans-Golgi network specific integral
membrane protein (TGN38) (MA3-063; 1:800;
Affinity Bioreagents, Golden, CO), protein disulfide isomerase (PDI)
(MA3-019; 1:1000; Affinity Bioreagents), Golgi matrix protein of 130
kDa (GM130) (610822; 1:200; BD Transduction Laboratories), and
lysosome-associated membrane protein 1 (LAMP-1) (VAM-ENO00I;
1:100; Nventa Biopharmaceuticals, San Diego, CA).

Secondary antibodies used were cyanine 3 (Cy3)-conjugated donkey
anti-rabbit and Cy3-conjugated donkey anti-mouse (Jackson Immu-
noResearch, West Grove, PA), Alexa Fluor 488 (A488)-conjugated don-
key anti-rabbit and A488-conjugated donkey anti-mouse (Invitrogen).

cAMP accumulation assay. A highly sensitive gene reporter assay using
SEAP was used to measure intracellular cAMP after sst, , receptor agonist
treatment of CHO cells transfected with the wild-type sst,, receptor or
the EGFP-tagged sst, , receptor. This cell line was chosen because it does
not express endogenous somatostatin receptors. The construct used
(pCRE-SEAP) presents four cAMP-responsive elements (CRE), up-

Figure 2.

Time (min)

Internalization and recycling kinetics of sst,,-EGFP receptors in living neurons. A, A living hippocampal neuron
transfected with sst,,-EGFP was observed by confocal microscopy before, during, and after a 20-min-long octreotide treatment
(supplemental movies S2, S3, available at www.jneurosci.org as supplemental material). Equatorial confocal images were ac-
quired every 15 . For each image illustrated, corresponding time is indicated on the timeline below with arrows. Agonist induces
clusterization (1 min) and internalization (5 min) of membrane-associated sst, , receptors after treatment initiation. From 20 to
70min, note that sst,,-EGFP receptor fluorescenceis enriched in a perinuclear compartment (arrows) and that plasma membrane
is again labeled by sst,,-EGFP at 70 min (50 min after the end of treatment). Scale bar, 5 um. B, Graph shows changes in
sst,,-EGFP fluorescence during the time course of the experiment in subcellular compartments. “Membrane cluster fluorescence”
(gray circles) corresponds to the mean of EGFP fluorescence intensities measured at the position of five receptor clusters that
appeared at the plasma membrane 1 min after treatment initiation. “Membrane fluorescence” (black diamonds) corresponds to
the mean of EGFP fluorescence intensities measured from five portions of the membrane between these receptor clusters. Note
the drastic and opposite changes in membrane fluorescence and membrane cluster fluorescence after treatment initiation and
the slow recovery of fluorescence at the plasma membrane with time. Error bars indicate SEM.

stream of the gene coding for a secreted form of alkaline phosphatase. An
elevation of intracellular cAMP activates protein kinase A, which trans-
locates in the nucleus to phosphorylate CREB (CRE-binding protein)
transcription factors. The latter bind to CRE elements on the gene re-
porter to proportionally induce the translation of SEAP, which diffuses
directly into the supernatant (Durocher et al., 2000; Gupta et al., 2006).

SEAP activity was evaluated using the Great EscAPe SEAP Chemilu-
minescence kit 2.0 (Clontech) following the protocol provided by the
manufacturer. In brief, CHO cells were transfected with pCRE-SEAP
alone or with either the sst,,-WT or sst,,-EGFP in six-well plates using
Effectene (Qiagen) and dispatched in 24-well plates after 12-24 h. Cells
were starved overnight in serum-free medium, and exposed to stimuli
(10 p™ forskolin or 10 um forskolin plus 10 nm OCT) for 4—6 h. Twenty-
five microliters of supernatant were transferred in a NunclonA Surface
96-well plate (Nalge Nunc International, Rochester, NY) in addition of
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posttest were performed with “treatment” as the
independent variable and “cAMP level” as de-
S, pendent variable ( p < 0.05 was considered sta-
J tistically significant).

FRAP. For FRAP experiments, neurons (n =
15) expressing EGFP fusion proteins were
maintained at 37°C in a temperature-controlled
chamber at 5% CO,. Images were obtained us-
ing an oil-immersion objective lens (Plan-
Apochromat 63X/1.4) on a Zeiss Observer in-
verted microscope equipped with a LSM 5
Exciter confocal scanning system (Carl Zeiss,
Jena, Germany). A 488-nm laser was used for
both imaging and bleaching. The first 10 images
of regions of interest (i.e., somatic membrane
segments, dendritic membrane segments
50-150 wm from the cell body and spine heads)
were recorded before bleaching to establish a
baseline using 2% laser power. Membrane areas
were then bleached with 100% laser power for
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Figure3. Appearance, movements, and fusion of sst,,-EGFP clusters after octreotide treatment. A, Equatorial confocalimages

were acquired at the level of a flat portion of the soma membrane during 20 min and every 10 s, before, during, and after
treatment with octreotide (supplemental movie S4, available at www.jneurosci.org as supplemental material). For each image
illustrated, corresponding time is indicated on the timeline below with arrows. Diffuse sst,,-EGFP fluorescence is observed at the
plasma membrane before agonist treatment. As soon as 30 s after octreotide application, numerous fluorescence clusters become
apparent. Scale bar, 2 um. B, The graph illustrates the number (black line) and average sizes (gray line) of sst,,-EGFP clusters
depicted in A. Note that soon after appearance of receptor clusters, their number decreases while their size increases. Error bars
indicate SEM. C, Representative tracks of individual sst,,-EGFP clusters monitored immediately after their appearance at the level
of the plasma membrane and during 18 min. The circles represent the average range of movement (with diameter inside). Scale
bar, 1 m. D, E, Selected images at the indicated times show representative examples of movement and fusion (circle) of
sst,p-EGFP clusters (arrowheads) after OCT treatment in a soma (D) and a dendrite (E) (supplemental movies S5, S6, available at

Wwww.jneurosci.org as supplemental material). Scale bar, T um.

75 wl of dilution buffer. The plate was covered with aluminum foil and
incubated for 30 min at 65°C in a water bath to eliminate endogenous
alkaline phosphatase activity. The samples were cooled on ice for 2-3 min
to equilibrate to room temperature. Next, 100 ul of SEAP substrate so-
lution was added and incubated for 30 min at room temperature. The
intensity of the chemiluminescence signal was determined by a lumi-
nometer (Mediator PhL; Aureon Biosystems GmbH, Vienna, Austria).
Assays were performed in triplicate. One-way ANOVA and pairwise
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1 s (10 cycles) followed by 2 min postbleached
recordings. Fluorescent intensity in the
bleached area, which was corrected for bleach-
ing during observation, was measured as a func-
tion of time after bleaching, using the AxionVi-
sion software FRAP tool (Carl Zeiss). The
mobile fraction, the time to half-maximum re-
covery (T half), and the diffusion coefficient
were calculated for each curve. Data were pro-
cessed in Prism (GraphPad Software, San Di-
ego, CA) to generate curve and bar chart and
perform statistical analyses. One-way ANOVA

Thm and pairwise posttest were performed with

“compartment” as the independent variable
and “mobile fraction,” “half-time maximum re-
covery,” and “diffusion coefficient” as depen-
dent variables ( p < 0.05 was considered statis-
tically significant).

Confocal microscopy. Confocal microscopy
was performed using a Leica DMRA microscope
equipped with a 40X Plan-Apochromat oil im-
mersion lens (numerical aperture, 1.25) and
with a Leica SP2 scanning system equipped with
Ar 488 nm and HeNe 543 nm lasers (Leica Mi-
crosystems, Deerfield, IL). To estimate the ex-
tent to which transfected sst, , receptor is over-
expressed relative to the endogenous receptor,
equatorial confocal sections from cell bodies
transfected with the WT sst, , receptor (n = 10
from three independent experiments) and the
EGFP-tagged sst, , receptor (1 = 10 from three
independent experiments) were analyzed and
compared with sections obtained from non-
transfected neurons (n = 10 from three inde-
pendent experiments) immunoreacted with the
sst, 5 receptor antibody. Settings for laser inten-
sity, beam expander, pinhole (0.75 Airy unit),
range property of emission window, electronic
zoom, gain and offset of photomultiplicators,
field format, and scanning speed were opti-
mized initially and held constant throughout
the study so that all sections were digitized un-
der the same conditions of illumination. NIH Image]J version 1.38x soft-
ware was used to measure mean fluorescence intensities at the plasma
membrane of the different cell groups. One-way ANOVA and pairwise
posttest were performed with “receptor type” as the independent variable
and “mean fluorescence value” as dependent variable (p < 0.05 was
considered statistically significant).

Time-lapse confocal microscopy was performed using the same con-
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focal system equipped with a polycarbonate im-
aging chamber RC-20 (Warner Instruments,
Holliston, MA). The chamber was perfused with
isotonic medium supplemented with glucose
and HEPES and thermostated at 37°C by TC-
334 B dual channel temperature controller
(Warner Instruments) with SHM-8 multi-line
solution heater (Warner Instruments) and
PH-5 heater platform (Warner Instruments).
Images were processed using NIH Image].

Results

To analyze the dynamics of GPCRs with

high resolution in living neurons, the sst, ,
receptor was tagged at the C terminus with
either EGFP or mCherry. By live-cell con-

focal microscopy, we found a predominant
plasma membrane distribution of sst,,-
EGFP (Fig. 1A-C) or sst,,-mCherry (data

not shown) fluorescence in the cell body

and the proximal and distal dendrites of B-
hippocampal neurons, a distribution simi-
lar to that detected for the wild-type sst, 5
receptors using a C-terminally directed an-
tibody (Fig. 1A—C) or to the endogenous
receptor in hippocampal neurons (Csaba
et al., 2007). Intracellular fluorescence sig-
nal was very low and located mainly in pe-
rinuclear compartments. Sequential imag-
ing of confocal stacks was used to further
visualize sst,,-EGFP in dendrites. Fluores-
cence was evident at the membrane of den-
dritic shafts as well as in heads of dendritic
spines (Fig. 1C). Expression levels of trans-
fected sst,,-WT receptors and sst, ,-EGFP
receptors in hippocampal neurons were
~2.4-fold above the endogenous receptor
level (Fig. 1D).

To further determine the effect of fusing
EGFP to the sst,, C terminus on receptor
function, CHO cells transfected with the
wild-type receptor were compared with
cells expressing sst,,-EGFP in a cAMP ac-
cumulation assay. Forskolin stimulation of
CHO cells transfected with pCRE-SEAP
alone or cotransfected with pCRE-SEAP
and either the sst,,-WT or sst,,-EGFP re-
ceptor resulted in an approximately two-
fold increase in cAMP mobilization in the
three cell groups, as indicated by the release
of SEAP in the culture medium (see Mate-
rials and Methods). In the presence of the
sst, 5 receptor agonist OCT (100 nm), a sig-
nificant decrease of this forskolin-
stimulated cAMP mobilization was ob-
served in both sst,,-WT and sst,,-EGFP receptor-expressing
cells but not in CHO cells transfected with pCRE- SEAP alone
(Fig. 1E). These results are in accordance with the known nega-
tive coupling of the sst,, receptor to adenylate cyclase through
Gj/o-proteins (Csaba and Dournaud, 2001) and indicate that the
addition of the EGFP tag to the C terminus of the receptor does
not interfere with the efficient coupling to G;,,-proteins.

To determine the mobility of sst,, receptors at neuronal
membranes, FRAP experiments were performed on hippocam-
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sst,,-EGFP receptor clusters appear atsites of clathrin-coated pits in somaand dendrites. 4, Selected imagesat the indicated
times show a representative neuron cotransfected with sst,,-EGFP receptors (green) and Ds-Red dlathrin (red) and treated with oct-
reotide (supplemental movie 7, available at www.jneurosci.org as supplemental material). Ds-Red clathrin clusters are visible nearby the
plasma membrane of the soma (arrowhead in top panels and red arrowhead in bottom panels). After octreotide treatment, receptor
clusters (arrowhead in middle panels) appear at loci of coated-pit spots (yellow arrowhead in bottom panels). Scale bar, 2 um. B, Selected
images at the indicated times show a representative dendrite expressing sst,,-EGFP receptors (green) and Ds-Red dlathrin (red) and
treated with octreotide. Ds-Red clathrin spots are visible nearby the plasma membrane of a dendrite (arrowheads in top panels and red
arrowheads in bottom panels). After octreotide treatment, receptor clusters (arrowheads in middle panels) appear at loci of coated-pit
spots (yellow arrow in bottom panels). Scale bar, 2 em.

pal neurons transfected with the sst,,-EGFP construct (Fig. 1 F—
H). Fluorescent proteins within defined neuronal subregions
[i.e., somatic membranes, dendritic membranes (supplemental
movie S1, available at www.jneurosci.org as supplemental mate-
rial), and spine heads (Fig. 1F,G)] were photobleached by high
intensity laser, and the diffusion of the unbleached into bleached
areas was monitored for 2 min. The initial signal recovered to
85.7 £3.7,98.4 = 2.0, and 103.6 = 2.3% in the soma, dendrites,
and spines, respectively, indicating that a vast majority of sst,,
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Internalization of sst, ,-EGFP receptors in preexisting clathrin-coated pits. 4, Time series showing a representative example of the clusterization of sst, ,-EGFP receptors at the site of an

individual preexisting clathrin-coated pit. Scale bar, 0.2 um. B, €, Time course of EGFP and Ds-Red fluorescence intensity changes measured at three clathrin-coated pits (B) and at three portions
of the membrane between clathrin-coated pits (€) before and during octreotide application. Note that, after agonist treatment, sst,,-EGFP fluorescence dramatically increases at coated-pit spots

and decreases at membrane sites between coated-pit spots. Error bars indicate SEM.

receptor belongs to a mobile fraction (Fig. 1 H). The mobile frac-
tion was, however, significantly higher in dendrites and spines
than in soma. In the three compartments, T half-maximum re-
covery occurred within the first 2.5 s after bleaching and the speed
diffusion of the mobile sst,, receptors was significantly lower in
head spines than in somatic membranes (Fig. 1 H). This latter
phenomenon is likely attributable to limitation of the diffusion at
the spine neck (Ashby et al., 2006). In the three compartments,
the observed sst, , receptor mobility corresponds to lateral diffu-
sion because (1) the recovery curve fits to the general equation for
lateral diffusion, (2) recovery occurred symmetrically from both
ends of the bleached region, and (3) the fluorescent signal was
homogenous and not punctate (Axelrod et al., 1976; Reits and
Neefjes, 2001; Scott et al., 2006).

To investigate the dynamic properties of the sst,, receptor
after agonist activation, individual hippocampal neurons ex-
pressing the sst,,-EGFP and exposed to 1 um SRIF or OCT for
10—20 min were monitored by time-lapse confocal microscopy.
One minute after drug application, both sst,, receptor ago-
nists triggered the appearance of clusters along the membrane
of cell bodies and dendrites (Fig. 2A; supplemental movie S2,
available at www.jneurosci.org as supplemental material).
These receptor clusters then moved toward the cytoplasm. In
both proximal and distal dendrites, retrograde movements of
receptor clusters were observed in the confocal plane (supple-

mental movie S3, available at www.jneurosci.org as supple-
mental material). Average speed of dendritic receptor clusters
was estimated as 10 wm/min. At the level of the cell body, as
early as 10 min after agonist application, fluorescence con-
verged into a perinuclear compartment extending to the edge
of some, but not all, primary dendrites (Fig. 2A). Interest-
ingly, after 70 min, although this perinuclear compartment
still displayed sst,,-EGFP, diffuse fluorescent signal was again
apparent at the cell membrane of the soma, whereas distal
dendrites still lacked membrane-associated EGFP fluores-
cence (Fig. 2A, B). Three hours after the beginning of the treat-
ment, it became apparent that the entire pool of internalized
receptors had quit the intracytoplasmic compartment, and
that plasma membrane of both cell bodies and dendrites again
displayed high densities of sst,,-EGFP receptors (data not
shown).

The kinetics of internalization and recycling, as well as the
subcellular distribution of the sst,,-EGFP and the sst,,-WT re-
ceptors were strikingly comparable as assessed by time course
experiments in fixed cells (data not shown), suggesting that, sim-
ilarly to its lack of effect on subcellular localization and signal
transduction, the EGFP tag does not modify the intracellular traf-
ficking of the sst, , receptor. Receptor internalization induced by
SRIF-14 or OCT was totally blocked in the presence of the sst,,
receptor antagonist BIM-23627 (data not shown) in accordance
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Activation of the sst, , receptor induces the recruitment of 3-arrestin 1and 2 at the plasma membrane and the translocation of 3-arrestin 1in the nucleusin living neurons. To visualize

and analyze living neurons coexpressing the sst,, receptor and [3-arrestin 1or 2, neuronal cultures were cotransfected with sst, ,-mCheery and 3-arrestin 1-EGFP (4, €) or 3-arrestin 2-EGFP (B, D).
A, Distribution of 3-arrestin 1-EGFP by confocal microscopy before, during, and after a 15-min-long octreotide treatment (supplemental movie S8, available at www.jneurosci.org as supplemental
material). Equatorial confocal images were acquired every 10 s. For each image illustrated, corresponding time is indicated on the timeline below with arrows. (Figure legend continues.)
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these receptor clusters increased in size,
reaching a plateau of ~0.5 um? ~5 min
after treatment initiation (Fig. 3A,B).
Visual inspection of recorded trajectories
of newly formed receptor clusters re-
vealed that the vast majority of them first
moved laterally within small domains
(~5 pum in diameter) (Fig. 3C). In both
cell bodies (Fig. 3D; supplemental movie
S5, available at www.jneurosci.org as
supplemental material) and dendrites
(Fig. 3E; supplemental movie S6, avail-
able at www.jneurosci.org as supplemen-
tal material), multiple fusion events were
then visualized, resulting in enlarged flu-
orescent clusters. The increasing sizes
and decreasing densities of sst,, receptor
clusters monitored over time likely reflect
both fusion events and movements of clus-
ters from regions nearby the membrane to
deep intracytoplasmic compartments.
Because endocytosis of the sst,, re-
ceptor has been hypothesized to occur
through a clathrin-dependent mecha-
nism (Csaba et al., 2001), fixed hip-
pocampal neurons transfected with wild-
type or EGFP-tagged sst,, receptor were
stained with an anti-clathrin antibody. In
both cell bodies and dendrites, receptor
clusters induced by agonist treatments
extensively colocalized at early times af-
ter treatment initiation (30 s to 5 min)
with a punctate labeling that is character-
istic of plasma membrane clathrin-
coated pits (CCPs) (data not shown). Be-
cause it is not known whether activated
GPCRs in neuronal cells can trigger the
formation of CCPs or whether they clusterized to preexisting
CCPs, sst,4-EGFP and clathrin-DsRed were coexpressed in
neurons and monitored by live-cell confocal microscopy. As
previously observed in neuronal (Blanpied et al., 2002) and
non-neuronal cells (Santini et al., 2002), clathrin-DsRed ap-
peared as isolated small (<500 nm) and circular spots scat-
tered at the lower surface of the membrane in both cell bodies

overlay

10 min Octreotide

PTX +
10 min Octreotide

Suramin +
10 min Octreotide

Figure7.  Effect of pertussis toxin or suramin treatment on agonist-induced sst,, receptor internalization and nuclear accu-
mulation of the [3-arrestin 1. Neurons were cotransfected with plasmids encoding the wild-type receptor (sst,,-WT) and the
B-arrestin 1 tagged with EGFP (B3-arrestin 1-EGFP), treated with PTX for 20 h or with suramin for 30 min before octreotide
treatment and fixed after 10 min. Localization of sst,, receptors was revealed by immunocytochemistry. Note that pertussis toxin
or suramin treatments do not prevent sst,, receptor internalization and nuclear accumulation of the B-arrestin 1 after agonist
stimulation. Scale bar, 5 m.

with a previous study (Stumm et al., 2004), demonstrating that
internalization was due to agonist binding on the receptor. When
BIM-23627 was applied alone, it did not affect the subcellular
distribution of the sst,,-WT or sst,,-EGFP receptors (data not
shown).

To get insights into early events of receptor dynamics after
agonist stimulation, time-lapse confocal images were acquired at
high magnification through flat portions of the plasma mem-

brane. We applied image acquisition parameters to ensure a scan
thickness of ~500 nm. Perfused buffer with OCT induced rapid
(~10 s) appearance of scattered fluorescence clusters with small
surfaces of ~0.1 uwm? (Fig. 3A; supplemental movie S4, available
at www.jneurosci.org as supplemental material). Over time,

and dendrites of mature neurons. A few larger spots were
observed, which likely reflect neighboring or clustered CCPs.
During the time span studied, most CCPs persisted at specific
loci and exhibited restricted mobility (~0.5 wm in diameter).
In absence of agonist, the diffuse fluorescence signal of the

<«

(Figure legend continued.) Note that agonist treatment induces a transient redistribution of 3-arrestin 1 fluorescence from the cytoplasm to the plasma membrane. A transient accumulation of
B-arrestin 1-EGFP in the nucleus is also visible. Scale bar, 5 m. B, Distribution of 3-arrestin 2-EGFP by confocal microscopy before, during, and after a 13-min-long octreotide treatment. Equatorial
confocal images were acquired every 10 s. For each image illustrated, corresponding time is indicated on the timeline below with arrows. Note that agonist treatment induces a transient
redistribution of 3-arrestin 2 fluorescence from the cytoplasm to the plasmamembrane. Scale bar, 5 m. C, Time course of 3-arrestin 1-EGFP fluorescence intensity measured in different subcellular
compartments (mean == SEM of five measures for each compartment) before, during, and after octreotide application. Note that, after agonist treatment, 3-arrestin 1-EGFP fluorescence rapidly
increases at the plasma membrane and in the nucleus and concomitantly decreases in the cytoplasm. Two-way ANOVA with “agonist treatment” and “subcellular compartment” as independent
variables, and “fluorescence intensity” as the dependent variable, demonstrates a significant agonist treatment by subcellular compartment interaction ( p <<0.0001). Partial pairwise comparisons
indicated a significant agonist treatment effect in all subcellular compartments, including nucleus ( p << 0.0001). D, Time course of 3-arrestin 2-EGFP fluorescence intensity measured in different
subcellular compartments (mean == SEM of five measures for each compartment) before, during, and after octreotide application. Note that, after agonist treatment, 3-arrestin 2-EGFP fluorescence
rapidly increases at the plasma membrane and concomitantly decreases in the cytoplasm. No change is observed in the nucleus. Two-way ANOVA demonstrates a significant agonist treatment by
subcellular compartment interaction ( p << 0.0001). Partial pairwise comparisons indicated a significant ( p << 0.0001) agonist treatment effect in the plasma membrane and cytoplasm but not in
the nucleus ( p = 0.33).
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Figure 8.  Distribution of sst,,-WT immunoreactivity and [3-arrestin 1-EGFP fluorescence
before, during, and after octreotide treatment in fixed neurons. Neurons were cotransfected
with plasmids encoding the wild-type receptor (sst,,-WT) and the [3-arrestin 1 tagged with
EGFP (B-arrestin 1-EGFP). Cells were treated with octreotide (1, 5, 10, or 20 min), and then
either fixed with paraformaldehyde or rinsed and incubated without octreotide (wo oct) for 10
or 20 min before fixation. Note that both markers colocalize at the plasma membrane from 5 to
20 min after agonist treatment initiation and that [3-arrestin 1-EGFP fluorescence is again
apparent in the cytoplasm 10 min after the end of the treatment. Scale bar, 5 m.

sst,, receptors observed at the plasma membrane did not co-
localize with clathrin-DsRed (Fig. 4 A, B; supplemental movie
S7, available at www.jneurosci.org as supplemental material).
In contrast, the analysis of image series acquired during ago-
nist perfusion revealed that the majority of sst,,-EGFP clus-
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Figure 9.  Distribution of sst,,-WT immunoreactivity and [3-arrestin 2-EGFP fluorescence
before, during, and after octreotide treatment in fixed neurons. Neurons were cotransfected
with plasmids encoding the wild-type receptor (sst,,-WT) and the B-arrestin 2 tagged with
EGFP (B-arrestin 2-EGFP). Cells were treated with octreotide (1, 5, 10, or 20 min), and then
either fixed with paraformaldehyde or rinsed and incubated without octreotide (wo oct) for 10
or 20 min before fixation. Note that both markers colocalize at the plasma membrane from 5 to
20 min after agonist treatment initiation and that [3-arrestin 2-EGFP fluorescence is again
apparent in the cytoplasm 10 min after the end of the treatment. Scale bar, 5 m.

ters appeared suddenly at clathrin-DsRed spots (n = 1379 of
1398; 98.6%; five cells) in both cell bodies and dendrites (Fig.
5A). This finding is expected for receptors that internalize
through preexisting CCPs. In an attempt to quantify this phe-
nomenon, red and green fluorescence signals were measured
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at isolated CCPs as well as at membrane portions between
CCPs (Fig. 5B). Agonist treatment clearly induced appearance
of green fluorescence in CCPs. A concomitant decrease of
receptor fluorescence was observed at the plasma membrane
between CCPs. Together, these results suggest that
membrane-associated receptors move to preexisting CCPs
shortly (~30s) after activation. At later time points (>5 min),
there was a gradual loss of colocalization with clathrin-DsRed,
which is likely due to the movement of receptors to intracyto-
plasmic compartments.

Because in non-neuronal cells targeting of GPCRs to clathrin-
coated pits via B-arrestins is well established, we further analyzed
the effect of sst,, receptor activation on the distribution of
B-arrestin 1-EGFP and B-arrestin 2-EGFP in living hippocampal
neurons expressing sst,,-WT or sst, ,-mCherry. In the absence of
agonist, both arrestins were diffusely distributed throughout
soma and dendrites (Fig. 6 A, B; supplemental movie S8, available
at www.jneurosci.org as supplemental material). Moreover, and
in contrast to B-arrestin 2-EGFP, weak but significant B-arrestin
1-EGFP fluorescence was evident in the nucleus. Treatment of
cells with receptor agonists SRIF or OCT induced a recruitment
of B-arrestin 1-EGFP and B-arrestin 2-EGFP to the plasma mem-
brane in both soma and dendrites (Figs. 6—8; supplemental
movie S8, available at www.jneurosci.org as supplemental mate-
rial). After membrane translocation, both arrestins then accumu-
lated in punctate spots scattered throughout the membrane (data
not shown). However, a major difference was observed between
the two proteins. Indeed, monitoring individual neurons re-
vealed that B-arrestin 1-EGFP not only translocates to the cell
membrane but also to the nucleus. This phenomenon was not
observed for B-arrestin 2-EGFP. In a first attempt to decipher the
intracellular events involved in the translocation of the B-arrestin
1 to the nucleus, neurons transfected with sst,,-WT and
B-arrestin 1-EGFP were preincubated with pertussis toxin to
block Gi/o-mediated signal transduction or with suramin to in-
hibit the GRK2 (Kassack et al., 2000), a kinase involved in sst,,
receptor phosphorylation and sst,, receptor-mediated B-arrestin
mobilization in non-neuronal cells (Tulipano et al., 2004). These
pharmacological treatments did not prevent sst, , receptor internal-
ization and nuclear accumulation of the B-arrestin 1 after agonist
stimulation (Fig. 7), suggesting that other proteins and pathways,
which remained to be determined, are involved in the sst, , receptor-
mediated translocation of B-arrestin 1 to the nucleus.

The analysis of B-arrestin kinetics further demonstrates that
arrestins transiently accumulate in small vesicles carrying the re-
ceptor at the vicinity of the cell membrane in living and fixed
neurons coexpressing B-arrestin 1- or 2-EGFP and sst,,-WT or
sst,,-mCherry. In contrast to the sst, , receptor, neither arrestins
were apparent in the course of time in large intracytoplasmic
vesicles (Figs. 8,9). This suggests that a dissociation of B-arrestins
from the receptor occurs early (5-10 min) during the time course
of the endocytic events. The distribution of fluorescence signals
of both B-arrestin 1-EGFP and B-arrestin 2-EGFP was similar to
that of untreated cells 20 min after the end of the agonist
treatment.

To further analyze postendocytic pathways of the sst, , recep-
tor, hippocampal neurons expressing the sst, ,-W'T receptor were
fixed at different times after SRIF and OCT stimulation and pro-
cessed for immunolocalization of various intracellular compart-
ments (Fig. 10). From 5 to 15 min after agonist treatment, intra-
cytoplasmic vesicles expressing the receptor colocalized
extensively with both the EEAl and the TfR. EEAl is a
membrane-bound protein essential for fusion between primary
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Figure 10.  Confocal microscopic analysis of sst,, receptor and Golgi, endosomal, or ER markers

immunoreactivity in fixed neurons treated with octreotide. Neurons were transfected with the plas-
mid encoding the wild-type receptor (sst,,-WT), treated with octreotide, and fixed at different times
after initiation of the treatment. After fixation, localization of sst, , receptors and various intracellular
markers was revealed by immunocytochemistry. After 5 min of agonist treatment, clusters of inter-
nalized receptors colocalize with transferrin receptor and EEAT, two markers of early endosomes.
Twenty minutes after the addition of octreotide, sst,, receptors do not colocalize with the late endo-
some/lysosome marker LAMP-1 but overlap with trans-Golgi markers syntaxin 6 and TGN38. No co-
localization was observed with the is-Golgi marker GM 130 or the ER marker PDI. Scale bars: 5 um;
except for sst,,-WT/GM130 and sst,,-WT/Lamp-1,3 m.
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endocytic vesicles and sorting endosomes
(Simonsen et al., 1998; Christoforidis et al.,
1999). TfR, a recycling membrane protein,
is a well characterized marker of the early
endocytic compartment, which is com-
posed of sorting and recycling endosomes
(Mukherjee et al., 1997; Maxfield and
McGraw, 2004). Studies in living cells have
demonstrated that TfR molecules do not
enter the late endosomal compartment
(Gruenberg and Maxfield, 1995). To-
gether, these results suggest that, after acti-
vation, sst,, receptors are routed to sorting
and recycling endosomes but not to the late
endosomal pathway. Accordingly, at later
time after agonist treatment, internalized
receptors were never found to colocalize
with the LAMP-1, a well characterized
marker of late endosomes and lysosomes
(Griffiths et al., 1988; Nazarian et al., 2003).
Twenty minutes after the agonist treatment
initiation, sst,, receptors concentrated in a
perinuclear compartment displaying a vesi-
culotubular structure. Colocalization experi-
ments demonstrated that this compartment
expresses markers of the trans-Golgi [i.e., the
trans-Golgi network-specific integral protein
TGN38 and the #SNARE (t-soluble
N-ethylmaleimide-sensitive factor attach-
ment protein receptor) syntaxin 6]. The later
protein is involved in endosome to trans-
Golgi transport (Bock et al., 1996, 1997; Mal-
lard et al., 2002). In contrast, internalized
sst,, receptors never enter the cis-Golgi or the
endoplasmic reticulum (ER) compartments
because colocalization with GM130 or PDI
were not observed. In agreement with this
latter observation, pretreatment of cells with
the protein synthesis inhibitor cycloheximide
did not prevent the accumulation of sst,, receptors in the trans-
Golgi (Fig. 11). This suggests that these receptors derive from the
pool of internalized receptors and are not newly synthesized recep-
tors. In addition, treatment with the microtubule-depolymerizing
agent, colchicine, abolished the long-range translocation of the sst,
receptors to the trans-Golgi. Under colchicine treatment, receptors
remained trapped in intracytoplamsic vesicles expressing TfR and
EEA1 in both cell bodies and dendrites (Fig. 11). Targeting of recep-
tor cargo from sorting and recycling endosomes to the trans-Golgi
compartment appears therefore dependent on a microtubule-based
process.

Cycloheximide +
20 min Octreotide

Coclchicine +
20 min Octreotide

Colchicine +
20 min Octreotide

Figure11.

Discussion

Compared with the large number of studies dealing with GPCR
signaling, GPCR dynamics under resting conditions or after ag-
onist activation are mostly unexplored in vivo, especially in neu-
ronal cells. Here, we developed a live-cell imaging approach to
gain insights into the dynamics of a GPCR in living neurons,
using the somatostatin receptor sst,, as a receptor model. Several
complementary experiments argue for the fact that the sst,,-
EGFP construct is a valuable tool for such dynamic studies. In-
deed, the EGFP-tagged receptor displayed the same subcellular
localization as the wild type or the endogenous sst,, receptor
(Csaba et al., 2007) (i.e., homogeneously distributed at the

sst2A-WT
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Syntaxin 6

Overlay

Effect of cycloheximide or colchicine treatment on agonist-induced sst, , receptor trafficking. Neurons were trans-
fected with the plasmid encoding the wild-type receptor (sst,,-WT), treated with cycloheximide (30 min) or colchicine (60 min)
before octreotide treatment, and fixed after 20 min. Localization of sst, , receptors, syntaxin 6, TGN38, and EEAT was revealed by
immunocytochemistry. Note that the cycloheximide treatment does not prevent accumulation of sst, , receptorimmunoreactiv-
ity in the trans-Golgi compartment labeled with syntaxin 6. In contrast, colchicine treatment induces accumulation of sst,,
receptors in the EEA1-positive compartment and prevents accumulation of receptors in the trans-Golgi compartment labeled
with TGN38. Scale bar, 5 m.

plasma membrane of the somatodendritic domain including
spines). In addition, the sst,,-EGFP remains efficiently coupled
to the G;, signal transduction pathway and displays the same
intracellular trafficking (kinetics of internalization and recycling,
localization in intracellular compartments) as the wild-type
receptor.

Our experiments led to four key findings. First, using FRAP
experiments we found that the sst, , receptor is mobile and later-
ally and rapidly diffuse in neuronal membranes. Second, receptor
activation triggers the recruitment of B-arrestin 1 and 2 to the
plasma membrane and the translocation of the B-arrestin 1 to the
nucleus. Although the receptor was found to recycle slowly, dis-
sociation from B-arrestins occurs early in the endocytic process.
Third, endocytosis of membrane-associated receptors is due to
clusterization in preexisting CCPs in neurons. Fourth, through
repetitive fusion events, receptor cargo becomes concentrated in
fewer and larger early endosomes before being targeted to a trans-
Golgi compartment. Together, these results provide a compre-
hensive view of a GPCR postendocytic trafficking in living neu-
rons and establish an alternative route for receptor recycling
(Fig. 12).

The sst,, diffuses rapidly within the plasma membrane as
demonstrated using FRAP analysis of fluorescently tagged recep-
tors. In addition, the percentage of the mobile fraction is very
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tor has been shown to potentially interact
with scaffolding proteins of the postsynap-
tic density Shankl and ProSAP1/CortBP1
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(Zitzer et al., 1999a,b), our results indicate
that, in resting conditions, only a minor
portion of sst, , receptors might be associ-
ated with cytoskeletal anchoring proteins.
However, such interactions often occur
when the receptor is stimulated, as previ-
ously demonstrated for the sst,, and Pro-
SAP1/CortBP1 (Zitzer et al., 1999a) or
for the B-adrenergic receptor and the
PDZ (postsynaptic density-95/Discs
large/zona occludens-1) domain of the
regulatory factor of the Na*/H™" ex-
changer (Hall et al., 1998), and could
serve to modulate receptor internaliza-
tion and/or postendocytic trafficking.
Additional studies are clearly needed to
ascertain the physiological role of the in-
teractions between the sst,, receptor and
scaffolding proteins at the postsynaptic
density.

B-Arrestin 1 and 2 are well known neg-
ative regulators of GPCR signaling. In ad-
dition, they act as scaffolds to recruit endo-
cytic proteins and to activate various
signaling pathways such as the MAPK
(mitogen-activated protein kinase) cas-
cades. More recently, it has been demon-
strated that they also facilitate the degrada-
tion of the immediate signaling molecules
produced by an activated receptor (Perry et
al., 2002; Nelson et al., 2007). The present
study illustrates that the activation of sst,
receptors in neurons induces the transloca-
tion of B-arrestin 1 and 2 from the cyto-
plasm to the plasma membrane of cell bod-
ies and dendrites. This is in agreement with
the presence of serine/threonine clusters in
the C-terminal tail of the receptor that are
mandatory for its interaction with

& Sst2A Receptor O EEA1 l o
' Transferrin Receptor @ LAMP1

@ B Arrestin1 @ Syntaxin 6
@ P Arrestin 2 [l TGN 38
m Clathrin B GMm 130

\ Sst2A receptor trafficking

P arrestin movement following
sst2A receptor activation

B-arrestins (Tulipano et al., 2004). There-
fore, the sst,, most likely belongs to the
class B receptors (such as substance P or
AT'la receptors) that display similar affini-
ties for B-arrestin 1 and B-arrestin 2 rather
than to the class A receptors (such as
p-opioid or B2) that have a higher affinity

Figure 12.

time range (from beginning of the agonist treatment) for each main step are specified.

high (>85%) in the three cellular compartments studied. The
diffusion characteristics of the sst, , is similar from those reported
for other GPCRs in extrasynaptic sites, such as the serotonin
5HT,, (Pucadyil and Chattopadhyay, 2007) and dopamine D,
(Scott et al., 2006) receptors. In spines, although the sst, , recep-

Proposed model for intracellular trafficking of sst,, receptor after agonist activation in living neurons. First,
receptor activation triggers the recruitment of B-arrestin 1and B-arrestin 2 at the plasma membrane and the translocation of
the B-arrestin 1 to the nucleus. Second, endocytosis of membrane-associated receptors is attributable to clusterization of
receptorsin preexisting CCPs. Third, through repetitive fusion events, receptor cargo becomes highly enriched in fewer and larger
early endosomes before being targeted to a trans-Golgi compartment by a microtubule-dependent process (gray lines). Finally,
sst, receptor recycles back to the plasma membrane. Markers of the different intracellular compartments used in this study and

for B-arrestin 2 than for B-arrestin 1 (Fer-
guson, 2001; Gainetdinov et al., 2004). Al-
though B-arrestins translocate to the acti-
vated sst,, receptor in punctated area of
the plasma membrane, both arrestins dis-
sociate rapidly from the receptor (5-10
min) after agonist activation. Therefore,
arrestins only transiently accumulate in the
endosomal compartment expressing EEA1
and TfR but not in TGN38 and syntaxin 6 expressing ones. In
contrast to other receptor types such as neurokinin 1 receptor
(Grady et al., 1995; McConalogue et al., 1999), the rapid dissoci-
ation of the sst, , from B-arrestins does not imply rapid receptor
recycling. Together, these findings suggest that the recruitment of
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B-arrestins is more important for early endocytic events of the
sst, , receptor than for its postendocytic fate.

Of particular interest is the observation that agonist activation
of the sst,, in neurons, in contrast to non-neuronal cells (Tu-
lipano et al., 2004), triggers the translocation of B-arrestin 1 to
the nucleus. Only few receptors (such as 8- and k-opioid recep-
tors) were observed to induce such a phenomenon (Kang et al.,
2005) and direct demonstration of this phenomenon in neurons
was lacking. After translocation to the nucleus of HEK293 cells,
B-arrestin 1 forms scaffolds for transcription factors at the pro-
moters of target genes and thereby regulates transcription di-
rectly (Kang et al.,, 2005). Our results therefore suggest that
B-arrestin 1 could serve as a nuclear messenger for the sst, , re-
ceptor in neurons. Additional investigations are needed to define
the nuclear targets of the sst,, receptor activated through this
new putative pathway, and whether they differ or not from the
ones activated by 8- and k-opioid receptors.

After agonist treatment, live-cell imaging of the EGFP-tagged
sst, , receptor and clathrin Ds-red are consistent with the fact that
receptors accumulate in preformed CCPs rather than inducing
the formation of new clathrin domains. This observation is in
agreement with the finding that clathrin coats reside in stable,
long-lasting zones in mature neurons (Blanpied et al., 2002). In-
terestingly, the vast majority, if not all, of the preformed CCPs in
dendrites and cell bodies colocalize with the sst,, at early time
points after agonist challenge. This suggests that receptor cargo
does not distinguish between putative compositionally distinct
CCP subsets as shown in the HEK293 cells (Puthenveedu and von
Zastrow, 2006). Because B-arrestin 1 and 2 first colocalize with
the receptor at the plasma membrane and then colocalize with
both the receptor and clathrin at hot spots, the receptor appears
to be mobilized to CCPs together with B-arrestins. This is in
accordance with the proposed function of these proteins as adap-
tors that connect GPCRs to the endocytic machinery (Ferguson,
2001; Gainetdinov et al., 2004). Internalization of GPCR-f3-
arrestin complex into preexisting CCPs, which has been only
reported in epithelial cell lines (Santini et al., 2002; Scott et al.,
2002), appears therefore to be a shared mechanism for a large
variety of mammalian cells including neurons.

A short time after internalization through CCPs, multiple
fusion events of sst,,-EGFP clusters were visualized, resulting
in enlarged fluorescent vesicles, in both cell bodies and den-
drites. This event likely reflect heterotypic fusion between
plasma membrane clathrin-coated vesicles and early endo-
somes carrying sst,, cargo, as well as homotypic fusion be-
tween early endosomes carrying the receptor (Robinson et al.,
1996; Woodman, 2000; Zerial and McBride, 2001). Accord-
ingly, receptor cargos extensively colocalized with the marker
of the early endosomal compartment EEA1 in both cell bodies
and dendrites. This endosome-associated protein was identi-
fied as a core component and actor of the homotypic endo-
some docking and fusion machinery (Simonsen et al., 1998;
Christoforidis et al., 1999; Nielsen et al., 1999). In addition, we
observed that (1) retrograde transport of receptor carrying
vesicles occurred in dendrites, (2) sst,, receptor accumulated
in a perinuclear compartment, and (3) depolymerization of
microtubules resulted in accumulation of enlarged endosomes
expressing both sst,, receptor and EEA1 at the periphery of
cell bodies and within dendrites. According to these observa-
tions, the assembly of EEA1 on endosomes through a GTP-
hydrolyzing enzyme Rab5- and phosphatidylinositol-3-
phosphate-dependent mechanism has been proposed to
recruit a minus-end-directed kinesin motor that moves early
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endosomes along microtubules toward the microtubule-
organizing center (Nielsen et al., 1999). Together, these results
clearly demonstrate that sst,, cargoes are targeted to and ret-
rogradely traffic through early endosomes expressing EEA1 in
neuronal cells.

With time, however, colocalization of the receptor with EEA1
gradually disappeared. Interestingly, in contrast to the classical
route taken by internalized GPCRs, sst, , cargoes neither progress
to the late endosomal compartment nor recycle back from the cell
surface from early endosomes. Indeed, before recycling, sst, , re-
ceptors accumulate in a perinuclear compartment expressing
trans-Golgi but not cis-Golgi or ER markers. Reaching the trans-
Golgi compartment is not a consequence of the artificial expression
system because we recently demonstrated that this phenomenon
occurs when endogenous receptor are activated in vivo in the hip-
pocampus (Csaba et al., 2007). Additional experiments are required
to determine the molecular determinants and protein partners that
drive the receptor to the TGN and the functional relevance of such a
trafficking pathway. It remains also to be established whether other
GPCR subtypes can recycle through the TGN after endocytosis, a
phenomenon that has not been anticipated from studies in non-
neuronal cells.
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