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SUMMARY

G-protein-coupled receptors (GPCRs) are typically
regarded as chemosensors that control cellular
states in response to soluble extracellular cues.
However, the modality of stimuli recognized through
adhesion GPCR (aGPCR), the second largest class of
the GPCR superfamily, is unresolved. Our study
characterizes the Drosophila aGPCR Latrophilin/
dCirl, a prototype member of this enigmatic receptor
class. We show that dCirl shapes the perception of
tactile, proprioceptive, and auditory stimuli through
chordotonal neurons, the principal mechanosensors
of Drosophila. dCirl sensitizes these neurons for the
detection of mechanical stimulation by amplifying
their input-output function. Our results indicate that
aGPCR may generally process and modulate the
perception of mechanical signals, linking these
important stimuli to the sensory canon of the GPCR
superfamily.
INTRODUCTION

Because of the nature of their activating agents, G-protein-

coupled receptors (GPCRs) are established sensors of chemical

compounds (Pierce et al., 2002). The concept that GPCRs may

also be fit to detect and transduce physical modalities, i.e., me-

chanical stimulation, has received minor support thus far. In vitro

observations showed that, in addition to classical soluble

agonists, mechanical impact such as stretch, osmolarity, and

plasma membrane viscosity may alter the metabotropic activity

of individual class A GPCR (Chachisvilis et al., 2006; Mederos y

Schnitzler et al., 2008; Zou et al., 2004). However, the ratio and

relationship between chemical and mechanical sensitivity and

the physiological role of the latter remain unclear.

Genetic studies have indicated that adhesion GPCRs

(aGPCRs), a large GPCR class with more than 30 mammalian

members (Fredriksson and Schiöth, 2005), are essential compo-

nents in developmental processes (Langenhan et al., 2009). Hu-

man mutations in aGPCR loci are notoriously linked to patholog-

ical conditions emanating from dysfunction of these underlying
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mechanisms, including disorders of the nervous and cardiovas-

cular systems, and neoplasias of all major tissues (Langenhan

et al., 2013). However, as the identity of aGPCR stimuli is

unclear, it has proven difficult to comprehend how aGPCRs exert

physiological control during these processes.

Latrophilins constitute a prototype aGPCR subfamily because

of their long evolutionary history. Latrophilins are present in

invertebrate and vertebrate animals (Figures 1A and 1B; Fre-

driksson and Schiöth, 2005), and their receptor architecture

has remained highly conserved across this large phylogenetic

distance (Figure 1A). The mammalian Latrophilin 1 homolog

was identified through its capacity to bind the black widow spi-

der venom component a-latrotoxin (a-LTX; Davletov et al., 1996;

Krasnoperov et al., 1996), which induces a surge of vesicular

release from synaptic terminals and neuroendocrine cells

through formation of membrane pores (Orlova et al., 2000;

Rosenthal and Meldolesi, 1989). Latrophilin 1/ADGRL1 was

suggested to partake in presynaptic calcium homeostasis by

interacting with a teneurin ligand (Silva et al., 2011) and in

trans-cellular adhesion through interaction with neurexins 1b

and 2b (Boucard et al., 2012). Further, engagement of Latrophilin

3/ADGRL3 with FLRT proteins may contribute to synapse devel-

opment (O’Sullivan et al., 2014). The role of Latrophilins in the

nervous system thus appears complex.

Herewehaveusedagenomicengineering approach to remove

andmodify the Latrophilin locus dCirl, the only Latrophilin homo-

log of Drosophila melanogaster. We report that dCirl is required

in chordotonal neurons for adequate sensitivity to gentle touch,

sound, and proprioceptive feedback during larval locomotion.

This indicates an unexpected role of the aGPCR Latrophilin in

the recognition ofmechanosensory stimuli and provides a unique

in vivo demonstration of a GPCR in mechanoception.

RESULTS

Genomic Engineering of a dCirl Null Allele
Drosophilamelanogasterpossesses a single Latrophilin homolog

dCirl/CG8639 (Figure 1C). We pursued a genomic engineer-

ing strategy to generate an incontestable dCirl null allele by

homologous recombination. We replaced a fragment containing

the complete dCirl open reading frame (ORF), part of the 50

intergenic region encoding the putative dCirl promoter, and the

50 and 30 UTRswith an attP site for subsequent phiC31-mediated
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Figure 1. Construction of a dCirlKO Allele

and a Modifiable dCirl Locus

(A) Conserved domain structure of the Latrophilin

subfamily of aGPCR containing RBL, OLF (present

only in vertebrates), HRM, GAIN, and 7TM do-

mains (N/C order).

(B) Phylogenetic analysis of dCIRL shows ancient

conservation of Latrophilins from ciliates to

humans.

(C) Genomic organization and targeting strategy

of the dCirl/CG8639 locus. See also Figures

S1A–S1C.

(D and E) Confirmation of the dCirlKO allele. (D) RT-

PCR shows loss of dCirl transcripts in the dCirlKO

strain. (E) Anti-dCIRL antiserum detects no signal

in protein extracts from dCirlKO and Df(2R)

Exel8047 flies. In extracts of WT flies, two specific

bands are detected that correspond to full-length

(�180 kDa; closed arrowhead) and autoproteo-

lyzed dCIRL (�70 kDa; open arrowhead). An

unspecific signal (open circle) detected by the

antiserum served as loading control. FL, full-

length; NTF, N-terminal fragment. See also Figures

S1D and S1E.

(F) Lethality phase analysis of dCirlKO animals.

Survival rates of dCirlKO animals are indistinguish-

able from genetic controls throughout larval

(L1, L3), pupal (P), and adult (A) stages. d.p.f.,

days post-fertilization. Data are represented as

mean ± SEM.
transgene insertion, and a floxable hsp70-white selection

cassette (Figures 1C and S1). A recombinant strain, termed

dCirlKO, was selected and backcrossed into w1118 background

for 15 generations before further analyses.

First, we established that dCirlKO is a null allele by transcribing

cDNA libraries from dCirlKO and control flies, which showed no

residual transcript in dCirlKO homozygotes (Figure 1D). We pre-

pared protein extracts from WT larvae and larvae homozygous

for dCirlKO or Df(2R)Exel8047, a small deficiency uncovering

the dCirl locus. Immunodetection with a polyclonal antiserum

raised against a peptide in the extracellular domain (ECD) of

dCIRL showed two bands corresponding to the full-length

(approximately 185 kDa) and autoproteolyzed receptor (N-termi-

nal fragment [NTF], approximately 77 kDa; C-terminal fragment

[CTF], approximately 108 kDa) cleaved at the GPS motif in WT

extracts. Both bands were absent from samples prepared from

dCirlKO and Df(2R)Exel8047 homozygotes (Figure 1E). We

conclude that dCirlKO is a protein null allele.

dCirl Is Required for Coordinated Locomotion
To investigate whether dCirl exerts developmental functions, we

conducted a lethal phase analysis. Intriguingly, dCirlKO/Df(2R)

Exel8047 transheterozygotes developed indistinguishably from

controls throughout embryonic, larval, and adult phases, indi-

cating that dCirl is not essential for overt development and

viability in Drosophila (Figure 1F).
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During this investigation, we noted that

dCirlKO larvae exhibit a conspicuous

crawling pattern and travel less distance
than controls (Movie S1). While in control larvae the forward

motion phase occupies the majority of the motility cycle, dCirlKO

animals spent extended amounts of time in head swing

episodes, which resulted in increased pausing of larvae and

decreased net crawling distances (Figures 2A and 2B; Table

S1; Movie S1). This defect was rescued to the WT level by rein-

sertion of a genomic fragment at the attP site in the dCirlKO strain

generating dCirlRescue larvae (Figure 2B; Table S1; Movie S1).

These results imply an unexpected role of dCirl in shaping

locomotion. In addition, they validated our genomic engineering

approach to remove dCirl function and to generate allelic vari-

ants of the dCirl locus.

dCIRL Is Expressed in Chordotonal Neurons
Larval crawling is a complex behavior controlled through motor

and central pattern generator neurons of the CNS (Jan and

Jan, 1976; Suster and Bate, 2002) and adjusted by sensory feed-

back from afferent neurons of the peripheral nervous system

(Caldwell et al., 2003; Cheng et al., 2010).

To determine in which cells dCirl is expressed, we conceived a

dCirl transcriptional reporter allele (dCirlpGAL4) that contained an

optimized gal4.2::p65 cassette at the start codon of the genomic

dCirlORF (Figure 2C). Amongother neuron types (Figure 2D; data

not shown), dCirlpGAL4 > UAS-mCD8::GFP expression wasmost

prominent in larval pentascolopidial chordotonal organs (lch5;

Figures 2D and 2E). Chordotonal organs (cho) are compound
874, May 12, 2015 ª2015 The Authors 867
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Figure 2. dCirl Is Required for Larval Loco-

motion and Expressed in lch5 Chordotonal

Neurons

(A) Loss of dCirl results in increased pausing and

excessive head swing behavior. Reconstructions

of 60 frames for each genotype representing 36 s

of recording. Arrows indicate direction of crawling

motion, and asterisks mark the start frames. Scale

bar represents 5 mm. See also Movie S1.

(B) Quantification of crawling distance. Data are

represented as mean ± SEM. See also Table S1

and Movie S1.

(C) Transgene structure of transcriptional reporter

(dCirlpGAL4).

(D) dCirlpGAL4 expresses in several peripheral

sensory neuron types including type I and type II

neurons. Dashed line indicates midline. es,

external campaniform sensilla; lch5, pentascolo-

pidial organ; md, multidendritic neurons. Scale bar

represents 100 mm. The dashed rectangle is

magnified in (E).

(E) Strong dCirlpGAL4 expression observed in lch5

lateral chordotonal organs. Scale bar represents

20 mm.

(F) Anatomy of a third instar larval pentascolopidial

organ. IDS, inner dendritic segment; ODS, outer

dendritic segment.
sensory structures that govern the perception of a wide range of

mechanical inputs inDrosophila, includingproprioceptive stimuli,

gentle touch, and sound/vibration (Figure 2F; Kernan, 2007).

dCirl Is Required for the Function of Chordotonal Organs
To elucidate whether dCirl contributes to chordotonal function,

we obtained an established score of the responsiveness of

larvae toward gentle touch. In this assay, homozygous and het-

erozygous control larvae exhibited tactile sensitivities compara-

ble to previously published control genotypes (Caldwell et al.,

2003; Kernan et al., 1994; Yan et al., 2013). We found that dCirlKO

animals indeed exhibited diminished touch sensitivity (Figure 3A;

Table S2). This was specifically due to loss of dCirl, as the pheno-

type in dCirlKO/Df(2R)Exel8047 transheterozygotes remained

indistinguishable from dCirlKO homozygotes, whereas +/Df(2R)

Exel8047 animals exhibited normal touch sensitivity. Further, in

dCirlRescue larvae, touch sensitivity was rescued to control level

(Figure 3A; Table S2).

To exclude that dCirl’s impact on locomotion was conferred

via other neurons, we performed a cell-specific rescuing assay

with a 20xUAS-dCirl genomic rescuing transgene, in which

the dCirl promoter region was replaced with an optimized

20xUAS-IVS promoter cassette (Figure 3B). We selected GAL4

drivers with expression domains in motor neurons, (ok6-GAL4),

in all type II sensory neurons (21-7-GAL4), and only in chordoto-

nal neurons (type I sensory neurons; iav-GAL4). With this set of

GAL4 lines, we drove expression of the 20xUAS-dCirl rescuing

transgene in the dCirlKO background and scored for touch sensi-

tivity. Intriguingly, the sensory deficit was rescued only upon

dCirl re-expression in chordotonal neurons (Figures 3C and

S2A; Table S2). Similarly, chordotonal neuron-specific expres-

sion of dCirl restored normal crawling of dCirlKO larvae (Figures

3D and S2B; Table S1).
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The Structure of Chordotonal Neurons Appears
Unaffected in dCirlKO Mutants
Chordotonal organs and their monociliated type I sensory

neurons possess an intricate structure that is relevant for

their mechanosensory properties (Figure 2F; Eberl and

Boekhoff-Falk, 2007). Consequently, we performed immunos-

tainings to assess the subcellular location of the established

chordotonal marker proteins NOMPC (no mechanoreceptor

potential C) and EYS/SPAM (eyes shut/spacemaker) in chor-

dotonal cilia of dCirlKO larvae and found no differences in

extent, location, or structure of these markers (Figures 3E–

3H, S2C, and S2D).

Also, iav-GAL4 positive chordotonal neuron somata, den-

drites, and axonal projections revealed no morphological abnor-

malities (Figures S2E and S2F; Table S3). Altogether, these

results demonstrate that dCirl is dispensable for the develop-

ment and morphology of chordotonal sensory neurons.

dCirl Modulates the Absolute Electrical Activity of
Chordotonal Neurons inResponse toMechanical Stimuli
To directly interrogate the function of chordotonal neurons, vi-

bration stimuli were delivered to the cap cells of lch5 using a

piezoelectrically actuated glass probe (Figure 4A). The probe

tip was placed at the cap cells of the lch5, which are mechani-

cally linked to the apical portions of chordotonal neurons and

scolopale cells through an extracellular matrix (dendritic cap;

Chung et al., 2001) and septate junctions (Carlson et al., 1997),

respectively (Figures 2F and 4A). While applying frequencies

from 100–1,500 Hz (Figure S3A), we simultaneously recorded

action currents from the axon bundle directly after its exit from

the challenged lch5 (Figure 4A).

Without mechanical stimulation, dCirlKO lch5 were spontane-

ously active, albeit at a slightly lower frequency than in WT



animals (Table S4A). Vibration triggered an increase in action

current frequencies of WT lch5, consistent with previous work

(Figures 4B and 4C; Table S4A; Zhang et al., 2013). In our prep-

aration, peak activity of neuronal responses was reached at

stimulation frequencies around 900 Hz (Figures 4B and 4C; Ta-

ble S4A). Most intriguingly, dCirlKO larvae displayed signifi-

cantly lower absolute action current frequencies across the

entire stimulation spectrum (Figures 4B and 4C), which was

fully compensated through the dCirlRescue allele (Figure S3B;

Table S4B).

dCirl Modulates the Relative Mechanosensory
Response of Chordotonal Neurons
Sensory perception and encoding rely on the ability to contrast

evoked from spontaneous activity in the principal sensory

neuron. We thus quantified the proportional chordotonal

response toward mechanostimulation, i.e., the ratio between

evoked and spontaneous spiking activity (Rd; Figure S3A), as

a measure of the chordotonal neurons’ facility to distinguish

signal from noise. The discrimination ratio Rd in control lch5

neurons peaked around 900 Hz, suggesting that signal percep-

tion and/or encoding is most effective in this range of mecha-

nostimulation. In contrast, dCirlKO chordotonal neurons

showed largely reduced Rd values over several vibration fre-

quencies (Figure S3D; Table S4C). To detail the response pro-

file across the entire stimulation spectrum, we statistically

compared the Rd values for any pair of stimulation frequencies

and derived discrimination matrices illustrating blurred mecha-

nosignal discrimination in the absence of dCirl (Figures 4D, 4E,

S3E, and S3F). This demonstrates that, besides modulating the

absolute spiking activity of chordotonal neurons, dCirl is also

necessary for their relative response toward mechanical

stimuli.

Intriguingly, when dCirlwas re-expressed in mutant chordoto-

nal neurons through the iav-GAL4 driver, the phenotype was

partially rescued: the relative mechanosensory responses were

re-established (Figures S3D and S3G), while absolute firing

frequencies were not recovered (Figure S3C). This implies that

dCirl cell autonomously modulates the relative response to

mechanical stimulation, likely through the metabotropic activity

of its CTF. In addition, dCirl may be required in other cells,

e.g., for an intercellular homodimeric interaction (Prömel et al.,

2012), to regulate absolute spiking frequency. Alternatively, as

production of the receptor through the GAL4/UAS system is un-

likely to restore endogenous expression levels, this may pre-

clude the generation of a physiological evoked response fre-

quency from the neurons.

dCirl Is Required for the Larval Startle Response to
Sound Stimuli
To corroborate the impact of dCirl on lch5 function with an inde-

pendent assay, we examined the startle-freeze reaction of larvae

toward a pure sine wave tone of 900 Hz (Zhang et al., 2013). We

observed that dCirlKO larvae exhibited diminished startle

response scores at all sound pressure levels (SPLs) tested (Fig-

ures 4F and 4G; Table S5). This defect was rescued in dCirlRescue

animals (Figure 4F; Table S5). Remarkably, at lower (60 dB) and

higher (90 dB) sound pressure level (SPL), the responses of dCirl
and control neurons converged (Figures 4F and 4G; Table S5).

This indicates that principal sound detection, i.e., the mechano-

transduction complex, functions without dCirl but that its activa-

tion threshold appears increased in dCirlKO larvae and is SPL

dependent.

Taken together, dCirlKO larval responses toward vibrational

and acoustical stimulation place the function of dCIRL at the

level of mechanotransduction or spike initiation of chordotonal

neurons and upstream of synaptic transmission.

dCirl Genetically Interacts with Components of the
Molecular Mechanotransduction Apparatus
In order to test this model, we evaluated genetic interactions of

dCirl with the mechanotransduction machinery. We constructed

double mutants of dCirlKO in combination with hypomorphic al-

leles of the TRP channel subunits TRPN1/NOMPC (nompCf00642;

Sun et al., 2009) and TRPV/Nanchung (nan36a; Kim et al., 2003),

which forms a heteromeric complex with the subunit IAV (Inac-

tive) in the proximal cilium of chordotonal neurons (Gong et al.,

2004). In an epistasis assay, we tested crawling distances of

singly and doubly mutant larvae.

Similar to dCirlKO, also nompCf00642 and nan36a mutants dis-

played locomotion activity but traveled less than control animals

(control > nompCf00642 > dCirlKO > nan36a; Figure 5A; Table S1).

This allowed us to study the genetic interaction of dCirl with

either trp channel subunit. Interestingly, we did not observe sim-

ple additivity of crawling distance deficits in dCirlKO,

nompCf00642 and dCirlKO; nan36a double mutants (Figure 5A; Ta-

ble S1). Instead, dCirlKO animals behaved epistatically to

nompCf00642 and nan36a, implying that dCirl acts upstream of

the trp subunits. Consistent with this model, overexpressing a

nompC::GFP fusion transgene under iav-GAL4 control in dCirlKO

larvae partially rescued the dCirlKO crawling defect (Figure 5A).

Intriguingly, our analysis also showed that removing dCirl from

nompCf00642 or nan36a backgrounds results in inverse out-

comes, i.e., decreased and increased crawling distances,

respectively (Figure 5A). This suggests that dCirl enhances

nompC activity while curtailing nan function. These experiments

demonstrate that dCirl genetically interacts with essential ele-

ments of the mechanotransduction machinery in chordotonal

cilia.

The dCirl Promoter Contains cis-Regulatory Elements
Required for Specialization of Mechanosensory Cilia
Genes involved in the functionalization of chordotonal cilia into a

mechanosensory structure are controlled through recognition

sites for the transcriptional activators RFX and Fd3F (Figures

S4A–S4D; Newton et al., 2012).

We analyzed the 2.2-kb intergenic region upstream of the dCirl

translational start site for the presence of RFX and Fd3F binding

sites (Emery et al., 1996; Laurençon et al., 2007). Indeed, in

the 200-bp fragment upstream of the dCirl start codon, we iden-

tified a pair of RFX and Fd3F recognition sites (Figure 5B), which

were also conserved in other Drosophila species (Figures S4E

and S4F).

This promotes the notion that the aGPCR dCirl is part of a gene

set, which functionalizes the cilium of chordotonal neurons into a

mechanosensitive subcellular compartment.
Cell Reports 11, 866–874, May 12, 2015 ª2015 The Authors 869
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Figure 3. dCirl Is Required for Mechanosensation through Chordotonal Organs

(A) Loss of dCirl causes reduction in touch sensitivity. The upper shows the averaged results per genotype from 4-fold testing of individual larvae, and the lower

contains the score distribution. 0, no response; 1, pause; 2, recoil; 3, retraction and deviation from stimulus <90�; and 4, retraction and deviation from

stimulus >90�. See also Table S2.

(B) Structure of UAS-dCirl rescuing transgene.

(C) Cell-specific rescue reveals dCirl function is specifically required in chordotonal organs (CHO) for full-touch sensitivity, but not in multidendritic (type II; MD) or

motor neurons (MNs). Dashed line in black indicates performance ofWT, and dashed line in gray indicates performance of dCirlKO animals. See also Figure S2 and

Table S2.

(legend continued on next page)
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Figure 4. dCirl Is Necessary for the Physio-

logical Response to Mechanical Stimulation

in Larval Chordotonal Organs

(A) Preparation to probe lch5 neuron responses to

mechanical stimulation.

(B) Quantification of action current frequencies

evoked by mechanical stimulation. See also

Table S4.

(C) Representative recordings from Ich5 axons of

control and dCirlKO animals at 900-Hz stimulation.

Boxed region shows a spontaneous event.

(D and E) Statistical comparisons of Rd values

(color coded). Adjacent vibration stimuli elicit

significantly different relative spiking responses in

control lch5 (D), whereas dCirl removal blurs

mechanosignal discrimination. See also Figures

S3E–S3G.

(F and G) Larval startle responses toward a 900-Hz

sine sound of increasing intensity. Hemizygous (F)

and homozygous (G) dCirlKO animals show a

reduced startle response (F); p values (versus +/Df)

are indicated above each data point colored

according to the genotype. See also Table S5.

Data in (B), (F), and (G) are represented as

mean ± SEM.
DISCUSSION

Latrophilin/dCirl Modulates Mechanosensation
In the current analysis, we provide multiple lines of evidence to

support that Latrophilin/dCirl, one of only two aGPCRs in the

fly, is a critical regulator of mechanosensation through chordoto-

nal neurons in Drosophila larvae:

(1) Larval chordotonal organs respond to tactile stimuli

arising through gentle touch, mechanical deformation of

the larval body wall and musculature during the locomo-

tion cycle, and vibrational cues elicited through sound

(Caldwell et al., 2003; Hughes and Thomas, 2007). We

determined that registration of all these mechanical qual-

ities is reduced in the absence of dCirl based on behav-

ioral assays.
(D) Re-expression of dCirl only in chordotonal organs rescues the crawling defect. Data in upper (A), (C), and

Figure S2 and Table S1.

(E–H)Markers HRP, EYS/SPAM, andNOMPC inWT and dCirlKO larval chordotonal neurons are indistinguishable.

cilium (open arrows), including the ciliary dilation (open arrowheads). HRP (E–H) and EYS/SPAM (G and H) form a

the ciliary dilation and mark the inner dendritic segment membrane (closed arrowheads). Scale bars represent

Cell Reports 11, 866–874
(2) We established that behavioral de-

fects can be rescued by re-expres-

sion of dCirl in chordotonal neu-

rons, one of several cell types

with endogenous dCirl expression.

(3) Mechanically stimulated lch5 neu-

rons lacking dCirl responded with

action currents at approximately

half the control rate across a broad

spectrum of stimulation fre-

quencies, providing direct func-

tional evidence for a role of dCirl
in chordotonal dendrites, the site of mechanotransduc-

tion and receptor potential generation, or somata, where

action potentials are likely initiated (Kernan, 2007).

Further, the ability of chordotonal neurons to generate

mechanical responses relative to their background spike

activity appears to be modulated by dCirl.

(4) Combining dCirlKO with strong hypomorphs of trp homo-

logs, ion channels that are directly responsible for the

conversion of mechanical stimulation into electrical sig-

nals within chordotonal neurons (Cheng et al., 2010;

Gong et al., 2004; Kim et al., 2003; Yan et al., 2013; Zhang

et al., 2013), implies that dCirl operates upstream of them.

(5) The dCirl promoter contains a RFX/Fd3F transcription

factor signature that implicates dCirl in the mechanosen-

sitive specialization of sensory cilia (Newton et al., 2012).
(D) are represented as mean ± SEM. See also

NOMPC/TRPN1 (E and F) is located in the distal

collar around the cilium (closed arrows) beneath

5 mm. See also Figure S2 and Table S3.
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A B Figure 5. dCirlGenetically Interacts with the

Mechanotransduction Machinery of Chor-

dotonal Cilia

(A) Normalized score of larval crawling distance for

epistasis testing between dCirl and trp homologs

nompC and nan. Dashed line in gray indicates

performance of dCirlKO (left) and dCirlKO; iav-

GAL4/+ animals (right). Data are represented as

mean ± SEM. See also Table S1.

(B) Location and sequence of putative RFX-binding

(orange arrowhead) and Fd3F (blue arrowhead)

binding sites identified in the dCirl promoter region.

Half-sites a and b of the X box motif recognized by

RFX transcription factors (in bold) are separated

through a three-nucleotide spacer (s). e1, exon 1;

e2, exon 2. See also Figure S4.
On the basis of these results, we propose that dCirl partakes in

the process of mechanotransduction or spike initiation and

transmission to promote sensory encoding.

Adhesion GPCRs: A Class of Metabotropic
Mechanosensors
The classical model of GPCR activation has become the

archetypical example for cellular perception of external signals.

It comprises soluble ligands that bind to the extracellular por-

tions of a cognate receptor, whereby receptor conformation is

stabilized in a state that stimulates metabotropic effectors.

Thus, GPCRs are primarily regarded as chemosensors due

to the nature of their activating agents. The concept that

GPCRs may also be fit to detect and transduce physical mo-

dalities, i.e., mechanical stimulation, has received little support

thus far.

aGPCRs display an exceptional property among the GPCR

superfamily in that they recognize cellular or matricellular ligands

(Hamann et al., 1996). To date, only one ligand has proved

adequate to induce intracellular signaling (Paavola et al., 2014),

whereas for the vast majority of ligand-aGPCR interactions this

proof either failed or is lacking (Langenhan et al., 2013). This

implies that sole ligand recognition is generally not sufficient to

induce a metabotropic response of aGPCRs. Thus, in addition

to ligand engagement, our results suggest that mechanical

load is a co-requirement to trigger the activity of dCIRL, a proto-

typical aGPCR homolog.

Recent findings place aGPCRs in the context of mechanically

governed cellular functions (Yang et al., 2013), but howmechan-

ical perception through aGPCR activity impinges on cell re-

sponses has not yet been established. In addition, the molecular

structure of aGPCR is marked by the presence of a GPCR auto-

proteolysis inducing (GAIN) domain (Araç et al., 2012), which

plays a paramount role in signaling scenarios for aGPCRs

(Prömel et al., 2013). This domain type is also present in

PKD-1/Polycystin-1-like proteins, which are required to sense

osmotic stress and fluid flow in different cell types and are thus

considered bona fide mechanosensors (Retailleau and Duprat,

2014). In addition, studies on EGF-TM7-, BAI-, and GPR56-

type aGPCRs further showed that proteolytic processing and

loss of NTF may figure prominently in activation of the receptors’

metabotropic signaling output (Okajima et al., 2010; Paavola

et al., 2011; Yang et al., 2011) and that mechanical forces ex-
872 Cell Reports 11, 866–874, May 12, 2015 ª2015 The Authors
erted through receptor-ligand contact are required for receptor

internalization (Karpus et al., 2013).

dCirl is not the only aGPCR associated with mechanosensa-

tion. Celsr1 is required during planar cell polarity establishment

of neurons of the inner ear sensory epithelium (Curtin et al.,

2003). Similarly, the very large G-protein-coupled receptor 1

(VLGR1) exerts an ill-defined developmental role in cochlear in-

ner and outer hair cells, where the receptor connects the ankle

regions of neighboring stereocilia (McGee et al., 2006). In addi-

tion, VLGR1 forms fibrous links between ciliary and apical inner

segment membranes in photoreceptors (Maerker et al., 2008).

Both cell types are affected in a type of Usher syndrome, a

congenital combination of deafness and progressive retinitis

pigmentosa in humans, which is caused by loss of VLGR1 func-

tion (Weston et al., 2004). Although present evidence derived

from studies of constitutively inactive alleles suggests a

requirement for Celsr1 and VLGR1 aGPCR for sensory neuron

development, their putative physiological roles after completion

of tissue differentiation have remained unclear and should be of

great interest.
Outlook
In the current model on dCirl function, aGPCR activity, adjusted

by mechanical challenge, modulates the molecular machinery

gating mechanotransduction currents or the subsequent initia-

tion of action potentials and ensures that mechanical signals

are encoded distinctly from the background activity of the sen-

sory organ. Thereby, dCirl shapes amplitude and kinetics of

the sensory neuronal response. Linking adequate physiological

receptor stimulation to downstream pathways and cell function

is an essential next step to grasp the significance of aGPCR

function and the consequences of their malfunction in human

conditions. The versatility of the dCirlmodel now provides an un-

precedented opportunity to study the mechanosensory proper-

ties of an exemplary aGPCR and to uncover features that might

prove of general relevance for the function and regulation of the

entire aGPCR class.
EXPERIMENTAL PROCEDURES

Immunohistochemistry and Imaging of Chordotonal Neurons

Wandering third instar larvae were dissected in ice-cold Ca2+-free HL-3 (Stew-

art et al., 1994), fixed in 4.0% paraformaldehyde for 10min, blocked for 30 min



in PBT (PBS with 0.1 % Triton X-100; SigmaAldrich) containing 5% normal

goat serum, and immunostained according to established protocols (Schmid

and Sigrist, 2008). Preparations were incubated with the primary antibody at

4�C overnight and washed and incubated with secondary antisera for 2 hr at

room temperature. Each incubation step was followed by two short washes

and 3 3 20 min washes in PBT (0.05 % Triton X-100). The blocking step was

carried out over night at 4�C using 1% PBT (1% Triton X-100) containing 2%

BSA and 5% normal goat serum (NGS). Primary antibodies were added to

fresh blocking solution and incubated for 24 hr at 4�C. Next, samples were

washed four times for 30 min with PBS containing 0.1 % Tween. Secondary

antibodies were diluted in PBS (0.1% Tween, 2% BSA, 5% NGS) and used

for incubation overnight at 4�C. Samples were washed four times for 30 min

with PBS containing 0.1% Tween and stored in Vectashield over night before

mounting.

In each experiment, different genotypes were stained under the same con-

ditions. Antibody dilutions used in the study are detailed in the Supplemental

Experimental Procedures. Confocal image stacks were obtained with a line-

scanning confocal LSM 5 system (Zeiss) equipped with a 1.25 numerical aper-

ture 633 oil-immersion objective.

Chordotonal Neuron Recordings

Male third instar larval preparations were immersed in extracellular saline

(Zhang et al., 2013), and the Ich5 was exposed by gentle removal of overlying

muscles. The axon bundle was cut with fine scissors and sucked into a

recording electrode to measure action currents. Mechanical stimuli of

increasing frequency were delivered using a piezo-coupled, fire-polished

glass electrode placed at the lch5 cap cells.

In all electrophysiological recordings, genotypes were blinded. Further de-

tails of patch clamp and chordotonal neuron recordings are provided in the

Supplemental Experimental Procedures.

Behavioral Assays

Larval Crawling Paradigm

The locomotion paths for each genotype were video recorded for 0.5 to 2 min

using a digital camera. Briefly, wandering third instar larvae were positioned in

an agarose (1%)-filled petri dish. Subsequently, movies were used to track the

crawling path of single larvae. Digital measurements of traveled distances

were obtained using the wrMTrck plugin (J.S. Pedersen, http://www.phage.

dk/plugins/wrmtrck.html) for ImageJ (NIH).

Touch Sensitivity Paradigm

External touch sensitivity was tested on single third-instar larvae raised at

25�C. During linear locomotion in a petri dish (5 cm in diameter), larvae were

gently touched with the tip of a von Frey filament (0.3 mN) on their anterior

thoracic segments (Kernan et al., 1994), and a scoring system by (Caldwell

et al., 2003) was applied and is described in more detail in the Supplemental

Experimental Procedures. Genotypes were blinded before scoring.

Startle Response Paradigm

Larvae of different genotypes were challenged with a series of 10 tones of

900 Hz; their startle reaction was video recorded and a startle response score

obtained according to Zhang et al. (2013). Videos were shuffled and genotype

blinded before scoring. For details, see the Supplemental Experimental

Procedures.

Statistical Analysis

Two-tailed Mann-Whitney tests of data sets against a respective WT back-

ground control were performed using Prism 5 (GraphPad Software) or

SigmaPlot (Systat Software). In the figures, asterisks denote the level of

significance: *p % 0.05, **p % 0.01, ***p % 0.001. Data are presented as

mean ± SEM.
SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,

four figures, five tables, and onemovie and can be found with this article online

at http://dx.doi.org/10.1016/j.celrep.2015.04.008.
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Figure S1. Genetic strategy for ends-out targeting of dCirl locus. Related to Figure 1. 

(A) The dCirl locus was targeted and replacement was ensured through subsequent counter-

selection of incorrectly or non-targeted recombinants, and mapping to the correct chromosome 

location. Two recombinant fly strains were recovered from a screen of appx. 610,000 haploid 

genomes. 

(B) In order to prepare the final dCirlKO strain (blue shading) for re-integration of modified dCirl 

transgenes, the w+ marker was removed through Cre recombinase expression resulting in a 

dCirlKO w- fly strain (brown shading). 

(C) This strain was used to integrate transgenes into the site of dCirl removal using the phiC31 

method. 

Target chromosomes and targeted events are marked in magenta throughout all genotypes 

listed. Figure adapted from (Huang et al., 2008). 

(D) Targeting scheme of dCirl locus with positions of targeting arms (light brown), derived from 

genomic DNA, and the selection cassette. Positions of primers used to verify the targeting event 

at the dCirl locus are indicated (5’ end of insertion: orange; 3’ end of insertion: blue). Note that 

each primer pair consisted of one primer located outside the targeted, i.e. replaced, genomic 

DNA region, and one primer was positioned within the selection cassette encoded on the 
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targeting vector. Hence, only when the selection cassette replaced the genomic dCirl locus 

sequence, the primers were rendered in close position to each other so fragment amplification 

was feasible via long-range PCR.  

(E) Long-range PCR results of the dCirlKO strain used in the assays. Note that only genomic 

DNA from the engineered strain allows for amplification of 5’ (5.3 kb) and 3’ (3.8 kb) PCR 

fragments, but neither from the donor strain - the original transgenic line that carried the 

targeting vector used for dCirl targeting - nor from a wild-type control strain. The results indicate 

that indeed the dCirl locus was replaced through homologous recombination. MW = Molecular 

weight marker.  
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Figure S2. Behavioral functions but not structure and protein composition of chordotonal 

organs depend on dCirl. Related to Figure 3. 

(A) Absolute values for touch sensitivity assay (TSA) score after cell-specific rescue of dCirl 

function presented in Figure 3C. CHO, chordotonal organs; MD, multidendritic neurons; MN, 
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motor neurons. Dashed line in black indicates performance of wild-type, in grey of dCirlKO 

animals. 

(B) Normalized values for crawling distances after cell-specific rescue of dCirl function presented 

in Figure 3D. 

(C and D) Localization of the markers HRP, NOMPC (C) and EYS/SPAM (D) in larval 
chordotonal neurons of dCirlRescue animals is indistinguishable from controls. Scale bars = 5 µm. 
(E) The overall structure of larval chordotonal neurons of the pentascolopidial organ is 
unaffected by loss of dCirl. Scale bars = 10 µm. See also Table S3. 
(F) Afferent axonal projections of chordotonal neurons into the neuropile of the VNC and the 
internal structure of the VNC as visualized by α-FASII counter-immunostaining are not affected 
in dCirlKO larvae when compared with controls. Scale bars = 50 µm. 
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Figure S3. dCirl is required for the relative response of larval chordotonal neurons to 

mechanical stimulation. Related to Figure 4. 

(A) Stimulation protocol to probe electrical responses of lch5 upon mechanical stimulation. 



 
 

 S8 

(B) Action current frequencies evoked by mechanical stimulation are completely restored in 
dCirlRescue larvae. 
(C and D) Restricted re-expression of dCirl in chordotonal neurons of dCirlKO larvae does not 
rescue absolute action current frequency (C) but the relative spiking activity of lch5 (D) as 
evident from the discrimination ratio (Rd) plots. 
(E-G) Discrimination matrices plotting pairwise comparison of Rd values obtained for each 
stimulation frequency couple show that loss of discriminatory power due to removal of dCirl (F) is 
partially rescued by chordotonal neuron-specific re-expression of dCirl (G). 
(H) Exemplified calculation used to compare each Rd pair for discrimination matrix construction.  
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Figure S4. Identification of transcription factor binding sites involved in mechanosensory 

ciliary specialization in the dCirl promoter fragment. Related to Figure 5. 
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(A) Crystal structure of the human RFX1 (orange) bound to its target X-box motif (Gajiwala et al., 

2000). W1 denotes wing 1, W2 wing 2 of the DNA-binding domain of hRFX1. Only one strand of 

the bound duplex oligonucleotide is shown. 

(B) We examined the dCirl promoter region for the presence of consensus RFX binding sites, 

which resemble an imperfect palindromic X-box motif consisting of two half-sites recognized by 

the wings of the RFX DNA-binding domain. Nucleotide codes: D (A or G or T); H (A or C or T); M 

(A or C); N (any nucleotide); R (A or G); Y (C or T). 

(C) Fd3F consensus motif used to screen the dCirl promoter (Benayoun et al., 2008). For 

nucleotide codes see (B). 

(D) Alignment of the dCirl RFX-binding site (#1 in B) with similar sites present in promoter 

regions of genes expressed in ciliated sensory neurons of Drosophila melanogaster. These 

include genes responsible for mechanosensory transduction (iav, nan), motility (Dhc93AB, btv) 

and structural architecture (rempA, Tektin-A) of chordotonal cilia (Laurençon et al., 2007). 

(E) The alignment of genome regions from 12 Drosophila species corresponding to a dCirl 

promoter fragment containing the identified RFX and Fd3F sites shows that the latter one is 

absolutely conserved, whereas the RFX binding site is only present in the melanogaster 

subgroup. Data exported from http://genome.ucsc.edu. Coordinates indicate relative position to 

the dCirl start codon in D. melanogaster.  

(F) Summary of presence of RFX and Fd3F binding sites in dCirl homolog promoter regions from 

12 Drosophila species. Phylogram adapted from (Drosophila 12 Genomes Consortium et al., 

2007). 
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Table S1. Crawling distance measurements. Colors mark independent experimental data sets. 

Each top entry served as control. Values represent the mean ± SEM. See also Movie S1. 

Related to Figures 2, 3, 5 and S2. 

 

Genotype Crawling distance 

[cm/min] 

n P 

Related to Figure 2B 

w1118;; P{ pTL161 w+}; 6.2 ± 0.4 19 - 

w1118; dCirlKO w+;; 4.5 ± 0.4 18 .005 

w*; +/Df(2R)Exel8047;; 5.9 ± 0.3 11 - 

w*; dCirlKO/Df(2R)Exel8047;; 3.7 ±.0.5 14 .001 

w*; dCirlRescue/Df(2R)Exel8047;; 6.1 ± 0.6 11 .718 

Related to Figures 3D and S2B 

w1118;;; 6.8 ± 0.3 19 - 

w1118; dCirlKO w+;; 3.7 ± 0.2 21 <.0001 

w1118; dCirlKO; +/20xUAS-dCirl; 4.8 ± 0.3 18 <.0001 

w1118; dCirlKO; iav-GAL4/+; 4.4 ± 0.1 22 - 

w1118; dCirlKO; iav-GAL4/20xUAS-dCirl; 6.0 ± 0.4 16 .001 

Related to Figure 5A 

w1118; dCirlKO w-;; 4.2 ± 0.3 26 - - 

w*;; nan36a; 3.4 ± 0.3 22 - .029 

w*; dCirlKO w-; nan36a; 4.2 ± 0.1 22 .0183 .893 

w*; nompCf00642;; 5.1 ± 0.4 17 - .023 

w*; dCirlKO w-, nompCf00642;; 3.8 ± 0.3 20 .0100 .313 

w1118;;; 6.6 ± 0.5 19  <.0001 

w*; dCirlKO w-; iav-GAL4/+; 5.1 ± 0.3 17 - 

w*; dCirlKO w-, UAS-nompC::GFP;; 4.7 ± 0.2 21 .017 

w*; dCirlKO w-, UAS-nompC::GFP; iav-

GAL4/+; 

6.0 ± 0.3 25 <.001 
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Table S2. Touch sensitivity assay scores. Colors mark independent experimental data sets. 

Each top entry served as control. Values represent the mean ± SEM. Related to Figures 2 and 

S2. 

 

Genotype TSA score 

(individual 

trials)# 

TSA score 

(individual 

larvae = Σ 

4 trials)§ 

n P 

Related to Figure 3A 

w*; +/Df(2R)Exel8047;; 2.3 ± 0.1 9.3 ± 0.5 51 - 

w*; dCirlKO/Df(2R)Exel8047;; 1.5 ± 0.1 6.0 ± 0.5 49 <.0001 

w*; dCirlRescue/Df(2R)Exel8047;; 2.0 ± 0.1 8.0 ± 0.5 43 .052 

w1118;;; 2.5 ± 0.1 10.0 ± 0.7 18 - 

w1118; dCirlKO w-;; 1.8 ± 0.1 7.2 ± 0.5 18 .007 

Related to Figures 3C and S2A 

w1118;;; 2.9 ± 0.2 11.4 ± 0.8 15 - 

w1118; dCirlKO w+;; 2.3 ± 0.2 9.2 ± 0.6 14 .020 

w1118; dCirlKO; +/20xUAS-dCirl; 1.5 ± 0.3 6.1 ± 1.1 12 .002 

w1118; dCirlKO ok6-GAL4/dCirlKO; +;  2.8 ± 0.2 11.2 ± 0.7 9 - 

w1118; dCirlKO ok6-GAL4/dCirlKO; 20xUAS-dCirl/+; 2.7 ± 0.3 10.8 ± 1.4 10 .869 

w1118; dCirlKO 21-7-GAL4/dCirlKO; +; 3.0 ± 0.2 12.2 ± 0.7 11 - 

w1118; dCirlKO 21-7-GAL4/dCirlKO; 20xUAS-dCirl/+; 2.7 ± 0.3 10.5 ± 1.0 13 .277 

w1118; dCirlKO; iav-GAL4/+; 2.5 ± 0.1 9.9 ± 0.5 14 - 

w1118; dCirlKO; iav-GAL4/20xUAS-dCirl; 3.0 ± 0.1 11.8 ± 0.5 18 .019 

 
# Value space: 0-4 
§ Value space: 0-16 
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Table S3. Morphological assessment of dCirlKO pentascolopidial organs. Comparison with 

results by (Caldwell et al., 2003) using a similar scoring system obtained corresponding values 

for their wild-type control strain 40AG13 for amissing scolopidia (1.0-1.9 %), bmissing ciliary 

dilations (6.8-17.0 %) and cdefects in relative orientation of the neurons within the 

pentascolopidial unit (0-6.8 %). Related to Figure 3. 

 

 
w-; +; iav-GAL4/UAS-20xUAS-

IVS-mCD8::GFP; 

w-; dCirlKO; iav-GAL4/UAS-

20xUAS-IVS-mCD8::GFP; 
P 

 Mean Percentage Mean Percentage  

Scolopidia 

missinga 
2 2.5 3 3.75 .653 

Ciliary dilation 

missingb 
13 16.25 11 13.75 .611 

Orientation 

changec 
2 2.5 2 2.5 .974 

n 80 80  
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Table S4. Mechanically triggered action current frequency in lch5 neurons for initial mutant characterization (A), genomic rescue (B) and 

chordotonal neuron-specific rescue (C). Note the presence or absence of the iav-GAL4 driver in the individual datasets. All values 

represent the mean ± SEM. fs = stimulation frequency, fe = mechanically evoked action current frequency. Related to Figures 3 and S3. 

 
 (A) Related to Figure 4B (B) Related to Figure S3B (C) Related to Figure S3C 

Genotype w-; +; iav-

GAL4/UAS-

20xUAS-IVS-

mCD8::GFP; 

w-; dCirlKO; iav-

GAL4/UAS-

20xUAS-IVS-

mCD8::GFP; 

 w-; +; +; w-; 

dCirlRescue; +; 

 w-; +; iav-

GAL4+; 

 

 

(1) 

w-; dCirlKO; 

iav-GAL4/+; 

 

 

(2) 

w-; dCirlKO; 

iav-

GAL4/UAS-

dCirl; 

(3) 1 vs 2 1 vs 3 

fs [Hz] fe [Hz] fe [Hz] P fe [Hz] fe [Hz] P fe [Hz] fe [Hz] fe [Hz] P P 

0 48 ± 5 28 ± 4 .005 28 ± 5 29 ± 5 .762 43 ± 5 34 ± 5 32 ± 6 .121 .130 

100 65 ± 9 32 ± 6 .007 32 ± 6 33 ± 5 .880 58 ± 10 41 ± 9 36 ± 9 .199 .221 

300 67 ± 9 34 ± 6 .016 33 ± 5 41 ± 6 .225 60 ± 10 41 ± 10 35 ± 7 .226 .072 

500 80 ± 12 39 ± 6 .026 36 ± 5 47 ± 6 .289 69 ± 11 40 ± 10 36 ± 7 .059 .060 

700 88 ± 12 44 ± 7 .009 55 ± 9 59 ± 7 .496 79 ± 10 45 ± 11 44 ± 7 .041 .013 

900 98 ± 9 45 ± 8 <.001 78 ± 11 85 ± 10 .879 87 ± 7 45 ± 11 54 ± 9 .019 .002 

1100 88 ± 13 40 ± 6 .010 49 ± 8 59 ± 6 .344 72 ± 9 40 ± 9 38 ± 6 .026 .016 

1300 79 ± 11 36 ± 5 .006 44 ± 6 54 ± 6 .212 71 ± 9 38 ± 9 35 ± 6 .014 .013 

1500 74 ± 11 33 ± 5 .007 41 ± 7 53 ± 6 .130 70 ± 11 37 ± 9 36 ± 6 .045 .030 

n 10 10  10 10  10 10 9   
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Table S5. Startle response score upon stimulation with a 900 Hz tone. Colors mark independent 

experimental data sets. Each top entry served as control. All values represent the mean ± SEM. 

Related to Figure 4. 

 

 Startle response score at 

Genotype 60 dB (n) 

[P] 

70 dB (n) 

[P] 

80 dB (n) 

[P] 

90 dB (n) 

[P] 

w*; +/Df(2R)Exel8047;; 
.17 ± .03 (20) 

- 

.57 ± .06 (20) 

- 

.90 ± .03 (10) 

- 

.99 ± .01 (10) 

- 

w*; dCirlKO/Df(2R)Exel8047;; 
.07 ± .01 (20) 

[.005] 

.19 ± .02 (20) 

[<.0001] 

.52 ± .06 (20) 

[<.0001] 

.91 ± .02 (20) 

[.013] 

w*; 

dCirlRescue/Df(2R)Exel8047;; 

.15 ± .04 (10) 

[.050] 

.52 ± .02 (10) 

[.611] 

.83 ± .04 (10) 

[.220] 

.98 ± .01 (10) 

[.543] 

w1118;;; 
.29 ± .03 (20) 

- 

.58 ± .03 (20) 

- 

.87 ± .03 (20) 

- 

.99 ± .01 (20) 

-  

w1118; dCirlKO w-;; 
.10 ± .03 (20) 

[<.0001] 

.18 ± .03 (20) 

[<.0001] 

.60 ± .04 (20) 

[<.0001] 

.87 ± .02 (20) 

[<.0001] 
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Movie S1. dCirl is required for locomotion.  

Close-up view of single larvae: control, dCirlKO and dCirlRescue larvae show extended pausing and 

head swing phases in dCirl-deficient animals. Note that peristaltic contractions of dCirlKO are 

intact. 

Groups of larvae: Experimental setup for the measurement of crawling distance. Eight larvae 

were placed in a petri dish and left to crawl for 2 min. Note the reduced distance travelled by 

dCirlKO larvae and rescue of the phenotype in dCirlRescue. 

Related to Figure 2. 
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SUPPLEMENTAL EXPERIMENTAL PROCEDURES 

 

Fly culture conditions and stocks 

Flies and larvae were raised at 25°C on standard cornmeal and molasses medium. The 

following strains were generated in this study:  

LAT1, w1118;; P{w+mC=pTL161[dCirl targeting vector]}; (Control) 

LAT26, w1118; dCirlKO attPdCirl loxP;; (dCirlKO w-) 

LAT54, w1118; dCirlKO attPdCirl loxP-w+-loxP;; (dCirlKO w+) 

LAT79, w1118; dCirlKO {w+mC=pTL370[dCirl]}attPdCirl loxP;; (dCirlRescue) 

LAT84, w1118; dCirlKO {w+mC=pTL464[dCirlp::gal4]}attPdCirl loxP/CyOGFPw-;; (dCirlpGAL4) 

LAT85, w1118;; {w+m=pTL471[20xUAS-IVS-dCirl::3xflag]}attP2/TM3, Sb, Kr-GAL4 > UAS-

GFP; (20xUAS-dCirl) 

LAT91, w1118; dCirlKO attPdCirl loxP P{w+mC=ok6-gal4}/CyOGFPw-;; 

GN60, w1118;; P{w+mC=iav-GAL4}attP2; (transformation vector was a gift from S. Stowers, 

Montana State University) 

 

The following strains were obtained from several sources including the Bloomington Stock 

Center (NIH P40OD018537) and the Harvard Exelixis deficiency collection, or were gifts from 

colleagues: 

BDSC#766, y1 w67c23 P{y+ Cre}1b; snaSco/CyO;; 

BDSC#851, y1 w67c23 P{y[mDint2 Cre}1b;; D*/TM3 [Ubxbx-34e e1 kniri-1 l(3)89Aa1 pp vvlsep], Sb1; 

BDSC#6938, w1118; P{ry+t7.2=70FLP}10;; 

BDSC#7863, w1118; Df(2R)Exel8047/CyO;; 

BDSC#12661, w1118; P{w+mGT=GT1}eysBG02208 (Bellen et al., 2004; Zelhof et al., 2006);; 

BDSC#24902, ;;nan36a; (Kim et al., 2003) 

BDSC#25679, y1 w-/Dp(2;Y)G P{w+mC=hs-hid}Y;; P{ry+t7.2=70FLP}23 P{v+t1.8=70I-SceI}4A/TM3 

P{w+mC=hs-hid}14, Sb1; 

BDSC#26259, w-; Pin1/CyO; P{?GawB}221; 

BDSC#32194, w*;; P{ y+t7.7 w+mC=20xUAS-IVS-mCD8::GFP}attP2; 

BDSC#32197, w*;; P{ y+t7.7 w+mC=10xUAS-IVS-myr::GFP}attP2; 

w1118;;; 

w*; P{w+mC=ok6-gal4};; (Marqués et al., 2002) 

w*;; P{w+mC=UAS-mCD8::GFP}; 

w*; 21-7-GAL4;; 
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w*; PBac{WH}nompCf00642/CyO; TM6B, Tb/MKRS, Sb; (Sun et al., 2009) 

w*; P{w+mC= UAS-nompC::GFP};; (Kim et al., 2003) 

 

Transgene construction 

pTL161: To generate the dCirl targeting construct pTL161, first the 3.5 kb 3’ homology arm was 

amplified from BAC clone #BACR21H10 (#RP98-21H10; BacPac repository, Children’s Hospital 

Oakland Research Institute, USA) with primers tl_53F and tl_54R containing NsiI and AvrII sites 

respectively, and inserted into the plasmid pGX-attP (Huang et al., 2009). Next, the 5.0 kb 5’ 

homology arm was amplified using primers tl_51F and tl_52R and also inserted into pGX-attP-

3’arm plasmid using NotI and KpnI sites. 

pTL370: The dCirl rescuing construct was produced by long-range PCR amplification (primers: 

tl_299F/tl_300R) of a 10.8 kb fragment from #BACR21H10. The fragment corresponds exactly to 

the dCirl locus replaced through homologous recombination via the ends-out targeting 

procedure. The dCirl amplicon was inserted into the phiC31-integration vector pGE-attB-GMR 

(Huang et al., 2009) at the NotI and AscI sites resulting in vector pTL370. 

pTL464: The transcriptional dCirl reporter was constructed by subcloning a 2.1 kb NotI/MluI-

fragment of pTL370 into pMCS5 (resultant clone: pTL450). pTL450 was outward-amplified with 

primers tl_420F/421R NheI and AgeI sites were introduced between positions -8/-7 to the start 

methionine in exon 1 (leaving the endogenous Kozak sequence of dCirl intact in order to allow 

unhampered transcription from the dCirl locus) and ligated with a 1.6 kb NheI/AgeI PCR-

fragment amplified from pBPgal4.2::p65d with primers tl_422F/423R containing an optimized 

gal4 cassette (Pfeiffer et al., 2010; resultant clone: pTL457). A 3.7 kb NotI/MluI fragment from 

pTL457 was back-cloned into pTL370 generating transformation vector pTL464. 

pTL471: A 7.5 kb NotI/AgeI dCirl::3xflag fragment was amplified from pTL393 with primers 

tl_375F/376R removing the intergenic region 5’ of the dCirl start methionine containing the dCirl 

promoter and putative enhancer elements. This fragment was inserted into transformation vector 

pTL412, a derivative of pJFRC7 (Pfeiffer et al., 2010), whose multiple cloning site was extended 

into NotI-StuI-KpnI-XhoI-XbaI-3xflag-AgeI.  

All PCR-based cloning steps were performed with AccuStar high-fidelity proof-reading DNA 

polymerase (Eurogentec). Inserts were first verified by restriction analyses. To ensure absence 

of errors each PCR-amplified region was completely sequenced. Primer sequences in 5’-3’ 

order, restriction sites in capital letters: 

tl_51F: atagtttaGCGGCCGCtgtggaatccgcagcactacgacta 

tl_52R: cggGGTACCtattgataaatacaaacatatttaact 
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tl_53F: ccaATGCATtcctcgtaagctaagtgctatgca 

tl_54R: aatgcaCCTAGGcatcttaacggagctcacgagctgt 

tl_299F: atagtttaGCGGCCGCagtaatttgtcttcgatgtatgcat 

tl_300R: aGGCGCGCCatttaaagccatttttgaaagcaaa 

tl_375F: atagtttaGCGGCCGCagtatatcccaggcagtgtaaaagcgtatc 

tl_376R: taACCGGTtcacttagccagtggttccagataacatcg 

tl_420F: ctaGCTAGCgcgtatcatgctaccaaccatattg 

tl_421R: taACCGGTttttacactgcctgggatatactta 

tl_422F: taACCGGTatcaaaatgaagctgctgagtagta 

tl_423R: ctaGCTAGCtctagaactagtggatctaaacgag 

  

Ends-out targeting of dCirl 

We followed the procedures described by (Huang et al., 2008; 2009) and fly strains therein to 

target the dCirl locus (see also Figure S1). 

 

phiC31-mediated recombination into dCirlKO-attP 

The w+-marker inserted close to the replaced dCirl locus in dCirlKO was removed by expression 

of Cre recombinase according to previous protocols (Huang et al., 2008; 2009). phiC31[3xP3-

RFP-3xP3-GFP-vas-PhiC31]; dCirlKO attP-loxP;; embryos were injected with w+-marked vectors 

bestowed with an attB site. Recombinants were selected for presence of the w+ marker and 

precise insertion of the transgene was confirmed by PCR genotyping. 

 

Antibody production 

An anti-dCIRL antibody was generated by raising polyclonal serum (BioGenes, Berlin, Germany) 

against the synthetic peptide corresponding to aa 365-379 of dCIRL (CVLMKRIPDSGYDEY). 

 

Immunohistochemistry and imaging 

For immunohistochemical preparations, the following antibody dilutions were used in the study: 

α-HRP conjugated with Cy3 (1:250; Jan and Jan, 1982), mouse-α-FASII (1D4; 1:25; Lin and 

Goodman, 1994), mouse-α-GFP (1:500), rabbit-α-GFP (1:500), mouse-α-NOMPC (1:200) (Lee 

et al., 2010), mouse-α-EYS/SPAM (1:20; Zelhof et al., 2006),  Alexa Fluor-488-conjugated goat-

α-mouse and goat-α-rabbit (each 1:250; Invitrogen), Cy3-conjugated goat-α-rabbit and goat-α-

mouse antibodies (each 1:250; Dianova). Laser power and imaging settings were kept identical 

for each channel per experiment. 
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Morphological assessment of L3 pentascolopidial organs 

Third instar larvae of the respective genotypes (Control: w-;; iav-GAL4/UAS-20xUAS-IVS-

mCD8::GFP; dCirl mutant: w-; dCirlKO; iav-GAL4/UAS-20xUAS-IVS-mCD8::GFP) were dissected 

and immunostained with an α-GFP antiserum to label iav-GAL4+ neurons, particularly the 

somatic and ciliary part of the dendrite. Within pentascolopidial organs (lch5) in abdominal 

segments A2 and A3, individual scolopidia were scored for their presence, and for visibility of 

their ciliary dilation (Caldwell et al., 2003). In addition, whole lch5 were examined for defects in 

arrangement of the five neurons with a score for relative orientation.  

 

Immunoblots 

Whole flies were collected and homogenized in 2x Laemmli sample buffer on ice. The lysate was 

subjected to electrophoresis in a 12.5% SDS-PAGE gel and transferred to a polyvinylidene 

difluoride membranes (Hybond P, Amersham). The membrane was blocked in 5 % milk powder 

in 1x TBS-T. Blots were probed with either of the following primary antisera at the indicated 

concentration at 4 °C overnight: rabbit-α-dCIRL (1:500). After washing, membranes were 

incubated for 1 h at room temperature with HRP-conjugated goat-anti-rabbit (1:2000) or goat-

anti-mouse secondary antisera (1:5000; both Sigma-Aldrich), respectively, and washed again 

according to standard protocols. Western blots were developed by an enhanced 

chemiluminescence (ECL) detection system. 

 

RT-PCR 

Total RNA was isolated from control and dCirlKO fly heads using RNeasy RNA Isolation Kit 

(Qiagen) and was directly used for reverse transcription with Superscript III Reverse 

Transcriptase (Invitrogen). PCR-amplification on transcribed cDNA libraries was carried out with 

the following primers:  

tl_5F: atgctggtatagatcgaggtgcgcg 

tl_6R: acctcgatctataccagcatttacc 

tl_444F: gttgcaaccacctgacaaactttgc 

 

Lethal phase analysis 

dCirlKO/CyoGFPw-, dCirlKO/Df and +/	
  CyoGFPw- larvae were tested for developmental lethality by 

analyzing their survival rate at 25 °C. Developmental timing across genotypes was synchronized 

by transferring parental crosses to new vials each day. The number of animals was counted over 
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16 days post fertilization (d.p.f.) at the following stages: L1 (2 d.p.f.), L3 (7 d.p.f.), pupa (11 d.p.f.) 

and adult (16 d.p.f.). The experiment was conducted in triplicate and averaged results were 

normalized to number of L1 animals. Data are displayed as mean ± SEM. 

 

Electrophysiological analyses 

Chordotonal neuron recordings 

Male third-instar larvae were pinned on a sylgard block. Preparations of fillets were made in 

hemolymph-like saline (in mM: 103 NaCl, 3 KCl, 4 MgCl2, 5 TES, 7 sucrose, 10 glucose, 10 

trehalose, 26 NaHCO3, 1 NaH2PO4; pH 7.25)(Zhang et al., 2013). For recording, 2 mM CaCl2 

was added to the saline. Muscles covering the lch5 were gently cut away with fine scissor to 

expose the organ, then the axon bundle was severed directly after its exit from the lch5. In 

Figure 4, Ich5 neurons were identified by expression of a 20xUAS-IVS-mCD8::GFP transgene 

driven by the iav-GAL4  enhancer in both the control and dCirlKO background. Signals were 

recorded from lch5 neurons by sucking the axon bundle into a recording glass electrode 

(GB150-8P, Science Products), which was pulled and fire-polished with a DMZ-Universal puller 

(Zeitz Instruments) to a tip diameter of 5-9 µm. To apply mechanical stimulation, a fire-sealed 

glass electrode coupled to a piezo element (KEPO FT-15T-6.0A1-464; Conrad Electronic) was 

placed at the lch5 cap cells. An upright microscope (Nikon Eclipse-FN-1) equipped with a 40x 

objective, was used for visualization.  

An EPC 10 USB Amplifier (HEKA Instruments) was used for extracellular recordings and to 

control the piezo device. The stimulation protocol consisted of a series of increasing sine 

frequencies (100, 300, 500, 700, 900, 1100, 1300, 1500 Hz). For each frequency, three cycles of 

1 sec stimulation preceded by 1 sec rest were applied (see also Fig. S6A). 

Electrophysiological measurements obtained with Patchmaster (HEKA Instruments) were 

transferred to Clampfit (Axon Instruments, Molecular Devices) using the ABF Utility software 

(Synaptosoft). Confirmation of stimulation frequencies was obtained by fast Fourier transform 

and a notch filter was subsequently used to remove the specific stimulation frequency from 

recordings. Mechanically-induced action currents of Ich5 neurons were detected by template-

based search in Clampfit and plotted against vibration frequencies.  

 

Computation of discrimination matrices 

All discrimination ratios Rd for each stimulation frequency were computed: 
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Rd =
fe
fb

 

 

where fe is the average evoked response frequency and fb the average spontaneous 

(background) spiking frequency of an individual lch5 recording. 

We then compared Rd values for each specific stimulation frequency with Rd values for every 

other stimulation frequency obtained for the same genotype through a nonparametric Mann-

Whitney U test. Pairwise comparisons tested the null hypothesis that both samples were 

identical. The P values for each comparison were color coded and entered into a rectangular 

array deriving a discrimination matrix for each genotype tested. 

 

Behavioral assays 

Touch sensitivity assay 

We applied an established touch sensitivity assay (Caldwell et al., 2003; Kernan et al., 1994). 

Individual larvae were assigned the following score upon gentle touch application: 0, larva not 

responding to touch. 1, larva stopped or hesitated upon touch. 2, larvae briefly retracted but 

continued with forward crawling upon touch. 3, larva retracted and turned away from the 

stimulus < 90° upon touch. 4, larva retracted and turned away > 90° upon touch. Each larva was 

gently touched during linear locomotion and scored four times. The values were summed up to 

attain possible scores between 0-16 per individual larva. Genotypes were blinded before 

scoring. 

 

Sound-induced startle response 

Startle response measurements were recorded in a custom-made box housing a 9 cm petri dish 

filled with a layer of 1 % agarose in H2O (arena). Behavioral responses of 10-15 L3 larvae were 

simultaneously digitally recorded in darkness using a webcam (Logitech HD Pro Webcam 

C920), of which the IR blocking filter was removed. The arena was illuminated with infra-red 

LEDs. A sine wave tone at a frequency of 900 Hz was generated by a digital encoder 

(http://www.wavtones.com/functiongenerator.php; the sound protocol (1 sec stimulus, 5 sec 

break; 10 cycles) was implemented using GarageBand 10.0.2 (Apple Inc.) and exported into a 

digital sound file, which was then played through a computer-connected loudspeaker placed 

next to the arena in the box. Sound pressure levels were adjusted to 60, 70, 80 and 90 dB SPL, 

respectively, using a digital sound pressure level measuring device (Voltcraft SL-100; Conrad 
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Electronics) directly at the arena inside the box. Video recordings were then blinded and 

shuffled, and the startle responses were evaluated. A larva was scored as responsive when 

exhibiting startle behavior including pausing, turning and/or backward locomotion, in response to 

the sound stimulation. The numbers of (A) startled and (B) all animals present in the field of view 

at a given sound stimulus were counted, and then the fraction of responsive larvae (A/B) was 

calculated for every sound event. 

 

Phylogenetic analysis 

Protein sequences for latrophilin homologs were retrieved with BLAST (Altschul et al., 1997), 

and the GAIN domain sequence was annotated and extracted based on domain boundaries 

given in (Arac et al., 2012). Phylogenetic tree analysis was performed on this GAIN domain 

sequence set with software packages contained in the software Geneious R6 (Biomatters Ltd.) 

using the Blosum62 substitution matrix and a neighbor-joining algorithm (gap open penalty = 12, 

gap extension penalty = 3, Jukes-Cantor genetic distance model). 

 

Determination of putative RFX and Fd3F binding sites in the dCirl promoter 

The 2.2 kb intergenic region upstream of the start ATG in exon 1 of the dCirl open reading frame 

containing the putative promoter region of the gene was subjected to a search for several RFX 

consensus sites of increasing stringency as previously defined (Emery et al., 1996; Gajiwala et 

al., 2000; Laurençon et al., 2007) (Figure S7). The forkhead transcription factor consensus site 

RYMAAYA used to search for a Fd3F binding site in the dCirl promoter fragment was reported in 

(Benayoun et al., 2008). For the alignment of 12 Drosophila genomes the dCirl promoter region 

containing the RFX and Fd3F binding sites (coordinates: chr2R:4,503,445-4,503,519) were 

displayed and exported from the UCSC genome browser (Kent et al., 2002) using the D. 

melanogaster genome assembly Apr. 2006-BDGP R5/dm3.  
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