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Primary cilia are essential sensory and signaling organelles present on nearly every mammalian cell type. Defects in primary cilia
underlie a class of human diseases collectively termed ciliopathies. Primary cilia are restricted subcellular compartments, and
specialized mechanisms coordinate the localization of proteins to cilia. Moreover, trafficking of proteins into and out of cilia is
required for proper ciliary function, and this process is disrupted in ciliopathies. The somatostatin receptor subtype 3 (Sstr3) is
selectively targeted to primary cilia on neurons in the mammalian brain and is implicated in learning and memory. Here, we
show that Sstr3 localization to cilia is dynamic and decreases in response to somatostatin treatment. We further show that soma-
tostatin treatment stimulates �-arrestin recruitment into Sstr3-positive cilia and this recruitment can be blocked by mutations
in Sstr3 that impact agonist binding or phosphorylation. Importantly, somatostatin treatment fails to decrease Sstr3 ciliary lo-
calization in neurons lacking �-arrestin 2. Together, our results implicate �-arrestin in the modulation of Sstr3 ciliary localiza-
tion and further suggest a role for �-arrestin in the mediation of Sstr3 ciliary signaling.

Primary cilia are typically solitary immotile cellular appendages
that function as specialized sensory and signaling compart-

ments (1–3). During mammalian development, primary cilia me-
diate critical developmental signaling pathways, including Hedge-
hog (Hh), Wnt, and transforming growth factor � (TGF-�) (4–6).
Postnatally, primary cilia are nearly ubiquitous and are required
to maintain cellular and tissue homeostasis. Primary ciliary dys-
function causes a class of human diseases, collectively referred to
as ciliopathies, that present with a wide range of clinical features,
including obesity, skeletal malformations, retinal degeneration,
renal cystic disease, brain malformations, intellectual disability,
and hypogonadism (7).

Primary cilia are restricted compartments, and specialized
mechanisms exist to coordinate the selective targeting, exclusion,
and retention of certain proteins (8, 9). This enrichment of select
proteins is what defines the functions of cilia and determines the
signaling pathways that they mediate. The importance of ciliary
protein localization is highlighted by the fact that this process is
disrupted in a subset of ciliopathies (10–12). Moreover, coordi-
nated trafficking of proteins into and out of cilia is required for
proper ciliary signaling. For example, in vertebrate Hh signaling,
sonic Hedgehog binds to its receptor, Patched, on the ciliary
membrane, causing it to exit the cilium. This allows the G
protein-coupled receptor (GPCR)-like receptor Smoothened
(Smo) to enter the cilium, which in turn impacts the activity of
Gli transcription factors (13–16). In addition, ciliary signaling
can be modulated by protein trafficking in the cilium. For ex-
ample, in the photoreceptor outer segment, which is a modified
primary cilium, light-induced activation of rhodopsin stimu-
lates exit of the G-protein transducin from the cilium and entry
of visual arrestin into the cilium to terminate signaling (17).

Adult neurons throughout the mammalian brain possess pri-
mary cilia that are thought to sense and signal in response to
neuromodulators in the interstitial space. Neuronal cilia are en-
riched for certain GPCRs, including somatostatin receptor 3
(Sstr3) (18), serotonin receptor 6 (19, 20), melanin-concentrating

hormone receptor 1 (Mchr1) (10, 21), dopamine receptor 1 (D1)
(22), vasoactive intestinal receptor 2 (23), neuropeptide Y recep-
tors 2 and 5 (24), and kisspeptin receptor 1 (25). These cilia are
also widely enriched for the GPCR signaling element type 3 ad-
enylyl cyclase (AC3) (26). We previously showed that the neuro-
nal ciliary localization of Sstr3 and Mchr1 is disrupted in mouse
models of the heterogeneous human ciliopathy Bardet-Biedl syn-
drome (BBS) (10). D1, on the other hand, accumulates in neuro-
nal cilia in mice with BBS (22), suggesting that D1 ciliary localiza-
tion is normally dynamic and D1 export from cilia is dependent
on the BBS proteins. Indeed, D1 ciliary localization is increased in
response to environmental cues, such as increased cyclic AMP
levels, and decreased in response to agonist binding (22).

GPCR localization on the plasma membrane is a highly regu-
lated process. Classically, agonist binding results in a conforma-
tional change in the receptor. This allows the coupling and activa-
tion of G proteins, leading to the generation of downstream
signaling (27). Activated GPCRs are then phosphorylated at spe-
cific residues on their intracellular domains predominantly by G
protein-coupled receptor kinases (GRKs) (28) but also by second-
messenger activated kinases, such as protein kinase A or C (29).
Upon receptor phosphorylation, �-arrestins are recruited and act
as scaffolding proteins that interact with GPCRs and facilitate or
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prevent signaling to multiple effectors (30, 31). �-Arrestins also
facilitate the internalization of receptors by promoting clathrin-
mediated endocytosis (30). The two �-arrestin isoforms (�-arres-
tin 1 [�arr1] and �-arrestin 2 [�arr2]) are expressed ubiquitously
and regulate most GPCRs. �-Arrestins may also impact ciliary
signaling, as they localize to olfactory cilia (32, 33), to cilia on
cultured NIH 3T3 (34) and RPE-1 (35) cells, and in mouse kidney
sections (35). Furthermore, �-arrestins mediate the translocation
of Smo to primary cilia (34). However, their role in the regulation
of the ciliary localization of other GPCRs has not been deter-
mined.

Here, we show that localization of endogenous somatostatin
receptor 3 to neuronal cilia is dynamic and agonist treatment
causes a rapid decrease in Sstr3 ciliary localization. We further
show that somatostatin (SST) treatment stimulates �-arrestin re-
cruitment into Sstr3-positive cilia and this recruitment can be
blocked by mutations in Sstr3 that impact agonist binding or
phosphorylation. Importantly, agonist treatment fails to decrease
Sstr3 ciliary localization in neurons lacking �-arrestin 2, suggest-
ing that Sstr3 ciliary export is mediated by �-arrestin 2. These
results show that �-arrestin modulates Sstr3 localization on neu-
ronal cilia and indicate that Sstr3 signals on the ciliary membrane.

MATERIALS AND METHODS
Animals. The wild-type (WT) mice used in this study were on an FVB
background. The �-arrestin 2-knockout (KO) mouse line is on a
mixed C57BL/6 and 129 SvJ background (36). All procedures were
approved by the Institutional Animal Care and Use Committees at The
Ohio State University (Animal Welfare Assurance number A3261-01)
and The Scripps Research Institute (Animal Welfare Assurance num-
ber A4460-01).

Plasmid construction. The coding sequence of mouse somatostatin
receptor subtype 3 (21) was subcloned into the pDsRed2-N (Clontech,
Mountain View, CA) and pcDNA3.1/myc-His (Life Technologies/Invit-
rogen, Grand Island, NY) vectors. The �arr1-green fluorescent protein
(GFP) and �arr2-GFP constructs have been previously described (37, 38).
Mutations in Sstr3 were generated using a QuikChange site-directed mu-
tagenesis kit (Stratagene, La Jolla, CA). The FK506 binding protein
(FKBP) and FKBP-rapamycin binding domain (FRB) were provided by R.
Briesewitz (The Ohio State University). To construct the Sstr3-DsRed-
FRB fusion protein, a fusion PCR was performed to fuse the FRB-coding
sequence to the C terminus of DsRed (forward primer, CAC CAC CTG
TTC CTG ATG TGG CAT GAA GGC; reverse primer, GCC TTC ATG
CCA CAT CAG GAA CAG GTG GTG). To clone the FKBP-GFP and
FKBP-�arr2-GFP constructs, the restriction sites NheI and HindIII were
first added via PCR to the 5= and 3= ends of FKBP, respectively. Next the
NheI-FKBP-HindIII fragment was subcloned into a linearized pEGFP-N
or pEGFP-N-�arr2 vector. This resulted in the insertion of the FKBP
fragment upstream of the GFP- or �arr2-GFP-coding sequence. All DNA
sequences were verified at the Nucleic Acid Shared Resource at The Ohio
State University.

Cell culture and transient transfections. Inner medullary collecting
duct 3 (IMCD-3) cells (ATCC, Manassas, VA) were maintained in Dul-
becco modified Eagle medium–F-12 medium supplemented with 10%
fetal bovine serum, 1.2 g/liter of sodium bicarbonate, and 0.5 mM sodium
pyruvate (Life Technologies/Invitrogen). Cells (n � 5 � 106) were elec-
troporated with 10 �g DNA and plated at a high density on glass cover-
slips. Cells were refed 16 to 18 h after transfection and treated and har-
vested at 48 h after transfection. Primary hippocampal neurons were
obtained from WT and �arr2-KO neonates derived from homozygous
breeding. Neurons were cultured as previously described (39). Briefly,
hippocampi were dissected from passage 0 mouse pups and placed in a
prewarmed (37°C), sterile solution of Leibovitz’s L-15 medium (L-15; Life

Technologies/Invitrogen) supplemented with 0.25 mg/ml bovine serum
albumin (BSA). The hippocampal tissue was freed from any extraneous
tissue and cut into small pieces. This tissue was then transferred into a
solution of L-15–BSA containing 0.375 mg/ml papain (Sigma-Aldrich, St.
Louis, MO) and incubated for 15 min at 37°C with 95% O2–5% CO2

blowing gently over the surface of the solution. The tissue was then
washed three times in prewarmed M5-5 medium (Earle’s minimal essen-
tial medium with 5% fetal bovine serum, 5% horse serum, 0.4 mM
GlutaMAX, 16.7 mM glucose, 5,000 U/liter penicillin, 50 mg/liter strep-
tomycin, 2.5 mg/liter insulin, 16 nM selenite, and 1.4 mg/liter transferrin).
The tissue was then triturated in M5-5 medium with a series of Pasteur
pipettes of decreasing diameters. Dissociated neurons were pelleted by
centrifugation at 80 � g for 5 min, resuspended in prewarmed Neuro-
basal-A medium containing B-27 supplement, 0.5 mM GlutaMAX, insu-
lin-selenite-transferrin, and gentamicin (Life Technologies/Invitrogen),
and plated onto poly-D-lysine (Sigma-Aldrich)-coated coverslips. Cul-
tured neurons were transfected using Lipofectamine LTX and Plus re-
agent methods (Life Technologies/Invitrogen) 6 days after plating.

Drug preparations. Somatostatin-14 (catalog number 060-03; Phoe-
nix Pharmaceuticals, Burlingame, CA) stock solutions were prepared at 1
mM in water and stored at 4°C. Cells were treated with a final concentra-
tion of 10 �M somatostatin for 10, 20, or 40 min, depending on the
experiment. Rapamycin (catalog number 9904; Cell Signaling, Danvers,
MA) stock solutions were prepared at 100 �M in dimethyl sulfoxide
(DMSO) and stored at �20°C. Cells were treated with a final concentra-
tion of 100 nM rapamycin for 10 min.

Processing and immunofluorescence procedures for endogenous
proteins. Seven days after plating, neuronal cultures were treated, fixed,
and processed for immunofluorescence as previously described (10).
Briefly, neurons were fixed with a solution of 4% (wt/vol) paraformalde-
hyde and 10% (wt/vol) sucrose for 10 min at room temperature, followed
by a 5-min phosphate-buffered saline (PBS) wash. The neurons were then
postfixed with cold methanol at �20°C for 15 min and permeabilized with
0.3% Triton X-100 in PBS with 4% donkey serum, 0.02% sodium azide,
and 10 mg/ml BSA for 6 min. After permeabilization, the cells were put in
a blocking solution of PBS with 4% serum, 0.02% sodium azide, and 10
mg/ml BSA for �1 h at room temperature. Primary antibody incubations
were carried out for 16 to 24 h at 4°C, and secondary antibody incubations
were carried out for 1 h at room temperature. The neurons were washed
three times for 5 min each time with PBS containing 4% serum, 0.02%
sodium azide, and 10 mg/ml BSA after primary and secondary antibody
incubations. Primary antibodies included rabbit anti-adenylyl cyclase 3
(antibody C-20; Santa Cruz Biotechnology, Santa Cruz, CA), goat anti-
somatostatin receptor 3 (antibody M-18; Santa Cruz Biotechnology), and
rabbit anti-pan-arrestin (antibody Ab2914; Abcam, Cambridge, MA).
Secondary antibodies included Alexa Fluor 488-conjugated donkey anti-
goat IgG, Alexa Fluor 546-conjugated donkey anti-rabbit IgG, Alexa Fluor
488-conjugated donkey anti-rabbit immunoglobulin, and Alexa Fluor
546-conjugated donkey anti-goat immunoglobulin (Life Technologies/
Molecular Probes). Nucleic acids were stained with DRAQ5 (Cell Signal-
ing). Coverslips were mounted using Immu-Mount mounting medium
(Thermo Scientific, Pittsburgh, PA). All samples were imaged on a Zeiss
LSM 510 laser scanning confocal microscope at the Hunt-Curtis Imaging
Facility in the Department of Neuroscience at The Ohio State University.
Images of multiple consecutive focal planes (z-stack), spaced at
�0.43-�m intervals, were captured. For all collected images, the bright-
ness and contrast of each channel were adjusted using the Zeiss LSM
Image Browser program.

Quantification and statistical analysis of neuronal cilia. Quantifica-
tion of Sstr3-positive cilia was performed on 2 or 3 coverslips for each
condition from 3 independent experiments. For each coverslip, at least
five fields were imaged. The number of Sstr3-positive and AC3-positive
cilia in each image was counted by an individual blind to the treatment
conditions. The results were expressed as the percentage of AC3-positive
cilia showing Sstr3 ciliary colocalization, and the results of the statistical
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analysis are displayed as the mean � standard error of the mean (SEM).
Quantification of endogenous �-arrestin-positive cilia was performed on
two coverslips for each condition from three independent experiments.
For each coverslip, at least four fields were imaged. The number of arres-
tin-positive and Sstr3-positive cilia in each image was counted. The per-
centage of Sstr3-positive cilia showing arrestin ciliary colocalization was
quantified. The results are displayed as the mean � SEM. Statistical sig-
nificance was tested using Student’s t test.

Processing and immunofluorescence procedures for transiently
transfected cells. IMCD cells and cultured neurons were fixed in 4%
paraformaldehyde for 15 min and permeabilized with 0.3% Triton X-100
in PBS with 4% donkey serum, 0.02% sodium azide, and 10 mg/ml BSA
for 10 min. To visualize the myc-tagged Sstr3 receptors, cells were labeled
with anti-myc (antibody 9E10; Santa Cruz Biotechnology), followed by
incubation with Alexa Fluor 546-conjugated goat anti-mouse IgG (Life
Technologies/Molecular Probes). Nuclei were visualized by DRAQ5
staining. Primary and secondary antibody incubations and sample
mounting and imaging were carried out as described above.

Quantification and statistical analysis of arrestin translocation to
cilia. Quantification of �arr1-GFP and �arr2-GFP ciliary localization was
performed on three independent coverslips of either IMCD cells or cul-
tured neurons. For each coverslip, 4 to 10 fields were imaged. The number
of Sstr3-expressing cilia positive for �arr1-GFP or �arr2-GFP was quan-
tified. The results are expressed as the percentage of Sstr3-positive cilia
displaying �arr1 or �arr2 ciliary colocalization. The data are expressed as
the mean � SEM.

Live cell imaging. Hippocampal neurons were plated onto 35-mm
glass-bottomed (no. 1.5) dishes (MatTek, Ashland, MA) that had been
coated with poly-D-lysine (Sigma-Aldrich) and transfected at 6 days post-
plating. Neurons were processed for live cell imaging at 24 h posttransfec-
tion. Prior to live cell imaging, neuronal medium was replaced with Hi-
bernate A low-fluorescence medium (BrainBits, Springfield, IL)
supplemented with B-27 supplement, 0.5 mM GlutaMAX, and insulin-
selenite-transferrin to allow manipulation and survival of neurons at am-
bient CO2 levels. Neurons expressing Sstr3-DsRed and �arr1-GFP or
�arr2-GFP were selected for imaging. Live cell imaging was performed on
2 to 3 cells for each condition from 3 independent experiments The cells
were observed with an Andor Revolution WD spinning disk confocal
imaging system (Andor Technology plc, Belfast, Northern Ireland) con-
trolled by MetaMorph software (Molecular Devices, Sunnyvale, CA) and
equipped with a Nikon TiE inverted microscope (Nikon Instruments,
Melville, NY), an ASI XY piezo-Z motorized stage (Applied Scientific
Instrumentation, Eugene, OR), a Yokogawa CSU-W1 confocal scanning
unit (Yokogawa Electric Corporation, Tokyo, Japan), and solid-state la-
sers. z-stacks of the red and green fluorescence were acquired sequentially
at 30-s intervals for 10 min using a 0.2-�m step size, 200-ms exposures, an
Andor iXon Ultra 897 back-illuminated electron-multiplying charge-
coupled-device camera, and a 100� PlanApo VC oil immersion objective
(numerical aperture, 1.4). Somatostatin (20 �l of a 1 mM stock solution)
was added directly to the 2 ml of medium in the dish with a pipette
immediately after the first time point (time zero). Focus was maintained
using the Perfect Focus system on the Nikon microscope. The GFP and
DsRed were excited with the 488-nm and 561-nm laser lines, respectively.
The temperature and humidity were controlled using an OkoLab Bold
Line stage-top incubator.

RESULTS
Ciliary localization of somatostatin receptor subtype 3 is dy-
namic. To test whether Sstr3 localization to cilia is affected by
agonist treatment, we generated primary cultures of wild-type
(WT) mouse hippocampal neurons, which possess abundant
Sstr3-positive cilia (40, 41). The neurons were then treated with
somatostatin (SST) for 0, 20, or 40 min, fixed, and colabeled with
antibodies to Sstr3 and AC3, which is an established marker for
neuronal cilia (26). The percentages of Sstr3-positive cilia were

then quantified (Fig. 1A to C). In untreated cultures, 49.5% of
AC3-positive cilia were positive for Sstr3, which is consistent with
previous results (41). However, the percentage of Sstr3-positive
cilia was significantly less after SST treatment in a time-dependent
process. After 20 and 40 min of SST treatment, the percentages of
AC3-positive cilia that were also positive for Sstr3 were 34% and
22.8%, respectively (Fig. 1C). This result demonstrates that Sstr3
ciliary localization, like D1 ciliary localization (22), is dynamic
and suggests that Sstr3 is exported from cilia in response to ago-
nist-mediated activation.

Endogenous �-arrestin localizes to neuronal cilia in re-
sponse to somatostatin treatment. Since �-arrestins mediate
Sstr3 internalization from the plasma membrane (42), we consid-
ered �-arrestins to be possible mediators of Sstr3 export from
cilia. To begin to address this possibility, we examined the subcel-
lular localization of endogenous �-arrestins in WT mouse hip-
pocampal neurons treated with vehicle or SST for 20 min, which is
a time point when Sstr3 ciliary localization is decreasing. Neurons
were fixed and colabeled with an antibody to Sstr3 and an anti-
body that recognizes both �-arrestin 1 (�arr1) and �-arrestin 2
(�arr2). In vehicle-treated neurons, �arr1/2 localized throughout
the cell body and nucleus but were not detected within cilia, as
indicated by a lack of colocalization with Sstr3 (Fig. 1D to F and J).
Strikingly, upon SST treatment �arr1/2 showed colocalization in
approximately half of Sstr3-positive cilia (Fig. 1G to J). These re-
sults show that endogenous �-arrestin localizes to neuronal pri-
mary cilia in response to SST treatment. The presence of �-arres-
tin in cilia on hippocampal neurons suggests a novel role for
�-arrestins in neuronal ciliary signaling.

�-Arrestin 2 selectively localizes to cilia in response to soma-
tostatin treatment. To facilitate the investigation of agonist-me-
diated �-arrestin ciliary localization, we developed a model sys-
tem utilizing the ciliated inner medullary collecting duct (IMCD)
cell line. IMCD cells are commonly used as a model for studying
cilia, and we have previously utilized them to investigate the
mechanisms of GPCR ciliary localization (21, 22). IMCD cells
were transiently transfected with expression constructs encoding
Sstr3 with a C-terminal myc epitope tag and �arr1 or �arr2 fused
at the C terminus to green fluorescent protein (GFP) (37, 38). At
48 h after transfection, the cells were treated with vehicle or SST
for 20 min, fixed, and labeled with an antibody to myc. As previ-
ously reported (21), heterologously expressed Sstr3 was targeted
to cilia on IMCD cells (Fig. 2B, E, H, and K). In vehicle-treated
cells, �arr1-GFP appeared to localize throughout the cytoplasm
and the nucleus (Fig. 2A to C), whereas �arr2-GFP appeared to
localize mainly throughout the cytoplasm and at the base of the
cilium (Fig. 2G to I), consistent with the findings of a previous
study showing that �-arrestin 2 is enriched in centrioles at the base
of cilia in RPE-1 cells (35). Importantly, in vehicle-treated cells,
�arr1-GFP and �arr2-GFP were not detected in the ciliary com-
partment (Fig. 2M). Strikingly, upon SST treatment �arr2-GFP
showed robust ciliary localization (Fig. 2J to M), whereas �arr1-
GFP failed to show ciliary localization (Fig. 2D to F and M). These
findings suggest that �-arrestin 2, but not �-arrestin 1, localizes to
cilia in response to Sstr3 activation.

To verify and extend these results, we assessed �-arrestin ciliary
localization in cultured neurons. WT mouse hippocampal neu-
rons were transiently transfected with myc-tagged Sstr3 and either
�arr1-GFP or �arr2-GFP. At 24 h posttransfection, the neurons
were treated with vehicle or SST for 20 min and the percentage of
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Sstr3-expressing cilia positive for �arr1-GFP or �arr2-GFP was
quantified. Heterologously expressed Sstr3 was targeted to neuro-
nal cilia (Fig. 3B, E, H, and K), and in vehicle-treated neurons,
neither �arr1-GFP nor �arr2-GFP was detected in the ciliary
compartment (Fig. 3A to C and G to I). Upon SST treatment,

however, �arr2-GFP localized to all Sstr3-positive cilia (Fig. 3J to
M), whereas �arr1-GFP failed to show ciliary localization (Fig. 3D
to F and M). These results indicate that �arr2-GFP selectively
enters neuronal cilia upon SST treatment.

In order to examine the dynamics of �arr2-GFP ciliary entry,

FIG 1 Somatostatin treatment causes a decrease in endogenous Sstr3 ciliary localization and localization of �-arrestin to neuronal cilia. (A and B) Representative
images of hippocampal neurons from WT mice, after 7 days in culture, labeled with antibodies to Sstr3 (green) and AC3 (red). Neurons were either untreated
(UT) (A) or treated with 10 �M SST for 40 min (B). SST treatment causes a reduction in Sstr3-positive cilia. (Insets) Increased magnification of individual
channels in the boxed regions to aid visualization. Bars, 10 �m. (C) Percentages of AC3-positive cilia in WT cultures (n � 3) that were positive for Sstr3. Sstr3
localized to 49.5% � 4.6% of AC3-positive cilia (n � 130), 34% � 5.8% of AC3-positive cilia (n � 144), and 22.8% � 8.3% of AC3-positive cilia (n � 146) in
cultures treated with 10 �M SST for 0, 20, and 40 min, respectively. The percentage of Sstr3-positive cilia was significantly decreased after 40 min of SST
treatment. Values are expressed as the mean � SEM. *, significantly different results (P 	 0.05). (D to I) Representative images of hippocampal neurons from WT
mice, after 7 days in culture, labeled with antibodies to �arr1/2 (green) and Sstr3 (red). Neurons were treated with vehicle (Veh) (D to F) or 10 �M SST (G to I)
for 20 min. �-Arrestin was not detected within cilia in vehicle-treated neurons but colocalized with Sstr3 throughout the cilium after SST treatment. (Insets)
Higher-magnification images of the cilia. Nuclei were stained with DRAQ5. Bars, 10 �m (main images) and 5 �m (insets). (J) Percentages of Sstr3-positive cilia
in WT cultures (n � 3) that were positive for �arr1/2. �arr1/2 localized to 0% of Sstr3-positive cilia (n � 73) in vehicle-treated cultures and 55.6% � 4.1% of
Sstr3-positive cilia (n � 127) in cultures treated with SST for 20 min. Values are expressed as the mean � SEM.
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FIG 2 Somatostatin-mediated ciliary localization of �-arrestin 2 in IMCD cells. (A to L) Representative images of IMCD cells transfected with �arr1 fused to GFP
(�arr1-GFP; green) (A to F) or �arr2 fused to GFP (�arr2-GFP; green) and myc-tagged Sstr3 (Sstr3-myc; red) (G to L). Cells were treated with vehicle (Veh) (A
to C and G to I) or 10 �M SST (D to F and J to L) for 20 min, fixed, and labeled with an antibody to myc. Sstr3-myc is targeted to cilia. �arr1-GFP was not detected
in cilia in vehicle- or SST-treated cells. �arr2-GFP was not detected in cilia in vehicle-treated cells but localized to cilia in SST-treated cells. (Insets) Side views of
the cilia (the insets in panels A to C correspond to the dashed boxes). Nuclei were stained with DRAQ5. Bars, 10 �m. (M) Percentages of Sstr3-expressing IMCD
cell cilia that were positive for �arr1-GFP or �arr2-GFP after 20 min of vehicle or 10 �M SST treatment. In vehicle-treated cultures, �arr1-GFP localized to 0%
of Sstr3-positive cilia (n � 43) and �arr2-GFP localized to 0% of Sstr3-positive cilia (n � 52). In SST-treated cultures, �arr1-GFP localized to 0% of Sstr3-positive
cilia (n � 51) and �arr2-GFP localized to 87.2% � 3.4% of Sstr3-positive cilia (n � 54). Values are expressed as the mean � SEM.
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FIG 3 Somatostatin-mediated localization of �-arrestin 2 to neuronal cilia. (A to L) Representative images of hippocampal neurons from WT mice, after 7 days
in culture, transfected with �arr1 fused to GFP (�arr1-GFP; green) (A to F) or �arr2 fused to GFP (�arr2-GFP; green) and myc-tagged Sstr3 (Sstr3-myc; red) (G
to L). Neurons were treated with vehicle (Veh) (A to C and G to I) or 10 �M SST (D to F and J to L) for 20 min, fixed, and labeled with an antibody to myc.
Sstr3-myc is targeted to cilia. �arr1-GFP was not detected in cilia in vehicle- or SST-treated neurons. �arr2-GFP localized to cilia in SST-treated neurons. (Insets)
Higher-magnification images of the cilia. Nuclei were stained with DRAQ5. Bars, 10 �m (main images) and 5 �m (insets). (M) Percentages of Sstr3-positive
neuronal cilia that were positive for �arr1-GFP or �arr2-GFP after 20 min of vehicle or 10 �M SST treatment. In vehicle-treated cultures. �arr1-GFP localized
to 0% of Sstr3-positive cilia (n � 25) and �arr2-GFP localized to 0% of Sstr3-positive cilia (n � 25). In SST-treated cultures �arr1-GFP localized to 0% of
Sstr3-positive cilia (n � 25) and �arr2-GFP localized to 100% of Sstr3-positive cilia (n � 25).
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we performed live cell imaging on WT mouse hippocampal neu-
rons transiently transfected with Sstr3 fused at the C terminus to
DsRed and �arr1-GFP or �arr2-GFP. Prior to treatment, Sstr3-
DsRed was targeted to the cilium and �arr1-GFP and �arr2-GFP
were not detected in the cilium (Fig. 4). �arr1-GFP and �arr2-
GFP localized throughout the cytoplasm, and as noted in trans-
fected IMCD cells, �arr2-GFP consistently demonstrated local-
ization at the base of the cilium (Fig. 4B). Consistent with our
results in fixed neurons, after SST treatment �arr1-GFP failed to
show ciliary localization (Fig. 4A; see also Movie S1 in the supple-
mental material). �arr2-GFP, on the other hand, rapidly accumu-
lated in the ciliary compartment in a time-dependent manner
(Fig. 4B; see also Movies S2 and S3 in the supplemental material).
�arr2-GFP ciliary localization was apparent by 4 min after SST
treatment and robustly localized along the cilium at 10 min after
treatment. A previous study of Sstr3 ciliary localization indicates
that it takes at least 10 min for newly synthesized Sstr3-GFP to be
trafficked to cilia (43). Thus, our results are consistent with a
model whereby agonist treatment promotes the entry of �-arres-
tin 2 into the ciliary compartment, where it associates with Sstr3.

Somatostatin-induced �-arrestin 2 ciliary localization re-
quires agonist binding and, possibly, phosphorylation of Sstr3.
To begin to test the molecular basis of SST-induced �-arrestin 2
ciliary localization, we leveraged our IMCD cell line model along

with previous knowledge about the mechanisms of agonist bind-
ing and Sstr3 internalization from the plasma membrane. To con-
firm that SST-induced �arr2-GFP ciliary localization was medi-
ated by Sstr3, we introduced into Sstr3 a point mutation (D124E)
that prevents ligand binding (44). IMCD cells were then tran-
siently transfected with �arr2-GFP and myc-tagged WT Sstr3 or
Sstr3(D124E) and treated with vehicle or SST for 20 min. Impor-
tantly, Sstr3(D124E) failed to mediate �arr2-GFP ciliary localiza-
tion upon SST treatment (Fig. 5A), indicating that agonist binding
to Sstr3 is required for �arr2-GFP ciliary localization.

Four sites (S341, S346, S351, and T357) in the C-terminal tail
of Sstr3 are implicated in receptor phosphorylation, desensitiza-
tion, and internalization (45). To test whether these sites are im-
portant for �arr2-GFP ciliary localization, we generated myc-
tagged Sstr3 constructs containing mutations at these critical
residues and evaluated the ability of the mutants to mediate ago-
nist-dependent ciliary localization of �arr2-GFP in IMCD cells.
We first generated a mutant in which all three serine residues were
mutated to alanines (triple serine mutant). Mutation of these
three residues disrupts basal and SST-mediated phosphorylation
of the receptor and blocks receptor internalization (45). However,
upon SST treatment the triple serine mutant mediated ciliary lo-
calization of �arr2-GFP as effectively as WT Sstr3 (Fig. 5B). We
then tested a mutant in which all four residues were mutated to

FIG 4 Live cell confocal imaging of somatostatin-mediated �-arrestin 2 ciliary localization. Each image is a maximum-intensity projection of a z-stack that
encompassed the entire cell body and cilium. (A) Representative images of a WT hippocampal neuron after 7 days in culture transfected with �arr1 fused to GFP
(�arr1-GFP; green) and Sstr3 fused to DsRed (Sstr3-DsRed; red). (Top) The green channel; (bottom) both the green and red channels. The elapsed time (t; in
minutes) of 10 �M SST treatment is indicated in the upper right corner of each panel. Sstr3-DsRed was targeted to the cilium, but �arr1-GFP was not detected
in cilia before (time zero [t0]) or after 10 min (t10) of SST treatment. (B) Representative images of a WT hippocampal neuron after 7 days in a culture transfected
with �arr2 fused to GFP (�arr2-GFP; green) and Sstr3-DsRed (red). Panels and labels are the same as those described in the legend to panel A. Before SST
treatment (time zero), �arr2-GFP was enriched at the base of the cilium but was not detected within the cilium. �arr2-GFP ciliary localization was apparent after
4 min (t4) of SST treatment and was robust after 10 min (t10). Bars, 10 �m.
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alanines (quadruple mutant). Interestingly, upon SST treatment
the quadruple mutant failed to mediate �arr2-GFP ciliary local-
ization (Fig. 5B). We then tested a mutant in which only the thre-
onine was mutated to alanine (T357A). Remarkably, this single
mutant failed to mediate �arr2-GFP ciliary localization (Fig. 5B).
This suggests that phosphorylation of T357 is required for �arr2-
GFP ciliary localization. We then confirmed this result in cultured
neurons by transiently transfecting WT mouse hippocampal neu-
rons with �arr2-GFP and WT Sstr3 or Sstr3(T357A) fused to
DsRed. At 24 h posttransfection, the neurons were treated with
vehicle or SST for 20 min and the percentage of WT or mutant
Sstr3-expressing cilia positive for �arr2-GFP was quantified. Sim-
ilarly to IMCD cells, in response to SST treatment �arr2-GFP
localized to cilia expressing WT Sstr3 (Fig. 5C and D and G) but
not to cilia expressing Sstr3(T357A) (Fig. 5E to G). Together, these
results suggest that SST binds to Sstr3 on the ciliary membrane
and may lead to the phosphorylation of residue T357, which facil-
itates �-arrestin 2 ciliary localization.

�-Arrestin 2 is recruited into cilia in response to somatosta-
tin treatment. Recent studies indicate that primary cilia possess a
size-dependent diffusion barrier that restricts the entry of soluble
proteins (43, 46, 47). We did not detect �-arrestin 2 within cilia in
the absence of SST treatment, suggesting that �-arrestin 2 is nor-

mally excluded from cilia but enters the cilium upon receptor
activation. An alternative possibility is that �-arrestin 2 can diffuse
into cilia but is normally present at a level too low to be detected.
Upon SST treatment, however, the receptor becomes phosphory-
lated, which increases the affinity for �-arrestin 2 and causes its
retention and accumulation within cilia. To distinguish between
these two possibilities, we utilized an inducible dimerization sys-
tem consisting of the chemical dimerizer rapamycin and the pro-
tein moieties FK506 binding protein (FKBP) and FKBP-rapamy-
cin binding domain (FRB) (48). These moieties can be fused to
proteins and then mediate dimerization in response to rapamycin.
This well-characterized system has recently been used to induce
dimerization between ciliary receptors and fluorescently tagged
proteins within the ciliary compartment (43, 47) (Fig. 6A). To
apply this system to our experimental paradigm, we generated
expression constructs containing FRB fused to the C terminus of
Sstr3-DsRed and FKBP fused to the N terminus of either GFP or
�arr2-GFP. IMCD cells were then transiently transfected with
Sstr3-DsRed-FRB and FKBP-GFP or FKBP-�arr2-GFP and
treated with vehicle, rapamycin, or SST for 10 min. This time
point was chosen to minimize the contribution from the FKBP-
GFP or FKBP-�arr2-GFP that entered cilia in a complex with
newly synthesized Sstr3-DsRed-FRB. After treatment, the cells

FIG 5 Mutation of agonist binding and phosphorylation sites in Sstr3 abolishes �-arrestin 2 ciliary localization in IMCD cells and neurons. (A) IMCD cells were
transfected with �arr2 fused to GFP and myc-tagged WT Sstr3 or Sstr3(D124E). Cells were treated with vehicle (Veh) or 10 �M SST for 20 min, fixed, and labeled
with an antibody to myc, and �arr2-GFP ciliary localization was quantified. In vehicle-treated cultures, �arr2-GFP localized to 1.2% � 1.1% of WT (n � 76) and
0% of Sstr3(D124E)-positive cilia (n � 85). In SST-treated cultures �arr2-GFP localized to 92.4% � 1.7% of WT (n � 85) and 1% � 1% of Sstr3(D124E)-positive
cilia (n � 106). (B) IMCD cells were transfected with �arr2 fused to GFP and myc-tagged WT or mutant Sstr3. Treatments and processing were the same as those
described in the legend to panel A. In vehicle-treated cultures, �arr2-GFP localized to 0% of WT or mutant Sstr3-positive cilia (n � 31 to 49). In SST-treated
cultures, �arr2-GFP localized to 90% � 5.1% of WT Sstr3-positive cilia (n � 37), 79.2% � 4.2% of cilia positive for the Sstr3 triple serine mutant (n � 24), 0%
of cilia positive for the Sstr3 quadruple mutant (n � 29), and 0% of cilia positive for the Sstr3(T357A) mutant (n � 25). (C to F) Representative images of
hippocampal neurons from WT mice after 7 days in a culture transfected with �arr2 fused to GFP (�arr2-GFP; green) and WT Sstr3 (red) (C and D) or
Sstr3(T357A) (red) (E and F). Neurons were treated with vehicle (Veh) (C and E) or 10 �M SST (D and F) for 20 min and then fixed. In vehicle-treated cells,
�arr2-GFP was not detected within the cilium. In SST-treated cells, �arr2-GFP localized to WT Sstr3-positive cilia but not Sstr3(T357A)-positive cilia. (Insets)
Higher-magnification images of the cilia. Nuclei were stained with DRAQ5. Bars, 10 �m (main images) and 5 �m (insets). (G) Percentages of WT and mutant
Sstr3-positive neuronal cilia that were positive for �arr2-GFP (n � 20 to 30 cilia for each condition and construct). In cultures treated with vehicle for 20 min,
�arr2-GFP localized to 0% of WT or mutant Sstr3-positive cilia. In cultures treated with SST for 20 min, �arr2-GFP localized to 100% of WT Sstr3-positive cilia
and 0% of Sstr3(T357A)-positive cilia. Values are expressed as the mean � SEM.

FIG 6 The ciliary localization of FKBP-�arr2-GFP is greater in response to somatostatin treatment than rapamycin treatment. (A) Schematic of rapamycin-
induced dimerization in the ciliary compartment. FKBP-GFP diffuses into and out of the cilium. In the absence of rapamycin, the level of FKBP-GFP in the cilium
is low. In the presence of rapamycin, FKBP dimerizes with FRB fused to Sstr3, which is enriched in the ciliary membrane, thereby trapping FKBP-GFP in the
ciliary compartment. (B) IMCD cells were transfected with Sstr3 fused to DsRed and FRB (Sstr3-DsRed-FRB) and FKBP fused to GFP (FKBP-GFP) or �arr2-GFP
(FKBP-�arr2-GFP). Cells were treated with DMSO (vehicle [Veh]), 100 nM rapamycin (Rap), or 10 �M SST for 10 min and fixed, and the GFP ciliary localization
was quantified. In DMSO-treated cultures, FKBP-GFP and FKBP-�arr2-GFP localized to 0% of Sstr3-positive cilia (n � 33 to 38). In rapamycin-treated cultures,
FKBP-GFP localized to 71.6% � 4.8% of Sstr3-positive cilia (n � 41) and FKBP-�arr2-GFP localized to 24.8% � 5.3% of Sstr3-positive cilia (n � 44). In
SST-treated cultures, FKBP-GFP localized to 3.7% � 3.7% of Sstr3-positive cilia (n � 33) and FKBP-�arr2-GFP localized to 87.8% � 4% of Sstr3-positive cilia
(n � 45). The percentage of FKBP-�arr2-GFP ciliary colocalization was significantly greater after SST treatment than rapamycin treatment. Values are expressed
as the mean � SEM. ***, significantly different results (P 	 0.001).
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were fixed and the percentage of Sstr3-DsRed-FRB-expressing
cilia positive for FKBP-GFP or FKBP-�arr2-GFP was quantified
(Fig. 6B; see also Fig. S1 in the supplemental material). In vehicle-
treated cells, FKBP-GFP and FKBP-�arr2-GFP were not detected
in cilia. However, in response to rapamycin treatment, FKBP-GFP
was detected in 71.6% of Sstr3-DsRed-FRB-expressing cilia. This
is consistent with the findings of previous studies (43, 47) and
confirms that FKBP-GFP diffuses into IMCD cell cilia and can be
captured through dimerization with FRB fused to Sstr3. FKBP-
�arr2-GFP was also detected in Sstr3-DsRed-FRB-expressing cilia
after rapamycin treatment, although the percentage (24.8%) was
much less than that of FKBP-GFP. This result indicates that
FKBP-�arr2-GFP is not excluded from the cilium and suggests
that it can diffuse into the cilium but is present at a lower level than
FKBP-GFP. Interestingly, after SST treatment, FKBP-�arr2-GFP
was detected in 87.8% of Sstr3-DsRed-FRB-expressing cilia (Fig.
6B). As SST treatment causes a much greater increase in the ciliary
localization of FKBP-�arr2-GFP than rapamycin treatment, this
suggests that FKBP-�arr2-GFP is actively recruited into cilia in
response to SST treatment.

The somatostatin-mediated decrease in Sstr3 ciliary localiza-
tion requires �-arrestin 2. Recruitment of �-arrestin 2 into cilia
upon SST treatment may have many functional consequences,
including regulation of Sstr3 signaling and internalization. To be-
gin to explore the potential functional consequences, we assessed
whether �-arrestin 2 is required for the dynamic localization of
Sstr3. Hippocampal neurons were generated from WT and �-ar-
restin 2-knockout (KO) mice and treated with vehicle or SST for
40 min. Neurons were then fixed and colabeled with anti-Sstr3
and anti-AC3, and the percentages of Sstr3-positive cilia were
quantified (see Fig. S2 in the supplemental material). In WT cul-
tures, 60.4% of AC3-positive cilia were positive for Sstr3 after
vehicle treatment, and, as expected, the percentage of Sstr3-posi-
tive cilia decreased significantly to 41.6% after 40 min of SST treat-
ment (Fig. 7). In �-arrestin 2-KO cultures, 50.8% of AC3-positive

cilia were positive for Sstr3 after vehicle treatment, indicating that
�arr2 is not required for Sstr3 ciliary localization. However, there
was no reduction in the percentage of Sstr3-positive cilia (53.1%)
after 40 min of SST treatment (Fig. 7). These findings indicate that
the agonist-mediated dynamic ciliary localization of Sstr3 is de-
pendent on �-arrestin 2 and suggest that �-arrestin 2 mediates
Sstr3 export from cilia.

DISCUSSION

We have found that the SST-mediated activation of Sstr3 induces
the ciliary localization of �-arrestin, thereby implicating �-arres-
tin in neuronal ciliary signaling. Based on the roles of �-arrestins
in GPCR signaling on the plasma membrane, we can postulate
several functional consequences of �-arrestin ciliary recruitment.
First, �-arrestin may desensitize Sstr3 by uncoupling the receptor
from a G protein. However, it is not known whether G proteins
localize to cilia on hippocampal neurons and couple to ciliary
GPCRs. Second, �-arrestins may induce GPCR signaling in the
primary cilium. �-Arrestins function as scaffolds for numerous
intracellular signaling proteins, including Src, extracellular signal-
regulated kinases 1 and 2, p38, AKT, and phosphatidylinositol
3-kinase (49), and have the capability of signaling independently
of G-protein coupling. Thus, �-arrestins may act as direct signal
transducers of Sstr3 on the ciliary membrane through diverse sig-
naling cascades. Third, �-arrestins can also act as adaptors for
components of clathrin-dependent endocytosis machinery and
promote receptor internalization via clathrin-coated pits. At the
base of primary cilia there is an invagination of the plasma mem-
brane that forms a specific membrane domain, called the ciliary
pocket (50, 51). Recent studies have revealed that the ciliary
pocket is enriched in active and dynamic clathrin-coated pits (52,
53). Our finding that the SST-mediated decrease in Sstr3 ciliary
localization is disrupted in �-arrestin 2-KO neurons is consistent
with a role for �-arrestin 2 in promoting clathrin-mediated endo-
cytosis of Sstr3 at the ciliary pocket. Although receptor internal-
ization is normally associated with the attenuation of signaling, in
some cases GPCR signaling can be sustained or even enhanced
upon internalization into endosomes (54, 55). Recent studies
show that D1 receptors mediate rapid G protein- and adenylyl
cyclase-mediated signaling from endocytic vesicles (56), and, us-
ing conformational biosensors, GPCRs have been shown to en-
gage the heterotrimeric G-protein complex once it is internalized
into the vesicles (57). It is attractive to speculate that the interac-
tion between Sstr3 and �-arrestin 2 may serve to orient the recep-
tor with its signaling partners. Intriguingly, a recent study dem-
onstrated that proper transforming growth factor � (TGF-�)
signaling requires clathrin-dependent endocytosis of TGF-� re-
ceptors at the ciliary pocket (58). Thus, it is possible that Sstr3
export from cilia is a mechanism for increasing Sstr3 signaling.
Overall, �-arrestin potentially impacts Sstr3 signaling in cilia
through numerous mechanisms.

An interesting result from our study is that in the absence of
SST treatment, heterologously expressed �arr1-GFP and �arr2-
GFP appear to be excluded from cilia on either IMCD cells or
neurons. However, we did detect FKBP-�arr2-GFP in cilia after
rapamycin-induced dimerization with Sstr3-DsRed-FRB, indicat-
ing that FKBP-�arr2-GFP can passively diffuse into the ciliary
compartment. A potential explanation to reconcile these results is
that under basal conditions the amount of protein within cilia is
too low to be detected, presumably due to molecular crowding

FIG 7 Agonist-mediated decreases in endogenous Sstr3 neuronal ciliary lo-
calization require �arr2. Hippocampal neurons from WT and �arr2-KO mice
after 7 days in culture were treated with vehicle (Veh) or 10 �M SST for 40 min,
fixed, and labeled with antibodies to Sstr3 and AC3 (n � 3 experiments per
genotype). In vehicle- and SST-treated WT cultures, Sstr3 localized to
60.4% � 2.4% of AC3-positive cilia (n � 369) and 41.6% � 2.3% of AC3-
positive cilia (n � 388), respectively. In vehicle- and SST-treated �arr2-KO
cultures, Sstr3 localized to 50.8% � 3.4% of AC3-positive cilia (n � 333) and
53% � 3.4% of AC3-positive cilia (n � 324), respectively. The percentage of
Sstr3-positive cilia was significantly decreased after 40 min of SST treatment in
WT neuronal cultures but did not change in �arr2-KO neuronal cultures. The
percentages of Sstr3-positive cilia in vehicle-treated WT and �arr2-KO neu-
ronal cultures were not significantly different. Values are expressed as the
mean � SEM. **, significantly different results (P 	 0.005).

Green et al.

232 mcb.asm.org January 2016 Volume 36 Number 1Molecular and Cellular Biology

http://mcb.asm.org


effects within the cilium that limit the volume accessible to �arr1-
GFP or �arr2-GFP. Such a mechanism has been proposed to ex-
plain the apparent exclusion of visual arrestin from dark-adapted
rod photoreceptor outer segments (59). It is only upon trapping
and accumulation in the ciliary compartment through dimeriza-
tion or binding to an activated receptor that �-arrestin levels be-
come high enough to be detected. Interestingly, a previous study
found constitutive ciliary localization of Cherry-tagged �-arrestin
2 in RPE-1 cells (35). One possible explanation for this difference
is that the accessible volume in cilia on RPE-1 cells is greater than
that in cilia on IMCD cells.

A striking result from our dimerization experiments was that
SST treatment resulted in a much larger increase in FKBP-�arr2-
GFP ciliary localization than rapamycin treatment. This suggests
that SST treatment not only allows Sstr3-DsRed-FRB to capture
freely diffusing FKBP-�arr2-GFP but also stimulates entry of
FKBP-�arr2-GFP into the cilium. Thus, it is likely that activation
of Sstr3 generates an undefined signal within the ciliary compart-
ment that is transmitted to the base of the cilium and stimulates
�arr2-GFP transport into cilia. Although the mechanism mediat-
ing �arr2 transport into cilia was not directly tested in this study,
a likely candidate is intraflagellar transport (IFT). IFT is a bidirec-
tional transport process within cilia that is required for the forma-
tion, maintenance, and functioning of all cilia (60). IFT consists of
the transport of protein complexes, or particles, along the ciliary
microtubule core by the molecular motors kinesin-II (antero-
grade) and dynein (retrograde). �-Arrestins have been shown to
interact with the kinesin-II subunit Kif3a and mediate the trans-
location of Smoothened to primary cilia (34). One possibility is
that Sstr3 signaling induces an interaction between �-arrestin 2
and Kif3a at the base of the cilium, which facilitates �-arrestin 2
transport into the cilium. Our live cell studies show that �-arrestin
2 rapidly becomes distributed along the length of the cilium. This
progression may be the result of IFT-mediated transport along the
microtubules or the lateral diffusion of Sstr3 in the ciliary mem-
brane that carries along bound �-arrestin 2. Ciliary receptors,
such as Sstr3, demonstrate rapid diffusion along the entire ciliary
membrane (61), which can drive the progression of bound soluble
proteins from the proximal region to the distal tip of the cilium
(43). Thus, �-arrestin 2 movement within the ciliary compart-
ment may be due to active transport, passive diffusion, or a com-
bination of both.

Interestingly, in both IMCD cells and neurons, SST treatment
resulted in the ciliary localization of �arr2-GFP but not �arr1-
GFP. This is surprising, considering that the results of previous
studies with HEK cells demonstrated that the SST-induced activa-
tion of Sstr3 results in the rapid redistribution of both �arr1-GFP
and �arr2-GFP from the cytoplasm to the plasma membrane, al-
though �arr2-GFP showed a more marked redistribution (62).
One potential explanation is that �arr1-GFP cannot access the
ciliary compartment as freely as �arr2-GFP. Alternatively, �arr1-
GFP may not bind to the Sstr3 that is activated on the ciliary
membrane. We also found that mutation of a single putative phos-
phorylation site (T357) in Sstr3 was sufficient to disrupt �arr2-
GFP ciliary localization. Mutation of this residue has previously
been shown to reduce basal and SST-mediated phosphorylation of
the receptor and block internalization (45). This suggests that
upon SST treatment the Sstr3 on the ciliary membrane is phos-
phorylated by a kinase in the ciliary compartment. Further studies
will be required to determine the identity of this kinase.

As �-arrestins regulate signaling and the internalization of
most GPCRs, it is likely that �-arrestins are recruited into cilia in
response to activation of other GPCRs. Indeed, we have found that
agonist treatment of IMCD cells expressing Mchr1 or D1 induces
�arr2-GFP ciliary localization (J. A. Green and K. Mykytyn, un-
published results). Further studies will be required to determine
whether activation of these and other ciliary GPCRs mediates re-
cruitment of �-arrestins into neuronal cilia and whether �-arres-
tins mediate their ciliary export.

In summary, our data are consistent with a model whereby
agonist binding to Sstr3 leads to the phosphorylation of T357 and
a signal that stimulates �-arrestin 2 recruitment into the cilium. In
the cilium, �-arrestin 2 binds to the phosphorylated receptor, po-
tentially inhibiting and/or stimulating signaling, and mediates the
export of Sstr3 from the cilium. These results provide direct evi-
dence for receptor signaling on neuronal cilia, implicate �-arres-
tins in the regulation of ciliary GPCR signaling, and suggest a
further link between �-arrestins and ciliopathies. Understanding
the molecular mechanisms that regulate GPCR ciliary localization
and signaling is critical for providing novel strategies to manage or
treat the disorders associated with ciliopathies.
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