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Abstract Primary cilia are nearly ubiquitous cellular

appendages that provide important sensory and signaling

functions. Ciliary dysfunction underlies numerous human

diseases, collectively termed ciliopathies. Primary cilia

have distinct functions on different cell types and these

functions are defined by the signaling proteins that localize

to the ciliary membrane. Neurons throughout the mam-

malian brain possess primary cilia upon which certain G

protein-coupled receptors localize. Yet, the precise sig-

naling proteins present on the vast majority of neuronal

cilia are unknown. Here, we report that dopamine receptor

1 (D1) localizes to cilia on mouse central neurons, thereby

implicating neuronal cilia in dopamine signaling. Interest-

ingly, ciliary localization of D1 is dynamic, and the

receptor rapidly translocates to and from cilia in response

to environmental cues. Notably, the translocation of D1

from cilia requires proteins mutated in the ciliopathy

Bardet-Biedl syndrome (BBS), and we find that one of the

BBS proteins, Bbs5, specifically interacts with D1.
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Abbreviations

BBS Bardet-Biedl syndrome

GPCR G protein-coupled receptor

D1 Dopamine receptor 1

Mchr1 Melanin-concentrating hormone receptor 1

Sstr3 Somatostatin receptor 3

ACIII Type III adenylyl cyclase

IMCD Inner medullary collecting duct

i3 Third intracellular

C-tail Carboxy terminal tail

Introduction

Nonmotile primary cilia are typically solitary microtubule-

based organelles present on nearly every cell type in the

mammalian body. Primary cilia play critical roles in

coordinating numerous cellular and developmental signal-

ing pathways [1–3]. Neurons throughout the mammalian

brain possess a primary cilium projecting from the cell

body. The fact that several ciliopathies have prominent

neurological phenotypes indicates that neuronal cilia

provide important functions in the brain [4]. Subsets of

neuronal cilia contain certain G protein-coupled receptors

(GPCRs), including somatostatin receptor 3 (Sstr3) [5],

serotonin receptor 6 (Htr6) [6, 7], and melanin-concen-

trating hormone receptor 1 (Mchr1) [8, 9]. This suggests

that some neuronal cilia sense neuromodulators in the

brain. Yet, the signaling pathways mediated by the vast

majority of neuronal cilia in the mammalian brain are

unknown.
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The ciliopathy Bardet-Biedl syndrome (BBS) is char-

acterized by obesity, retinal dystrophy, renal anomalies,

hypogenitalism, polydactyly, and cognitive deficits [10].

There are at least 14 causative BBS genes [11], and seven

of the BBS proteins (BBS1, 2, 4, 5, 7, 8, and 9) form a

complex, called the BBSome, that constitutes a coat

complex and mediates vesicular trafficking to the cilium

[12, 13]. We previously reported that Sstr3 and Mchr1 fail

to localize to neuronal cilia in mouse models of BBS [9],

suggesting BBS proteins are required for trafficking of

GPCRs to neuronal cilia. This is supported by a recent

study showing that the BBSome interacts with a fragment

of human SSTR3 and this interaction is required for ciliary

targeting [12]. Furthermore, as Mchr1 is an important

regulator of feeding behavior [14] and BBS mice develop

hyperphagia-induced obesity [15, 16], we hypothesize

that mislocalization of cell-type-specific ciliary signaling

proteins together with disruption of signaling is the fun-

damental mechanism underlying the pathophysiology of

the pleiotropic BBS phenotypes.

A critical step in determining the signaling pathways

mediated by neuronal cilia is to identify the signaling

proteins that specifically localize to cilia. Although the

ciliary membrane is contiguous with the plasma membrane,

ciliary localization of proteins is tightly regulated and only

certain proteins localize to the ciliary membrane. We

recently reported that ciliary GPCRs selectively localize to

cilia when expressed in inner medullary collecting duct

(IMCD) cells whereas nonciliary GPCRs do not localize to

cilia [8]. Using expression of chimeric GPCRs in IMCD

cells, we found that the third intracellular (i3) loops of

Sstr3 and Htr6 are sufficient to mediate ciliary localization

of the nonciliary receptors Sstr5 and Htr7, respectively [8].

Comparison of the i3 loops from Sstr3 and Htr6 identified a

loose consensus sequence that we used to identify Mchr1

as a novel ciliary GPCR. Interestingly, the i3 loops of Sstr3

and Htr6 are sufficient but not necessary for ciliary local-

ization [8], suggesting there are additional ciliary

localization sequences within Sstr3 and Htr6.

Here, we use the presence of putative ciliary targeting

sequences in the i3 loop and carboxy terminal tail to

predict novel ciliary GPCRs. We show, for the first time,

that dopamine receptor 1 (D1) localizes to mouse neuronal

primary cilia. Notably, this localization is dynamic and D1

is recruited to cilia in response to an increase in cAMP

levels and treatment with receptor ligand causes a rapid

decrease in D1 ciliary localization. Interestingly, D1 cili-

ary localization is increased in neurons from mice lacking

BBS proteins and does not decrease in response to ligand

treatment. Furthermore, we find that a subunit of the

BBSome, Bbs5, interacts with D1. Together, these results

suggest that D1 dynamically localizes to neuronal cilia

and that translocation of D1 out of cilia in response to

agonist requires the BBSome and involves interaction with

Bbs5.

Materials and methods

Plasmid construction

Coding sequences of the D1 receptor, BBSome subunits,

and Gapdh were amplified from reverse-transcribed mouse

whole brain RNA using the Superscript First-Strand Syn-

thesis RT-PCR Kit (Invitrogen, Carlsbad, CA, USA) and

cloned into a TA cloning vector (pSTBlue-1; Novagen, San

Diego, CA, USA). Primers corresponding to the N-terminal

and C-terminal regions of the receptors were designed with

50 restriction sites for directional cloning. Primers were

used to add an HA tag to the C-terminus of the Bbs5

protein. All amplifications were performed with Accuprime

Pfx Taq Polymerase (Invitrogen). The final PCR products

were cloned into the pEGFP-N vector (Clontech, Mountain

View, CA, USA), pcDNA3.1(-) (Invitrogen), pcDNA3.1/

myc-His (Invitrogen), and/or pGADT7 (Clontech). All

DNA constructs were sequence verified.

Cell culture and transient transfections

IMCD-3 cells (ATCC, Manassas, VA, USA) were main-

tained in DMEM:F12 medium supplemented with 10%

FBS, 1.2 g/l of sodium bicarbonate, and 0.5 mM sodium

pyruvate (Invitrogen). Cells (n = 5 9 106) were electro-

porated with 10 lg DNA and plated at high density on

glass coverslips. Cells were harvested 48 h after transfec-

tion for immunocytochemistry.

Mice and tissue preparation

The generation and characterization of Bbs2- and Bbs4-

null mice has been previously described [15, 16]. All

procedures were approved by the Institutional Animal Care

and Use Committee at The Ohio State University. Wild-

type (WT), Bbs2-null (Bbs2-/-), and Bbs4-null (Bbs4-/-)

littermates were generated by intercrossing heterozygous

animals. Brains were isolated and processed as previously

described [9]. For immunofluorescence procedures, cryo-

protected brains were sectioned on a freezing microtome at

a thickness of 40 lm.

Neuronal cell culturing and treatments

Primary amygdala neurons from postnatal day 0–1 mouse

pups were cultured as previously described [17]. Experi-

ments were performed on neurons 7 days post-plating.

Neurons were treated with SKF81297 (10 lM) alone for
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15 min, pretreated with SCH23390 (10 lM) for 15 min

prior to agonist addition, or forskolin (10 lM) for 15 min

(all from Sigma-Aldrich, St. Louis, MO, USA). All control

conditions received an equivalent volume of vehicle.

Immunofluorescence

Day 7 neurons were fixed and processed for immunoflu-

orescence as previously described [9]. Primary antibodies

included anti-adenylyl cyclase III (C-20; Santa Cruz

Biotechnology, Santa Cruz, CA, USA) and anti-dopamine

receptor 1 (SG2-D1a; Santa Cruz Biotechnology). Sec-

ondary antibodies included Alexa Fluor 488-conjugated

goat anti-mouse IgG and Alexa Fluor 546-conjugated goat

anti-rabbit IgG (Invitrogen). Nucleic acids were stained

with DRAQ5 (Axxora, San Diego, CA, USA). All sam-

ples 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. Multiple consecutive focal planes (Z-stack),

spaced at 0.5–1 lm intervals, were captured. For all

collected images, the brightness and contrast of each

channel was adjusted using the Zeiss LSM Image Brow-

ser program.

Data analysis

Quantitative analysis of ciliated neurons in each experi-

ment and under every condition was performed on at least

three independent coverslips generated from three to four

different animals. For each coverslip, the 409 microscope

objective was centered on the coverslip, and three different

fields were imaged. The number of D1-positive ciliated

neurons and the number of ACIII-positive ciliated neurons

in each image were counted by individuals blinded to the

experimental conditions. The results were expressed as the

percentage of ACIII-positive cilia showing D1-ciliary

localization. All data are expressed as mean ± standard

error of the mean (SEM). Statistical significance was tested

using Student’s t test.

Yeast two-hybrid analysis

The analysis utilized the Yeastmaker Yeast Transformation

System 2 (Clontech). The i3 loop of mouse D1 (nucleotides

652–819) was cloned into the yeast bait vector pGBKT7

and transformed into the yeast mating strain AH109. The

prey vector pGADT7 containing each BBSome subunit

was individually transformed into the yeast mating strain

Y187. AH109 and Y187 yeast expressing the respective

constructs were mated and plated. Growth was assessed on

-Leu/-Trp and -Ade/-His/-Leu/-Trp (X-a-gal) selective

media.

Protein isolation

The protein isolation protocol was adapted from Gomes

et al. [18]. HEK293T cells (ATCC) were maintained

in DMEM supplemented with 10% FBS and 1.5 g/L of

sodium bicarbonate (Invitrogen). Bbs5-HA and D1-myc or

Gapdh-myc were cotransfected by electroporation into

HEK293T cells. After 48 h, cells were lysed in solubili-

zation buffer (20 mM Tris pH 8.0, 150 mM NaCl, 2 mM

EDTA, 10% glycerol, 1% NP-40) supplemented with

sodium orthovanadate and protease inhibitor cocktail

(Roche, Indianapolis, IN, USA). Following a 1 h incuba-

tion at 4�C with rotation, cell debris and unsoluble material

were cleared by centrifugation for 20 min at 15,0009g at

4�C. The resulting supernatant containing soluble protein

was collected, and the concentration was determined by the

Bradford assay (Bio-Rad, Richmond, CA, USA).

Co-immunoprecipitation

Soluble protein was precleared at 4�C with rotation for 1 h

with protein A-Sepharose beads (GE Healthcare, Piscataway,

NJ, USA) pre-equilibrated in detergent buffer (1 mM Tris pH

7.5, 5 mM NaCl, 1 mM KCl, 1 mM MgCl2, 1% NP-40)

supplemented with protease inhibitor cocktail (Roche). Pre-

cleared protein was incubated overnight at 4�C with anti-myc

antibody (9E10; Santa Cruz Biotechnology) immobilized to

protein A-Sepharose beads. Samples were centrifuged and

washed three times with 19 PBS supplemented with protease

inhibitor cocktail. Immunoprecipitated proteins were sub-

jected to 60�C heat for 15 min in SDS sample buffer to elute

purified proteins. Purified proteins were then analyzed by

immunoblotting.

Immunoblotting

Protein samples were run on a denaturing 4–15% gradient

polyacrylamide gel (Bio-Rad) and transferred to a PVDF

membrane (Millipore, Billerica, MA, USA). Membranes

were blocked in TBS-T [10 mM Tris-HCl (pH 7.5),

150 mM NaCl, 0.1% Tween 20] with 5% milk and incu-

bated overnight at 4�C with appropriate antibodies diluted

in TBS-T with 5% milk. Membranes were probed with

horseradish peroxidase-conjugated secondary antibodies

diluted in TBS-T with 5% milk for 1 h at room tempera-

ture. The secondary antibody was detected using

SuperSignal West Pico Chemiluminescent Substrate

(Thermo Fisher Scientific, Rockford, IL, USA), and bands

were visualized using Blue Ultra Autorad Film (ISC

Bioexpress, Kaysville, UT, USA). Immunoprecipitated

proteins were probed with anti-HA (3F10; Roche) and

cotransfected cell-lysate was probed with either anti-HA or

anti-myc.
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Prediction of human GPCR intracellular loop sequences

A database of the predicted intracellular sequences for all

human GPCR proteins was generated as previously

described [8]. The resulting database was searched using

the ambiguous regular expression ‘‘AXXXQ’’ and ‘‘VXP/

LXP’’ to identify GPCRs predicted to contain these motifs

within their i3 loop and C-tail sequences, respectively.

Results

Ciliary GPCRs contain localization sequences

in the i3 loop and C-tail

The ciliary GPCR rhodopsin contains a putative i3 loop

ciliary localization consensus sequence [8] as well as a

sequence (VxP) at the terminus of the carboxy terminal tail

(C-tail) that is required for its trafficking across the pho-

toreceptor-connecting cilium [19, 20]. We reasoned that

other ciliary GPCRs may also have a combination of these

sequences. Examination of the C-tail sequences from

human SSTR3, HTR6, and MCHR1 revealed that all of

them contain a VxP sequence, suggesting that the presence

of sequences in both the i3 loop and C-tail may be

important for ciliary localization of certain GPCRs. Ciliary

localization sequences should be conserved across species

in which the receptor is ciliary. Therefore, we asked

whether the C-tail VxP sequence is conserved in mouse

Sstr3, Htr6, and Mchr1, which all localize to cilia [8]. The

C-tail VxP sequence is conserved in mouse Htr6 and

Mchr1 but is not conserved in mouse Sstr3. However, the

C-tail of mouse Sstr3 contains two LxP sequences that are

conserved in human SSTR3. Since valine and leucine are

structurally similar, we considered that VxP or LxP

sequences in the C-tail in combination with the conserved

i3 loop sequence (AxxxQ) might be a good predictor of

novel ciliary GPCRs. Searching a database of the sequen-

ces of the predicted i3 loops and C-tails of all human

GPCRs and narrowing the results to those GPCRs in which

the i3 loop and C-tail sequences were conserved in mouse

revealed eight candidate ciliary GPCRs (Table 1). One of

these, dopamine receptor 1 (D1), was considered an espe-

cially good candidate for ciliary localization as it is

involved in a variety of functions in the brain that are

disrupted in ciliopathies, including cognition and food

intake [21].

Dopamine receptor 1 localizes to cilia

To test whether D1 localizes to cilia, we expressed a

construct encoding mouse D1 with EGFP fused to the

C-terminus in IMCD cells and assessed subcellular

localization. Notably, D1 localized to cilia when expressed

in IMCD cells (Fig. 1a–c). Recently, human D1 was also

found to localize to cilia when heterologously expressed in

NIH3T3 cells and rat striatal neurons [22]. We then tested

whether D1 localizes to neuronal cilia in tissue and if that

localization requires BBS proteins, similarly to Sstr3 and

Mchr1. Brain sections from adult wild-type (WT) and

Bbs4-null (Bbs4-/-) littermates were colabeled with an

antibody to type III adenylyl cyclase (ACIII), a prominent

marker of primary cilia throughout the mouse brain [23],

and an antibody to D1, the specificity of which was con-

firmed by immunofluorescence and immunoblotting

(Suppl. Figs. 1, 2). Remarkably, D1-immunoreactive cilia

were rarely detected in any region of WT brains but were

abundant in several regions of Bbs4-/- brains, including

the striatum, olfactory tubercle, and amygdala (Fig. 1d–i).

Labeling of sections from Bbs2-null (Bbs2-/-) mice

revealed a similar abundance of D1-immunoreactive cilia

compared to WT littermates (Suppl. Fig. 3). To test whe-

ther the differences in abundance of D1-immunoreactive

cilia were due to differences in D1 expression levels, we

immunoblotted lysates from WT and Bbs4-/- brains.

Quantification of D1 protein levels indicated the receptor is

expressed at equivalent levels in WT and Bbs4-/- tissues

(Suppl. Fig. 4). These results indicate that D1 localizes to

neuronal cilia in vivo and suggest that BBS proteins are

required for proper regulation of D1 ciliary localization.

D1 ciliary localization is dynamic

To confirm our in vivo findings of D1 ciliary localization,

we generated serum-free primary cultures enriched for

amygdala neurons from newborn WT and Bbs4-/- mice.

After 7 days in culture, the cells were colabeled with

antibodies to D1 and ACIII (Fig. 2a, b) and the percentage

of D1-positive cilia was quantified (Fig. 2c). Similar to our

observations in vivo, the percentage of D1-positive cilia

was significantly higher in Bbs4-/- cultures (25.4%) than

WT cultures (7.7%). To further confirm that the increase in

D1 ciliary localization in Bbs4-/- neurons was not due to

differences in D1 expression levels, we performed real-

time PCR analysis of RNA from day 7 WT and Bbs4-/-

amygdala cultures and found D1 was expressed at equiv-

alent levels in WT and Bbs4-/- neurons (Suppl. Fig. 4).

Interestingly, the percentage of D1-positive cilia in WT

cultures was much greater than expected given how rarely

we detected them in brain sections. We reasoned the

relative abundance of D1-positive cilia on cultured WT

neurons might indicate that D1 ciliary localization is

dynamic and regulated by signaling in the brain. To test

this hypothesis, we treated cultures enriched for amygdala

neurons from WT and Bbs4-/- mice on day 7 with the D1

agonist SKF-81297 or vehicle. The WT and Bbs4-/-
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cultures were split into two experimental groups; one group

in which the medium was changed 30 min prior to treat-

ment and a second group in which the medium was not

changed prior to treatment. After 15 min of treatment the

cells were fixed, colabeled with antibodies to D1 and

ACIII, and the percentage of D1-positive cilia was quan-

tified (Fig. 3). The percentage of D1-positive cilia in

unrefed WT cultures treated with vehicle (8.5%) was

similar to our previous result. Remarkably, when the WT

cultures were refed prior to vehicle treatment the percent-

age of D1-positive cilia (17.9%) was significantly

increased compared to unrefed WT cultures (Fig. 3).

Moreover, agonist treatment of refed WT neurons led to a

significant decrease in the percentage of D1-positive cilia

(6.2%) (Fig. 3). Notably, the percentage of D1-positive

cilia in Bbs4-/- cultures was significantly greater than WT

cultures under all conditions and did not change signifi-

cantly in response to refeeding or agonist treatment

(Fig. 3). In WT cultures, pretreatment with a D1 antagonist

prevented the agonist-mediated decrease in D1-positive

cilia (Suppl. Fig. 5), suggesting the agonist is acting

through D1. Thus, these results suggest D1 ciliary locali-

zation is dynamic and the receptor can be recruited to the

ciliary membrane in response to refeeding and translocated

from cilia in response to receptor agonist binding. Fur-

thermore, our data suggest the translocation of D1 out of

cilia requires BBS proteins.

To further investigate the increase in D1-ciliary locali-

zation induced by refeeding, we refed WT cultures with

neurobasal-A medium with or without B-27 supplement.

We focused on the B-27 supplement for two reasons. First,

we noticed that the baseline percentage of D1-positive cilia

in our neuronal cultures differed between lots of the B-27

supplement. Second, we reasoned that if the effect was due

to the addition of some factor(s), it was likely contained in

the B-27 supplement, which is comprised of over 20

different components. After 45 min the cells were fixed,

colabeled with antibodies to D1 and ACIII, and the per-

centage of D1-positive cilia was quantified (Fig. 4a).

Interestingly, the percentage of D1-positive cilia in WT

cultures refed medium with B-27 (12.5%) was significantly

increased compared to WT cultures refed medium without

B-27 (6.2%) (Fig. 4a). This result suggests the increase in

D1-ciliary localization induced by fresh medium is due to

the addition of some factor(s) present within B-27, rather

than removal of a factor(s). In renal cells, forskolin-stim-

ulated increases in intracellular cAMP levels stimulate D1

recruitment from intracellular vesicles to the plasma

membrane [24, 25]. In addition, the ciliary GPCR

Smoothened translocates to cilia in response to forskolin

treatment [26, 27]. Thus, we hypothesized that forskolin

treatment might stimulate D1 translocation to cilia. Indeed,

treatment of WT neurons with forskolin led to a significant

increase in D1-positive cilia (10.8%) compared to vehicle-

treated WT neurons (5.2%) (Fig. 4b). Together, these

results suggest D1 rapidly translocates to cilia in response

to signals, such as increased cAMP levels, and out of cilia

in response to agonist binding.

Bbs5 interacts with D1

As BBS proteins are involved in D1 ciliary distribution and

the BBSome is known to localize to cilia, we tested the

hypothesis that subunits of the BBSome interact with D1.

Table 1 Human G protein-coupled receptors (GPCRs) with putative ciliary localization sequences in the predicted i3 and C-tail domains that are

conserved in mouse. Known ciliary GPCRs are indicated

G protein-coupled receptor i3 sequence(s) C-tail sequence(s) Localization

Beta-1-adrenergic receptor ALREQ LEP ?

Cadherin EGF LAG seven-pass G-type receptor 2 AAQRQ LNP ?

Dopamine receptor 1 AKNCQ LCP/LIP/LSP ?

GPR15 AHYQQ LCP ?

GPR54 ALQGQ VCP ?

GPR75 ASRPQ/ASRLQ LSP ?

GPR92 ATQSQ LRP ?

GPR123 ASVLQ LSP ?

Melanin-concentrating hormone receptor 1 APASQ VKP Ciliary

Opsin 1 (short-wave sensitive) AVAAQ VGP Ciliary

Opsin 1 (medium-wave sensitive 2) AVAKQ VSP Ciliary

Opsin 1 (long-wave sensitive) AVAKQ VSP Ciliary

Rhodopsin AAAQQ VAP Ciliary

Serotonin receptor 6 AARKQ VLP/LPP/LLP Ciliary

Somatostatin receptor 3 APSCQ LRP/LLP Ciliary
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Since the i3 loop of certain GPCRs is important for ciliary

localization, we first screened the i3 loop of D1 against the

seven BBSome subunits using yeast two-hybrid analysis

and found that Bbs5 specifically interacts with the i3 loop

of D1 (Fig. 5a). We then confirmed the interaction of D1

and Bbs5 by co-immunoprecipitation of transiently trans-

fected epitope-tagged full-length proteins. Lysates of

HEK293T cells expressing HA-tagged Bbs5 and Myc-

tagged D1 or Myc-tagged Gapdh, as a negative control,

were immunoprecipitated with an anti-Myc monoclonal

antibody followed by immunoblotting with anti-HA. Bbs5

was detected in the D1 immunoprecipitate but not the

Gapdh immunoprecipitate, indicating that D1 and Bbs5

interact (Fig. 5b). These results suggest the BBSome reg-

ulates D1 ciliary localization through an interaction that

may be mediated by Bbs5.

Discussion

Our results show D1 localizes to cilia on central neurons,

thereby implicating neuronal cilia in dopamine signaling.

Furthermore, D1 ciliary localization is dynamic and the

receptor can be recruited to the ciliary membrane in

response to environmental signals, such as increased cAMP

levels, and translocated from cilia in response to receptor

agonist binding. Interestingly, D1 ciliary localization is

rarely observed in WT mouse brains but is commonly

detected on cultured WT neurons. We hypothesize D1 is

constantly transported to and from the cilium and the

amount of ciliary D1 reflects an equilibrium between sig-

nals that recruit D1 to the cilium and signals that stimulate

D1 translocation from the cilium. Thus, D1 ciliary locali-

zation may be rarely detected in vivo due to a higher

Fig. 1a–i Dopamine receptor 1 (D1) localizes to cilia, and ciliary

localization is increased in the brains of Bbs4-/- mice. a–c Repre-

sentative image of transiently transfected inner medullary collecting

duct (IMCD) cells expressing D1 fused at the C-terminus to EGFP.

a Acetylated a-tubulin (AcTub; red) marks the cilia; b EGFP

fluorescence (green) shows expression of the D1 receptor; c merged

images. Representative images of the basolateral amygdala in adult

WT (d–f) and Bbs4-/- (g–i) mice (n = 3 animals for each genotype)

showing labeling for type III adenylyl cyclase (ACIII; red) and D1

(green). Nuclei are stained with DRAQ5 (blue). The appearance and

distribution of ACIII-positive cilia is similar between WT (d) and

Bbs4-/- (g) sections. The identical fields showing labeling for D1

(green) reveal a lack of D1-positive cilia in the WT (e) section but

abundant D1-positive cilia in the Bbs4-/- (h) section. Merged images

showing no D1 labeling of cilia in the WT (f) section and

colocalization of ACIII and D1 to cilia in the Bbs4-/- (i) section.

Scale bars represent 10 lm
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relative level of signals stimulating D1 translocation from

cilia and these signals are reduced or absent in vitro

resulting in an increase in ciliary localization.

Interestingly, D1 ciliary localization is abundant in BBS

mouse brains, is significantly increased on cultured BBS

neurons compared to WT neurons, and does not decrease in

response to treatment with a D1 agonist. These results

indicate BBS proteins are required for D1 translocation

from cilia and lack of BBS proteins leads to accumulation

of D1 in cilia. This is contrary to previous results showing

Sstr3 and Mchr1 require BBS proteins for ciliary locali-

zation and suggests a novel role for BBS proteins in

trafficking of some GPCRs out of neuronal cilia. Indeed,

our results are consistent with a recent study showing

mutations of BBSome proteins in Chlamydomonas rein-

hardtii lead to the accumulation of signaling proteins in

flagella [28]. Thus, BBS proteins appear to mediate the

import and export of ciliary signaling proteins.

The transport of proteins within cilia is mediated by a

highly conserved process called intraflagellar transport

(IFT). IFT is a bidirectional microtubule-based transport

process in which complexes of proteins called IFT particles

are transported by molecular motors along the axonemal

outer doublet microtubules from the base of the cilium to

the distal tip and then back to the cell body [29–31]. IFT

also mediates transport of transmembrane proteins,

including TRPV channels in C. elegans and polycystin-2 in

mammalian cells [32, 33]. Notably, in C. elegans BBS

proteins coordinate IFT [34] and in mammalian cells the

BBSome has been observed moving within cilia in a

manner consistent with IFT [13]. Combined with our cur-

rent results, it is tempting to speculate the BBSome acts as

an adaptor between ciliary signaling proteins, such as

GPCRs, and IFT particles to mediate trafficking into and

out of cilia. This is supported by our finding that D1 and

Bbs5 interact. In addition, our results suggest that the

process of BBSome-mediated transport from cilia is regu-

lated by environmental cues (i.e. agonist-mediated

activation of D1). Perhaps agonist binding results in a

structural change in D1 that allows it to bind to the

BBSome and be transported from the cilium.

It is intriguing that Sstr3 and Mchr1 require BBS pro-

teins for ciliary localization whereas D1 does not. This

indicates D1 transport into cilia is BBSome-independent

Fig. 2a–c D1 ciliary

localization is increased in

amygdala-enriched neuronal

cultures. Co-immunolabeling of

day 7 amygdala neurons from

WT (a) and Bbs4-/- (b) mice

with antibodies to ACIII (red)

and D1 (green) shows the

presence of numerous ACIII-

positive cilia in both genotypes,

a subset of which are also

positive for D1 (arrows). Nuclei

are stained with DRAQ5 (blue).

Scale bars represent 20 lm.

c Percentage of ACIII-positive

cilia in WT and Bbs4-/-

cultures (n = 3 animals for each

genotype) that are positive for

D1. D1 localizes to 7.7 ± 1.7%

(n = 324) of ACIII-positive

cilia in WT cultures and

25.4 ± 2.9% (n = 289) of

ACIII-positive cilia in Bbs4-/-

cultures. Note the percentage of

D1-positive cilia is significantly

higher in Bbs4-/- cultures

compared to WT cultures.

Values are expressed as

mean ± SEM. **Significantly

different from WT percentage

(p \ 0.01)
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and suggests GPCRs are transported into cilia by more than

one mechanism. One difference between these receptors is

D1 preferentially couples to Gs, whereas Sstr3 and Mchr1

preferentially couple to Gi/q. However, it is unknown

whether G protein coupling affects GPCR ciliary

localization.

Fig. 3 In amygdala neuronal cultures, agonist treatment causes a

decrease in D1 ciliary localization in WT but not Bbs4-/- cultures.

Percentage of ACIII-positive cilia in WT and Bbs4-/- cultures

(n = 3–4 animals for each genotype and condition) that are positive

for D1. In unrefed WT cultures (left side of graph), D1 localizes to

8.5 ± 1.6% (n = 216) of ACIII-positive cilia in cultures treated with

vehicle and 4.5 ± 1.8% (n = 297) of ACIII-positive cilia in cultures

treated with the D1 agonist SKF-81297. In unrefed Bbs4-/- cultures,

D1 localizes to 31.7 ± 8% (n = 157) and 25.3 ± 6.3% (n = 140) of

ACIII-positive cilia in cultures treated with vehicle and agonist,

respectively. In refed WT cultures (right side of graph), D1 localizes

to 17.9 ± 3.4% (n = 185) of ACIII-positive cilia in cultures treated

with vehicle and 6.2 ± 2.4% (n = 189) of ACIII-positive cilia in

cultures treated with agonist. Note the percentage of D1-positive cilia

is significantly higher in refed vehicle-treated WT cultures compared

to both unrefed vehicle-treated WT cultures (p \ 0.05) and refed

agonist-treated WT cultures (p \ 0.05). In refed Bbs4-/- cultures, D1

localizes to 36.8 ± 1.4% (n = 165) and 36.1 ± 4.3% (n = 144) of

ACIII-positive cilia in cultures treated with vehicle and agonist,

respectively. Note the percentage of D1-positive cilia in Bbs4-/-

cultures is significantly greater than WT cultures under all conditions

and does not change significantly in response to refeeding or agonist

treatment. Values are expressed as mean ± SEM. *Significantly

different from WT percentage (p \ 0.05). **Significantly different

from WT percentage (p \ 0.01)

Fig. 4a, b D1 ciliary localization is increased in WT amygdala

neuronal cultures in response to media containing B-27 supplement or

forskolin treatment. a Percentage of ACIII-positive cilia in WT

cultures (n = 3 animals for each condition) that are positive for D1.

D1 localizes to 6.2 ± 1.0% (n = 322) of ACIII-positive cilia and

12.5 ± 0.8% (n = 327) of ACIII-positive cilia in cultures refed

medium without B-27 and with B-27, respectively. Note the

percentage of D1-positive cilia is significantly higher in WT cultures

refed medium containing B-27 compared to medium lacking B-27.

Values are expressed as mean ± SEM. **Significantly different from

vehicle-treated percentage (p \ 0.01). b Percentage of ACIII-positive

cilia in WT cultures (n = 3 animals for each condition) that are

positive for D1. D1 localizes to 5.1 ± 0.3% (n = 310) of ACIII-

positive cilia in cultures treated with vehicle and 10.8 ± 0.2%

(n = 269) of ACIII-positive cilia in cultures treated with forskolin.

Note the percentage of D1-positive cilia is significantly higher in

forskolin-treated WT cultures compared to vehicle-treated WT

cultures. Values are expressed as mean ± SEM. ***Significantly

different from vehicle-treated percentage (p \ 0.0001)

Fig. 5a, b D1 and Bardet-Biedl syndrome 5 (Bbs5) proteins interact.

a Results of yeast matings between cells expressing the i3 loop of

mouse D1, p53 (positive control), or lamin C (negative control) in the

bait vector (pGBKT7) and cells expressing each of the seven

BBSome subunits or large T antigen (T-Ag) in the prey vector

pGADT7. Note that only D1 i3 loop plus Bbs5 mating and the

positive control p53 plus T-Ag mating show yeast growth (indicated

as ?) on selective media. b HA-tagged Bbs5 (Bbs5-HA) was co-

expressed with myc-tagged D1 (D1-myc) or myc-tagged glyceralde-

hyde-3-phosphate dehydrogenase (Gapdh-myc) in HEK293T cells.

Cell extracts were immunoprecipitated (IP) with an anti-myc

antibody. Immunoprecipitates were analyzed by Western blotting

(IB) with an anti-HA antibody (upper). Note that Bbs5 is immuno-

precipitated with D1 but not Gapdh. The input, confirming expression

of each protein, is also shown (middle and bottom)
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One question raised by our findings is how trafficking of

D1 into and out of cilia affects D1-mediated signaling. D1

translocation to and from cilia is reminiscent of Hedgehog

(Hh) signaling. The Hh receptor Patched localizes to the

ciliary membrane and upon activation traffics out of the

cilium, allowing Smoothened (Smo) to enter the cilium

[35, 36]. Smo then activates signaling at the distal tip of the

cilium where transcription factors are localized [37]. Per-

haps ciliary localization of D1 allows interactions or

coupling with signaling partners that are specifically loca-

ted within the cilium. Interestingly, different types of

D1-mediated signaling have been detected in different

brain regions [38]. Although D1 dimerization with D2 has

been proposed to explain these findings [38], it is also

possible that different types of D1-mediated signaling

could be due to localization of the receptor on the ciliary

membrane versus the cell membrane. Nevertheless, we

hypothesize that D1 signaling is disrupted in BBS.

It is intriguing that D1 ciliary localization is particularly

abundant in the amygdala of BBS animals. It is well

established that the amygdala plays an important role in fear

and other emotional processes [39, 40]. BBS children

display increased levels of anxiety and depression [41].

Whether this is related to disruption of dopamine signaling

in BBS patients is not known. Similarly, Bbs4-/- mice

show increases in anxiety-related behavioral tests such as

the open-field and light-dark box test [42]. However, BBS

mice have additional phenotypes, such as obesity, retinal

degeneration, and anosmia that can confound such analyses.

Utilization of conditional knockout mice with a disruption

in a BBS protein or cilia assembly protein specifically in the

amygdala will be important for resolving the precise roles

of D1 ciliary signaling in fear-related behaviors.
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