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In a genetic screen for regulators of synaptic morphology, we identified the single Caenorhabditis elegans flamingo-like cadherin fmi-1.
The fmi-1 mutants exhibit defective axon pathfinding, reduced synapse number, aberrant synapse size and morphology, as well as an
abnormal accumulation of synaptic vesicles at nonsynaptic regions. Although FMI-1 is primarily expressed in the nervous system, it is
not expressed in the ventral D-type (VD) GABAergic motorneurons, which are defective in fimi-1 mutants. The axon and synaptic defects
of VD neurons could be rescued when fimi-1 was expressed exclusively in non-VD neighboring neurons, suggesting a cell nonautonomous
action of FMI-1. FMI-1 protein that lacked its intracellular domain still retained its ability to rescue the vesicle accumulation defects of
GABAergic motorneurons, indicating that the extracellular domain was sufficient for this function of FMI-1 in GABAergic neuromuscu-
lar junction development. Mutations in cdh-4, a Fat-like cadherin, cause similar defects in GABAergic motorneurons. The cdh-4 is
expressed by the VD neurons and seems to function in the same genetic pathway as fmi-1 to regulate GABAergic neuron development.
Thus, fini-1 and cdh-4 cadherins might act together to regulate synapse development and axon pathfinding.

Introduction

Patterning of the nervous system requires interactions between
neurons and their environment. Multiple secreted factors and
cell adhesion molecules have been demonstrated to coordinate
axon guidance, target selection, and synapse formation (Shen et
al., 2004; Colon-Ramos et al., 2007; Inaki et al., 2007). The Cae-
norhabditis elegans neuromuscular system has a simple architec-
ture with stereotyped synaptic positioning (White, 1986),
making it attractive to elucidate the molecular mechanisms that
underlie neural circuit formation (Jin, 2005; Richmond, 2005).
Body wall muscles are innervated by both excitatory (cholinergic)
and inhibitory (GABAergic) motorneurons, with neuromuscular
junctions (NM]Js) formed coordinately with two cholinergic
NM]Js per one GABAergic NMJ. The cholinergic neurons make
synapses onto the muscles (NMJs) and on the GABAergic neu-
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rons, but the GABAergic neurons predominantly form NMJs
(White, 1986; Hall and Russell, 1991).

In a screen for GABAergic motorneuron synapse-defective mu-
tants, we recovered two loss-of-function alleles in fii- I, the single C.
elegans flamingo-like nonclassical cadherin. Flamingo was isolated
as a component of the planar cell polarity (PCP) pathway in Dro-
sophila, where it functions with Frizzled, in parallel to Fat and
Dachsous (Lu et al., 1999; Usui et al., 1999; Casal et al., 2006). Several
studies have shown roles for flamingo and the vertebrate orthologs
(Celsr1-3) in nervous system formation, indicating that these mol-
ecules are functionally conserved. Flamingo- and Celsr-disrupted an-
imals have developmental defects in target selection, dendrite
extension, axon outgrowth, synapse development, and circuit for-
mation (Gao et al., 2000; Curtin et al., 2003; Lee et al., 2003; Senti et
al.,2003; Shima et al., 2004; Formstone and Mason, 2005; Tissir et al.,
2005; Chen and Clandinin, 2008; Lewis et al., 2011). In the Drosoph-
ila neuromuscular system, Flamingo functions after development to
prevent the formation of inappropriate ectopic synapses and inhibit
axonal degradation (Bao et al., 2007).

Flamingo belongs to the class-B2 family of G-protein-coupled
receptors (GPCRs), which includes other molecules that function
at synapses, e.g., latrophilins (Stidhof, 2001). Unlike classical GP-
CRs, however, there is no evidence that Flamingo binds directly
to G-proteins, although there is evidence for indirect interactions
with G-proteins (Shima et al., 2007). Overall, the downstream
signaling pathways by which Flamingo/Celsr molecules exert
their influence is unclear. In multiple contexts, flamingo mutants
are not phenocopied by PCP mutations, implying that Flamingo
may use different signaling pathways in these events (Gao et al.,
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2000; Lee et al., 2003). Flamingo functions cell nonautonomously
in retinal neurons to regulate level-specific target selection (Chen
and Clandinin, 2008).

Here we show that fmi-1 loss of function causes specific
patterning defects in the GABAergic ventral D-type (VD) neu-
rons. Interestingly, FMI-1 is not expressed in the VD neurons
themselves; rather, it is found in multiple adjacent neurons
and is present along the ventral nerve cord. Expression of
FMI-1 in the cholinergic neurons can specifically rescue the
synaptic patterning defects in VD neurons. We provide addi-
tional evidence suggesting that fmi-1 interacts genetically with
the Fat-like cadherin, cdh-4, which is expressed in the VD
neurons. Thus, the fmi-1 and cdh-4 cadherins might function
together in VD neuron development.

Materials and Methods

C. elegans strains. All C. elegans used were hermaphrodites, and the strains
were maintained at 20—-22.5°C as described (Brenner, 1974), with the excep-
tion of eri-1(mg366) animals, which were maintained at 18°C. The
Pfmi-1::FMI-1venusGFP integrants (I[hIs9 and [hIs10), Pfmi-1I:
FMI-1Aint::GFP (IhIs27-1hIs30), and Punc-55::GFP (IhIs35) integrants were
isolated using trimethyl psoralen/UV mutagenesis, and all were out-crossed
to wild-type six times before analyses. The following alleles were used in this
work: fmi-1(ju43), fmi-1(ju58), fmi-1(tm306), fmi-1(rh308), fmi-
1( gm188), cdh-4(1983), cdh-4(1q56), eri-1(mg366), julsl [Punc-25:
SNB-1::GFP|, nuls94 [Pacr-2::SNB-1::GFP], juls76 [Punc-25::GFP], juls14
[Pacr-2::GFP], julsi45 [Pflp-13::GFP], [hIs9 and IhIs10 [Pfmi-1:
FMI-1::venusGFP), IhIs27-1hIs30 [Pfmi-1::FMI-1Aint::GEP+ Punc-25::
SNB-1RFP), IhIs35 [Punc-55::GFP], and hdls46 | Pcdh-4::GFP].

Molecular biology. The fmi-1 cDNA was prepared by reverse transcrip-
tion (RT)-PCR using RNA made from wild-type (N2) animals. RNA was
isolated using the Trizol reagent (Invitrogen), and RT-PCR was con-
ducted using the dT,;VN primer and the ProtoScript II RT-PCR kit
(NEB). Amplification of the cDNA was conducted using Phusion poly-
merase (NEB). The resulting fmi-1 7.7 kb PCR product was cloned into
the pCR8/GW/TOPO vector to generate pEVL89. The plasmid was com-
pletely sequenced and determined to be free of PCR-induced mutations.
For the fmi-1 promoter driving GFP clone pBA202, an ~2.6 kb region
upstream of the ATG was amplified by PCR and cloned into pCR8/GW/
TOPO (Invitrogen). The plasmid (pBA202) was then cut with Sph1 and
Clal, and the fmi-1 promoter was cloned upstream of the GFP cassette
from pPD114.108 in place of the mec-7 promoter cut with the same
enzymes. The fmi-1 cDNA was independently recombined into destina-
tion expression clones containing the unc-25 promoter (pBA153) and
acr-2 promoter (pBA223) using LR clonase (Invitrogen). To rescue the
synaptic phenotypes associated with fimi-1( ju58), we injected a fosmid
(WRMO066DB07) (GeneService Ltd.) that covered the fmi-1 genomic re-
gion, including ~1 kb upstream. The fosmid was injected into fmi-
1( ju58);julsl animals at a concentration of 2 ng/ul, along with pBA182
(5 ng/ul) as a coinjection marker. The sequence of all primers and plas-
mids used in this work are available on request.

EMI-1 antisera. Antisera were raised against the intracellular domain
of FMI-1 corresponding to the entire intracellular domain (amino acids
2455-2596). We purified the antisera using a maltose-binding protein—
FMI-1 fusion produced in Escherichia coli and purified on an amylose-
resin (NEB) by column chromatography using the manufacturer’s
instructions.

Whole-mount immunostaining. Animals were fixed as described (Ack-
ley et al., 2003), with the following modification. The animals were fixed
for 2 h on ice, and the reduction step was performed using 1X borate
buffer for 2 h at 37°C. The following primary antisera were used in this
study: mouse anti-GFP (Roche) used at 1:1000, rabbit anti-UNC-10
(Koushika et al., 2001) used at 1:1000, mouse anti-UNC-10 (Develop-
mental Studies Hybridoma Bank, http://dshb.biology.uiowa.edu/) used
at 1:1000, rabbit anti-synaptotagmin (SNT-1) (Nonet etal., 1993) used at
1:2000, and rat anti-FMI-1 used at 1:1000. The following secondary an-
tibodies were purchased from Invitrogen and were used at 1:2000: Alexa
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488-labeled anti-mouse, Alexa 594-labeled anti-rabbit, Alexa 488 anti-
rabbit, and Alexa 594 anti-rat. All images were collected on either a
Pascal confocal microscope (Zeiss) or an FV1000 confocal micro-
scope (Olympus) equipped with Fluoview software. Images were ac-
quired using multitrack parameters, with a 63X Plan-apochromat
objective. Deconvolution was done using the “Iterative_Deconvolve_
3D” plug-in for ImageJ (Dougherty, 2005).

Colocalization analysis. We used the “Just Another Colocalization
Plug-in” available for ImageJ (Bolte and Cordeliéres, 2006). We used this
program to calculate the Pearson’s coefficient and the percentage of pix-
els that colocalize from each channel.

GFP analysis. For axon morphology, animals were scored blind to
genotype by examining cell-type-specific GFP markers (GABAergic,
juls76(Punc-25-gfp] and juls145(pflp-13-gfp]; cholinergic, juls14[ Pacr-2-
gfr]) with an Axioplan 2 microscope using a 63X Plan-apochromat ob-
jective and a GFP long-pass filter set (Chroma Technology) as described
(Ackley et al., 2005). Animals that had any differences from the expected
wild-type pattern were scored as axon guidance defective. A defascicula-
tion event was counted as a region of the nerve cord where two or more
processes appeared to become split from one fascicle and were visible
along a distance that was greater than the length of two neuronal cell
bodies, which is ~10-20 wm. Synapse morphology of D-type neurons
was visualized by julsI [Punc-25 SNB-1::GFP], and the A/B-type neurons
were visualized using nuls94 [Pacr-2 GFP-SNB-1] and using either a
Pascal LSM confocal microscope (Zeiss) or an FV1000 confocal micro-
scope (Olympus). Animals were anesthetized using 0.5% phenoxy-
propanol (TCI America) in M9 and mounted on 2% agarose pads.
Images were acquired using a 63X Plan-apochromat objective.

Image quantification. To quantify the area and density of each
SNB-1::GFP punctum, we generated two-dimensional projections of im-
age stacks acquired by confocal microscopy. The images were converted
to thresholded binary images, and the size and location (x—y coordinates)
of single GFP puncta were acquired automatically using the Analyze
Particle command in ImageJ. Measurements were performed with the
experimenter blind to genotype. The procedure was done as described
(Ackley et al., 2003) with minor modifications. In Image], the files were
thresholded, and a region of interest was drawn around the nerve cord.
The following measurement options were selected: Area, Center of Mass,
Circularity, Perimeter, Fit Ellipse, and Limit to Threshold. The Analyze
Particle command was used with a minimum of 4 pixels and no maxi-
mum size. The following options were selected: Outline Particles, Ignore
Particles Touching Edge, Include Interior Holes, and Reset Counter. The
resulting measurements were exported to Excel (Microsoft) for statistical
analysis. Significance was determined by a two-tailed Student’s f test or F
test as indicated.

Sequence alignments. Alignments were performed pairwise using the
EMBOSS::needle method (http://www.ebi.ac.uk/Tools/emboss/align/)
with the following options selected: Gap Open (10.0), Gap Extend (0.5),
and Matrix (Blosumé62). The GenBank accession numbers for the
non-nematode proteins used are as follows: Mus musculus Celsr2
(NP_001004177.2) and Drosophila melanogaster Flamingo/starry
night (AAF58763.5).

RNAi. Animals with each marker ( julsI, juls76, or IhIs9) were tested in
the eri-1(mg366) background to increase RNAI penetrance in the ner-
vous system (Kennedy et al., 2004). Bacteria from the Ahringer RNAi
library (Gene Service Ltd.) were grown overnight in Luria broth supple-
mented with 100 um ampicillin and 25 uMm tetracycline, and 100 ul of the
saturated culture was placed on Nematode Growth Media plates supple-
mented with 1 mm isopropyl B-p-1-thiogalactopyranoside, 30 um carbe-
necillin, and 1 ug/ml nystatin. The plates were incubated at 37°C
overnight. Three to five L4 animals of each genotype were placed on the
RNAi lawn and allowed to have self-fertilized offspring. The F1 offspring
were analyzed for phenotypes. All RNAi experiments were replicated at
least two times, each with freshly prepared medium.

Electron microscopy. Young adult hermaphrodites of genotypes CZ333
julsl, CZ1677 fmi-1( ju58)sjulsl, and CZ460 fmi-1( jud3);julsl were
fixed in parallel using glutaraldehyde and osmium fixative as described
(Hallam et al., 2002). Three hundred to 500 serial 45 nm ultrathin sec-
tions were collected from two wild-type animals ( julsI) and one each of
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Table 1. Measurements of synaptic vesicle accumulation
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Ventral cord Dorsal cord
Area = SEM (n)? Maximum (um?)  Density = SEM (n)°  Area = SEM (n)° Maximum (um?)  Density == SEM (n)®
GABAergic

Wild type 0.80 = 0.02 (530) 39 25.7 £ 1.0(16) 0.83 =+ 0.03 (344) 3.0 229 £ 0.9 (10)
fmi-1(ju43) 1.10 £ 0.13 (102)* 8.0 21.7 =09 (4)* 1.27 £ 0.08 (157)* 48 234+ 0.7 (4)
fmi-1(ju58) 1.80 £ 0.14 (328)* 17.4 17.6 = 2.4 (9)* 1.15 £ 0.06 (233)* 7.0 21.7 =39 (6)
fmi-1(tm306) 143 £0.15(199)*  19.7 19.2 £ 1.9 (5)* 0.89 = 0.05 (147) 34 18.4 + 3.0 (4)*
fmi-1(rh308) 174 =020 (118)*  18.9 16.3 = 1.2 (4)* 0.91 =+ 0.05 (147) 3.8 190 = 15(03)
fmi-1(ju58)+[ WRM066DB07 | 1.15 = 0.10 (167)*F 9.0 19.9 = 1.7 (7)* 1.24 = 0.10 (119)* 7.7 17.5 = 1.8 (4)*
Jjuls1+[ WRM0066DB07) 0.86 = 0.06 (203) 6.0 26.5 = 2.0 (6) 0.92 = 0.06 (184) 6.0 23.1+15(5)
fmi-1(tm306) + [ Pacr-2::fmi-1] 1.06 == 0.07 (129)*F 4.6 15.5 == 2.4 (4)*F 1.22 £ 0.09 (110)* 3.8 172*22(4)
fmi-1(tm306) +[ Punc-25::fmi-1] 211+022(135*  16.8 123 £ 24 (5)% 1.14 £ 0.11 (77)* 44 20.0 = 4.4 (4)
cdh-4(1g83) 1.82 £ 0.11 (259)* 14.7 16.6 = 1.6 (7)* 1.24 £ 0.09 (169)* 7.2 20.3 = 2.0 (4)*
fmi-1(tm306),cdh-4(1g83) 145 £ 013 (1711 132 16.6 = 1.8 (5)*" 0.97 = 0.07 (134)* 6.0 18.1 = 2.6 (4)*
cdh-4(lg56) 1.40 = 0.10 (155)* 6.7 16.7 = 3.6 (5)* N/D

fmi-1(tm306);cdh-4(1956) 148 =018 (113)*" 128 18.1 = 1.0 3)** N/D

eri-1(mg366)juls1;CDH-4(RNAI) 1.56 £0.15(137)* 113 16.7 = 1.8 (4)* N/D

fmi-1(tm306); eri-1(mg366)juls1,CDH-4(RNAi)  1.57 = 0.24 (101)*" 189 17.8 = 3.1 (4)* N/D

Cholinergic

Wild type 0.90 = 0.06 (281) 6.2 26.7 + 2.0 (5) 1.03 = 0.07 (208) 6.0 26.1+2.8(4)
fmi-1(ju58) 0.98 = 0.06 (459) 10.9 238+21(9) 117 =0.09 323)*  16.6 269 £ 25(7)

N/D, Not determined.
“Measurements are in square micrometers.
®Average number of puncta observed per 100 wm.

*p < 0.01, significantly different from wild type; *p << 0.01, significantly different than fmi-T; 'not significantly different from fmi-1(tm306).

the fmi-1( ju58) and fmi-1( ju43) mutant worms. Nerve cords were pho-
tographed with a Gatan digital camera on a JEOL 1200 electron micro-
scope. NM]Js were identified as synapses with muscles as postsynaptic
partners (White et al., 1986). GABAergic NMJs have muscles as sole
postsynaptic partners, whereas cholinergic NM]Js usually have two post-
synaptic partners, a muscle and a neuronal process. Small, round, clear
vesicles of 30—-35 nm diameter were counted as synaptic vesicles. Mea-
surement of presynaptic densities was taken as the number of sections
that contained recognizable electron density, multiplied by 45 nm. Sta-
tistical analysis was conducted using the standard ¢ test (Excel).

Results

fmi-1 mutations cause synapse defects

We recovered two alleles, ju43 and ju58, in a visual screen for
mutants with altered synaptic vesicles clustering at GABAergic
NMJs using the julsl[Punc-25::SNB-1::GFP] reporter. Compared
with the uniformly sized and distributed fluorescent puncta in
the wild-type animals (puncta area, 0.8 sum* 25.7 puncta per 100
pm), these mutants showed enlarged, aberrantly shaped accu-
mulations of GFP-labeled vesicles (Table 1, Fig. 1), with extended
regions lacking fluorescent puncta (gaps) (ju43: 1.2 um?, 22.6
puncta per 100 um; ju58: 1.5 wm?, 19.2 puncta per 100 um).
Overall, the NM]Js formed on the ventral body wall muscles were
more severely disrupted in ju43 (1.1 um?, 21.7 puncta per 100
wm) and ju58 (1.8 wm?, 17.6 puncta per 100 um) than those
along the dorsal muscles, although defects were noticeable in the
dorsal cord (ju43: 1.3 um?, 23.4 puncta per 100 pwm; ju58: 1.2
wm?, 21.7 puncta per 100 um). Because the VD and dorsal
D-type neuron (DD) class of GABAergic neurons innervate the
ventral and dorsal muscles, respectively, these observations suggest
that the DD and VD neurons may be differentially affected by the
ju43 and ju58 mutations.

We mapped ju43 and ju58 to the right arm of linkage group V
close to the locus encoding the single flamingo cadherin-domain-
containing protein (F15B9.7/cdh-6/fmi-1) (Pettitt, 2005). We
also identified molecular changes in both alleles (see below). We
analyzed additional alleles of fmi-1, including a deletion allele,
tm306 (Fig. 2), isolated by the National Bioresource Project

(http://www.shigen.nig.ac.jp/c.elegans/index.jsp); gm188, iso-
lated in a screen for Hermaphrodite Specific Neuron (HSN) mi-
gration defects; and rh308, isolated in a screen for pioneer axon
guidance defects (Steimel et al., 2010). We observed that all fii- 1
mutants exhibited grossly similar patterns of synaptic defects
(Table 1).

The fmi-1 coding region spans ~17 kb and is predicted to
contain 25 exons (Fig. 2). We generated a full-length cDNA for
fmi-1(~7.7 kb), using primers directed at the predicted transla-
tional start and stop sites (see Materials and Methods); sequence
analyses of this cDNA confirmed the exon—intron junctions of
fmi-1. We determined the molecular nature of each of the muta-
tions. The gm188 and ju43 lesions are missense mutations that
result in amino acid changes in highly conserved glycines present
in the seventh Cadherin domain and first Laminin G domain
(LamG) domain, respectively, in the extracellular domain (ECD)
(Fig. 2). The ju58 mutation causes a premature stop, and tm306
deletes a portion of the coding region and introduces a premature
stop codon (Fig. 2). We partially rescued the defects using a fos-
mid genomic clone covering the fii-1 locus (WRM066DB07)
(Fig. 1). In fmi-1( ju58) animals, the ventral cord SNB-1::GFP
puncta, which are formed by the VD neurons, had an apparent
area of 1.80 um?* with 17.6 puncta per 100 wm, whereas ju58
animals containing the fmi-1 fosmid formed puncta of 1.15 um?,
with 19.9 puncta per 100 wm, which was a significant improve-
ment (p < 0.05). To determine whether the fimi-1 fosmid caused
defects in wild-type animals, we crossed the rescuing extrachro-
mosomal array away from ju58 and found the animals had nor-
mally sized puncta (0.9 um?), with a small increase in the
number of puncta formed ( julsl, 25.7 ventral cord puncta per
100 pwm vs julsl plus fmi-1, 26.5 puncta/100 uwm), but the effect
was not statistically significant (p > 0.05). The rescue of ju58 by
transgenic expression suggests that the altered SNB-1::GFP pat-
terning was likely caused by a loss of fmi-1 function.

The cholinergic motorneurons also make NM]Js onto body
wall muscles. A synaptic vesicle marker for the cholinergic mo-
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Ventral D-type (VD) Dorsal D-type (DD)
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fmi-1(ju58)juls1

04 5 00 50

fmi-1(ju58);juls1+FMI-1(+)

fmi-1(ju58);juls1+FMI-1(+)

160 25
% 50 0 50
Ventral B-type (VB) Dorsal A-type (DA) Dorsal B-type (DB)

Ventral A-type (VA)

fmi-1(ju58);nuls94

160
0y 50 0

Figure 1.  GABAergic NMJs are malformed in fmi-17 mutants. GABAergic (A-J) and cholinergic (K=N) NMJs were examined
using SNB-1::GFP to visualize synaptic vesicle clusters. The shape of the VD and DD motorneurons is depicted above A and B,
respectively, and the location of the synapses within those cells is illustrated (black circles). In all panels, left is anterior. A-J,
Images are a 50 m section of the ventral (4, G, E, G, 1) or dorsal (B, D, F, H,J) nerve cords, and below each image is a plot profile
for each image to demonstrate the approximately similar-sized puncta in wild-type and how they are divergent in fmi-7 mutants.
Wild-type animals (4, B) had consistently sized puncta that were evenly spaced along the nerve cords. (—H, In the GABAergic
motorneurons of fmi-1 mutants, we observed larger synapses (C, D, arrows) and misshapened (E, G, arrows) puncta. Frequently,
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torneurons (nuls94) displayed differences
in fmi-1 mutants (Fig. 1, Table 1). In wild-
type nuls94 animals, SNB-1::GFP were
clustered in a relatively even sized and
shaped pattern along the dorsal and ven-
tral cords. In ju58 animals, the dorsal cord
SNB-1::GFP puncta were slightly larger
(WT, 1.03 um? vs ju58, 1.17 um? p =
0.002), whereas the puncta in the ventral
cord were approximately the same sizes
(WT, 0.90 um? vs ju58, 0.98 um? p >
0.05). In ju58 animals, there was a slight
reduction in the total puncta formed
(WT, 26.7 puncta per 100 um vs ju58,
23.8/100 um; p < 0.05). Overall, the
SNB-1::GFP marker in GABAergic neu-
rons appeared to be more severely affected
by fmi-1 mutations than in cholinergic
neurons.

fmi-1 synaptic defects occur during
development

In our screen and subsequent analyses,
we primarily scored synapses in young
adults. For the regions of the nerve cord
lacking synaptic puncta, we asked whether
these gaps could be attributable to a de-
generation of synapses that were formed
earlier in development, as has been re-
ported for Drosophila Flamingo mutants
(Bao et al., 2007). The 13 VD motorneu-
rons form and begin to establish NM]Js
late in the first larval stage (L1). From L2
until adult, the animals grow approxi-
mately threefold to fivefold in length, and
because no new VD neurons are born, the
axons must elongate and add synapses
during development. We therefore exam-
ined wild-type and fmi-1 mutant animals
in stages L2, L3, and L4. We found that the
fmi-1 mutants had regions of the ventral
cord lacking synaptic puncta as early as L2
(Fig. 3). We did not see a significant
change in the frequency of regions in the
nerve cord lacking vesicles in younger ver-
sus older animals (L2, 1.2 gaps per ventral

<«

there were long regions of the nerve cord lacking synapses (gaps)
(G, H, dottedlines). 1, J, We partially rescued the ju58 defects using
a fosmid containing fmi-1. These animals had a significant reduc-
tion in synaptic size relative to ju58 alone, and fewer long gaps
lacking GFP were found in the nerve cords. K~N, SNB-1::GFP ex-
pressed in the cholinergic neurons appear less defective thanin the
GABAergic neurons. Schematics of the shape and location of syn-
apses within these neurons are shown above Kand L. Note that the
VA and VB synapses, as well as those in the DA and DB neurons,
would overlap in vivo, which is notillustrated here for simplicity. In
wild-type animals, SNB-1::GFP puncta were normally sized and
tightly dlustered. M, N, In the fmi-1( ju58) animals, the puncta
were approximately the same size, although we observed a few
gaps where puncta are weaker or absent (M, arrow). Scale
bars, 10 wm.
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Lesions identified in the fmi-T gene and protein. A, Schematic presentation of the fmi-7 gene and locations of lesions. Nucleotide numbering is with respect to the start of translation.

The promoter regions used for GFP expression (Pfmi-1L) and the segment present in the rescuing fosmid (Pfmi-1S) are indicated. Exons and their corresponding protein domains are color coded. B,
The FMI-1 protein structure was determined using SMART (Simple Modular Architecture Research Tool). The extracellular region of the protein is predicted to have nine cadherin repeats (green
ovals), five EGF-like domains (orange diamonds), two LamG domains (yellow ovals), as well as a hormone receptor-related domain (HormR; blue hexagon) and a proteolytic cleavage site that is
present in G-coupled protein receptors, e.g., latrophilins [G-protein-coupled receptor proteolytic site domain (GPS); blue pentagon]. FMI-1 has seven predicted transmembrane domains and an
intracellular domain of ~142 amino acids. €, The gm788 mutation in the seventh Cadherin repeat affects a highly conserved glycine residue [alignment of C. elegans (C.e.) FMI-1, Drosophila (D.m.)
Flamingo, and M. musculus (M.m.) Celsr2]. D, Partial alignment of the first LamG domain showing the glycine affected by ju43.

cord; L3, 1.5; L4, 1.5; adult, 1.7; F = 1.02; p = 0.4; n = 25 animals
per stage). Therefore, we conclude that the absent synapses are
more likely attributable to developmental defects in these
neurons.

We also examined the failure of SNB-1::GFP to accumulate
evenly along the axons in VD neurons (SNB-1::GFP gaps). In
fmi-1 mutants, we identified two types of gaps in the SNB-1::GFP
pattern in VD neurons: class I, where the gap occurred from a
point in the line of synapses and then extends to the next cell
body, and class II, where synaptic puncta are both anterior and
posterior of the SNB-1::GFP gap (Fig. 3A-F). The transport of
synaptic material distal to the gap from the cell body suggests that
either the axon is intact between those two points, or that the
distal puncta arose from another neuron. In fmi-1(tm306);julsl
(SNB-1::GFP) animals (n = 30), we found 1.4 gaps per animal. Of
those, 42 of 57 gaps were class I, whereas 15 of 57 appeared to be
class II. To determine whether the VD neurons have axon exten-
sion defects, we examined the VD axons in #1306 animals using a
Punc-55::gfp reporter. Eighty-eight percent of fmi-1(tm306) mu-
tants (1.26 = 0.85 gaps per animal; n = 24) exhibited defects in
the VD neurons, resulting in regions of the ventral cord lacking
VD axons. This suggested that axon guidance and/or extension
underlies the majority of the SNB-1::GFP gaps found in VD neu-
rons, whereas a minority could arise from synaptic patterning
defects within axons.

Subsequently, we asked whether the vesicle accumulation
morphology changes in VD SNB-1::GFP puncta (enlarged size)
were caused by the underlying axon failures that caused gaps.
Qualitatively, we saw no difference in SNB-1::GFP puncta in ax-
ons that appeared to have gaps versus those that did not. We also
calculated the average area of fluorescent SNB-1::GFP puncta
within 10 wm of a gap versus those that were further than 10 pwm.
We observed no significant effect of being near a gap on the size of

the puncta [#m306 (1.75 = 0.40 near a gap vs 1.42 = 0.15 distal;
p = 0.49) and rh308 (1.59 = 0.60 near a gap vs 2.03 = 0.42 distal;
p = 0.59)]. Thus, we concluded that the SNB-1::GFP accumula-
tion morphological aberrations in fmi-1 mutants are develop-
mental events that occur independent of, or in addition to, axon
guidance and extension defects.

fmi-1 contributes to VD active zone development

To determine whether other synaptic proteins were affected by
loss of fmi-1, we examined the active zone proteins SYD-2 (Zhen
and Jin, 1999) and UNC-10 (Koushika et al., 2001) in fmi-1 mu-
tants. We visualized the GABAergic active zones using
SYD-2::GFP (Yeh et al., 2005) and found disruptions in the pat-
tern of accumulation, including enlarged, misshapen puncta and
areas lacking SYD-2 (Fig. 3G,H). By whole-mount immuno-
staining using anti-UNC-10 antisera, we looked at endogenous
UNC-10/Rim throughout the animal and found that global
UNC-10 accumulation within the nervous system was relatively
normal (Fig. 31,]). These observations do not rule out a role for
FMI-1 in the delivery of synaptic material but may suggest that
fmi-1 has a broader role in GABAergic NM]J development, not
limited to how synaptic vesicles are clustered.

Synaptic components accumulate in nonsynaptic sites

in fmi-1 mutants

We examined the nervous system of fmi-1(ju43) and fmi-
1(ju58) animals using ultrastructural analysis and compared
dorsal cord motorneuron synapses to similar regions of a wild-
type animal (Fig. 4). We calculated the length of the active zones
and vesicle-clustering domains, as well as the number of synaptic
vesicles per synapse in the dorsal cord (Table 2). We found that in
both fmi-1 mutant alleles (n = 1 per genotype), the length of the
GABAergic synapses, defined as a continuous region containing
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Figure3.  FMI-1 causes synaptic defects during development. A-D, GABAergic neurons in the ventral nerve cord (VNC) in tm306;julsT (Punc-25::SNB-1::GFP) were imaged at each larval stage
(L1-L4). Regions lacking SNB-1::GFP (circles and arrows) were present in all stages examined. Below each panel s a thresholded mask of the image (black/white inverted). E, An adult animal with
both class | and class Il gaps is shown. VD5 appears to have a class | gap because the gap extends from end of the synaptic puncta (large arrowhead) to the point of VDA4. (Figure legend continues.)
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clusters of synaptic vesicles surrounding
the active zone, was approximately half
that of the wild type and that there was an
~50% reduction in the total number of
vesicles present at the presynaptic termi-
nals. The discrepancy between the ultra-
structural results (smaller synapses) and
fluorescent measurement of SNB-1::GFP
(enlarged puncta) suggests that the GFP-
labeled material may not be present at
synapses (defined by the presence of an
active zone), or that the enlarged puncta,
which appeared contiguous at the light
microscopy level, may include closely po-
sitioned but separate synapses. The for-
mer phenotype has been observed
previously, in unc-16 mutants where syn-
aptic material becomes trapped in en-
larged cisternae within the axons (Brown
et al., 2009).

We also noticed differences in the
morphology of synaptic vesicles at the
GABAergic NMJs in the fimi-1 mutants. In
wild type, the synaptic vesicles at GABAe-
rgic NMJs were of mostly equal size
(30-50 nm) and were internally clear. In
contrast, the vesicles in the fmi-1 mutants
were enlarged and often had electron-
dense material within the vesicles (Fig. 4).
The observation of electron-dense material
within vesicles could also reflect a failure in
the assembly of active zone components at
the plasma membrane, consistent with the
SYD-2::GFP results.

Within the region of the animals we
examined, the cholinergic synapses were
more affected in the ju43 than ju58 back-
ground. In ju43 animals, the cholinergic
synapses were longer than wild type (WT,
618 nm vs ju43, 922.5 nm) but had ap-
proximately the same number of synaptic
vesicles as wild type. In ju43 mutants, cho-
linergic synapses also had a disrupted
morphology whereby they formed NMJs
containing multiple presynaptic densities,
and some synapses appeared to be mis-
placed away from muscle targets (Fig. 4).
Overall, we found that fmi-1 mutations
caused abnormalities in the ultrastructure
of synapses.

Figure 4.

bar, 100 nm.
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(Figure legend continued.)  The small amount of fluorescent material in that region seems to
come from the DD2, which is more weakly fluorescent. In comparison, the puncta formedin VD4
extend all the way to VD3. VD6 (cell body not shown) has a class Il gap (dotted line) because VD6
forms puncta distal to the gap before VD5. A diagram illustrating these cells is drawn above and
to the right. F, G, SYD-2::GFP accumulates in small puncta in the nerve cord (F, arrow) and
motorneuron cell bodies (F, G, arrowheads). In fmi-7 mutants (G), SYD-2::GFP is clustered in
larger puncta with bigger gaps between puncta. H, I, UNC-10 localized to discretely sized and
spaced puncta in the nerve ring (NR) and VNC. |, UNC-10 localization was grossly wild type in
fmi-1(tm306). Boxed regions in F—/ are depicted with a black/white inverted image below each
panel. Scale bars, 10 m.
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Ultrastructural analysis of fmi-1 synaptic defects. A, Wild-type animal NMJs formed as a single active zone (arrow)
surrounded by evenly sized, clear synaptic vesicles. Below, a schematic s provided to illustrate the motorneuron (MN) and muscle
(Mu). The active zone (black object) was surrounded by synaptic vesicles (gray circles), only some of the vesicles are illustrated for
simplicity. B-D, The fmi-7 mutants did have some normal NMJs (B). However, many fmi-7 animals also exhibited abnormal
junctions (C, D). €, In this junction, two neurons had vesicle-filled swellings at the point of contact with the muscle; however, only
one had an active zone (arrowhead). This is illustrated below where motorneuron 1 (MN1) has an active zone, but motorneuron 2
(MN2) does not, despite both having an accumulation of synaptic vesicles. D, Electron-dense vesicles were present at ju43 NMJs
(arrowhead), but not in wild-type animals (A). In the schematic, the electron-dense structures are llustrated as black circles. Scale

fmi-1 mutant axon guidance and fasciculation defects

We examined the axonal morphology of the GABAergic motor-
neurons with two GFP markers, juls145 and juls76 (Huang et al.,
2002; Wu et al., 2007). These mark the DD neurons and DD/VD
neurons, respectively (Fig. 5, Table 3). We observed multiple
defects in the outgrowth of the VD and DD neurons, including
errors in the left (L) or right (R) side of the ventral cord on which
the commissural axon exits (L/R decision, 2% of the animals had
defects in WT vs 48% in ju43 and 67% in tm306) and the ability
of the neurons to remain tightly bundled (defasciculations, 0% of
WT animals vs 50% of ju43 and 36% of tm306) (Fig. 5, Table 3).
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Table 2. Comparison of neuromuscular junctions by genotype

J. Neurosci., March 21,2012 - 32(12):4196 - 4211 » 4203

Type of NMJ Number of NMJs Active zone length (nm) Vesicles per active zone Synapse length (nm)® Vesicles per profile
Wild type GABAergic n 122.7 = 15.0 40.7 £2.7 1006.2 = 77.5 26.1£09
fmi-1(ju43) GABAergic 3 75.0 £15.0 60.7 £11.8 465.0 = 150.0% 234%72
fmi-1(ju58) GABAergic 6 120.0 = 19.0 215 £ 2.6* 472.5 + 25.3* 16.6 = 1.3*
wild type Cholinergic 23 184.0 = 14.1 265+ 2.8 637.8 = 56.4 204£19
fmi-1(ju43) Cholinergic 19 165.8 = 23.1 214 =11 746.1 = 67.0 214 =11
fmi-1(ju58) Cholinergic 21 182.1 = 24.0 278 £25 615.0 = 55.5 222+19

“Defined as consecutive sections with synaptic vesicles.
*p < 0.01, significantly different from wild type.

juls14 [Pacr-2::GFP]

fmi-1(tm306);juls14

Figure 5. Axon guidance defects in fmi-1. GABAergic and cholinergic motormneurons were visualized using GFP reporters

Jjuls76-Punc-25::GFP (A, B, D-H), juls145-Pflp-13::GFP (C), and juls 14-Pacr-2::GFP DA, DB, VA, and VB (1,J). A-D, The six DD motormeurons
are the only GABAergic motorneurons present during L1s [VDs form at the end of the L1 stage; 4 RME neurons are in the nerve ring region
(NR)]. The process of each neuron extends anteriorly to the next cell body, i.e., DD3 extends to DD2. B, C, DDs in the fmi-1 mutants often
exhibit incomplete axon extension (arrows). , DD axons often defasciculated into two nerve bundles (arrowhead). D, DD axon extension
defects were rescued by FMI-1::GFP using its endogenous promoter (/hls9, *Pmyo-2::RFP, which is the coinjection marker). E, In wild type,
GABAergic axons form as a single contiguous fascicle in the ventral cord (arrow). Commissures (arrowhead) posterior to DD1and VD1 grow
toward the right side, which s up in this ventral view. F, In fmi-7 mutants, GABAergic motoreurons exited the ventral cord on the incorrect
side and often had defects in the extension of the axons (arrow). The gap s likely attributable to the premature termination of both the VD
and DD axons. G, In wild-type animals (not shown) and fmi-7(tm306), commissures extend along the dorsoventral axis (indicated by arrow)
fully to the dorsal cord. H, Overexpression of FMI-1::GFP (/h/s9) caused aberrant guidance and premature turning and termination of
GABAergic commissures (arrow), with some having ectopic neurites (arrowhead). The position of the dorsal cord is indicated by the dotted
line. 1, Cholinergic processes within the ventral cord (arrow) appear as asingle, cohesive fascicle in wild-type animals.J, In the ju58 animals,
cholinergic axons of defasciculated (arrow). Scale bar, 10 um.

The fni-1 animals also exhibited failures in longitudinal axon
extension (Fig. 5) in both DDs ( juls76 observed in L1 animals)
and VDs (see above) (Table 4). Only 4% of wild-type animals
exhibited a gap between the cell body of a DD and the process
from the next DD posterior (i.e., cell body of DD2 and axon of

DD3). In fmi-1 mutants, we found multi-
ple gaps (approximately two per animal)
in >70% of animals examined. Also, sim-
ilar defects were observed for the cholin-
ergic neurons using the julsi4 GFP
marker (Fig. 5) (Huang et al., 2003).
Transgenic expression of a functional
FMI-1::GFP rescued the axon extension
phenotypes observed in fini-1(tm306);
juls76 L1 animals (tm3061hIs9: 30% gaps,
0.36 = 0.60 per animal, n = 33; vs tm306:
73% of animals, 1.72 = 1.17 gaps per an-
imal, n = 30) (Table 4).

Axon guidance phenotypes were also
observed in the ultrastructural analysis.
Wild-type animals had, on average, 12.6
processes in the dorsal cord and 52.4 pro-
cesses in the ventral cord (right bundle).
The ju43 animals had a significant in-
crease in the number of processes in the
dorsal cord, 15.6, and a significant de-
crease in the ventral cord, 47.6 (p < 0.05).
In ju58 animals, the dorsal cord was nor-
mal, 12.4 processes, but the ventral cord
had asignificant decrease, 44.4 (p < 0.05).
These differences could be attributable to
premature termination, to inappropriate
posterior extension, or to axons crossing
into the contralateral bundle, as has been
described here and previously (Steimel et
al., 2010). Overall, we found evidence that
mutations in fmi-1 can cause defects in
the patterning of both cholinergic and
GABAergic motorneurons. However, de-
fects in the morphology of synapses and
accumulation of synaptic material were
present in intact axons that appear to de-
velop normally (Figs. 3, 4), suggesting that
fmi-1may affect both axon outgrowth and
synaptogenesis.

Axon guidance defects are FMI-1

dose dependent

We also found that overexpression of Fla-
mingo induced axon outgrowth errors,
which has also been reported in Drosoph-
ila (Chen and Clandinin, 2008). Our
FMI-1::GFP integrant, [hls9, when pres-

ent in the wild-type background, induced axon guidance defects,
including L/R errors (68% of animals) and neurites forming on
VD commissures (Fig. 5). When the total amount of FMI-1 was
reduced, by crossing the integrant to fmi-1(tm306), many of the
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Table 3. Axon guidance defects in fmi-1 and cdh-4 mutants

Percentageof  L/R

wild type? defects  Defasciculation ~ Number
GABAergic (DD and VD)
Wild type 98% 2% 0% 50
fmi-1(ju43) 12% 48% 50% 70
fmi-1(tm306) 10% 67% 36% 70
fmi-1(tm306) Ihls9 24% 27% N/D 76
Ihls9 12% 68% N/D 70
fmi-1(tm306),FMI-1GFP (high) ~ 16% 64% N/D 25
cdh-4(1g83) 15% 30% 29% 79
cdh-4(1g83),fmi-1(tm306) 6% 35% 22% 49
L1 GABAergic (DD only)
Wild type 98% 0% 2% 100
fmi-1(ju43) 92% 5% 3% 100
Cholinergic (DA and DB)
Wild type 90% 8% 2% 60
fmi-1(ju58) 5% 5% 95% 20
N/D, Not determined.
“Percentage of animals without any L/R or defasciculation events.
Table 4. Axon extension defects by genotype
Percentage of gaps ~ Gaps peranimal ~ Number

GABAergic (DD only) ( juls76, L1 stage)

Wild type 4% 0.08 == 0.40 25
fmi-1(ju43) 76% 1.76 = 1.09 25
fmi-1(tm306) 73% 172 £1.07 30
fmi-1(tm306)lhls9 30% 0.36 = 0.60 33
cdh-4(1g83) 41% 0.55*+0.78 29
cdh-4(1g83),fmi-1(tm306) 50% 0.75 £ 091 20
GABAergic (VD only) (hls35, L3 stage)
Wild type 0% 0.00 = 0.00 25
fmi-1(tm306) 88% 1.26 = 0.85 24

defects associated with the integrated chimera were improved.
For example, in [hIs9;juls76, animals (8 of 30) had commissural
processes that deviated along the anteroposterior axis, and some
of these had ectopic neurites growing out of them (6 of 30) (Fig.
5). This phenotype was not present in wild type or in tm306 alone.
The fmi-1(tm306)IhIs9;juls76 animals rarely (2 of 36) had
misrouted axons along the anteroposterior axis, and none (0 of
36) had ectopic neurites (p < 0.05). Overall, the percentage of
animals not displaying any L/R or ectopic neurite outgrowth phe-
notypes (percentage of wild type) was higher in the [hIs9tm306
(24%) animals than in either single mutant background (IhIs9,
12%; tm306, 10%). We interpret these results, along with our
loss-of-function data, as an indication that the GABAergic mo-
torneurons were sensitive to the levels of FMI-1 present in the
animal. Either too much or too little FMI-1 resulted in axon
patterning defects in the GABAergic motorneurons.

FMI-1 protein localization is nonoverlapping with synaptic
vesicle proteins

To examine the subcellular localization of FMI-1, we generated
antisera to the intracellular domain of FMI-1 as well as a full-
length GFP-tagged genomic clone (see Materials and Methods).
Using both methods, we found that FMI-1 accumulated to a
region of neuropil around the nerve ring and the ventral cord
(Fig. 6). FMI-1 was also present in the dorsal cord in young
animals but was rarely observed in neuronal cell bodies. We ob-
served no staining in the candidate null alleles, ju58 (Fig. 6), rh308
(Steimel et al., 2010), or 1306 (data not shown), indicating that
our antisera is specific. Because deletion of extracellular FMI-1
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domains affected protein localization (Steimel et al., 2010), we
examined the effects of the missense mutations, ju43 and gm188,
which affect the extracellular domain. These animals retain im-
munoreactivity, and the protein was still localized to axon seg-
ments, indicating that the phenotypes in these animals are not
caused by gross mislocalization of the protein (Fig. 6).

We costained animals with antibodies to FMI-1 and to the
synaptic vesicle protein SNT-1 (Fig. 6). In wild-type animals,
FMI-1 was concentrated in the nervous system but did not over-
lap with a marker of synaptic vesicles (SNT-1). We calculated the
intensity colocalization coefficient (see Materials and Methods)
for FMI-1 and SNT-1 throughout the nervous system and found
that r = 0.27 £ 0.08 (n = 6) in wild-type animals, indicating that
FMI-1 was not strongly localized to regions containing synaptic
vesicles. We found that fmi-1 is expressed by neurons. Of those,
several do form synapses in the ventral nerve cord, e.g., cholin-
ergic motorneurons, as well as many neurons that do not, e.g.,
HSN, PVP, PVQ, etc. (White et al., 1976). Thus, our data suggest
that FMI-1 is primarily present in nonsynaptic regions of the
ventral cord. However, because of the en passant organization of
synapses formed in the ventral nerve cord, it is not possible to
determine where FMI-1 is localized with single axon/synapse
resolution.

Flamingo is expressed in a subset of motorneurons

To determine which motorneurons express fimi-1, we fused a 2.6
kb fragment of DNA upstream of the fimi-1 start codon to GFP.
Our expression pattern was consistent with what has been previ-
ously reported for fmi-1 (Steimel et al., 2010). To specifically
identify which motorneurons express flamingo, we coexpressed
an RFP (mCherry) reporter in GABAergic (Punc-25) or cholin-
ergic (Pacr-2) neurons (Fig. 7). We observed consistent colocal-
ization of GFP and RFP between Pfmi-1-gfp and Pacr-2-rfp in the
DA, VA, and VB and weakly in the DB cholinergic neurons (Fig.
7). We occasionally observed a limited coexpression of Purnc-25-
rfp and Pfmi-1-gfp in the DDs of some L1 animals (<10%) (Fig.
7), but never in the VDs (>12). Thus, we find no evidence that
the fmi-1 promoter is active in the VD neurons, even though they
are affected by mutations in the fmi-1 gene.

fmi-1 might regulate VD development cell nonautonomously
We used the FMI-1::GFP (Steimel et al., 2010) expressed under its
endogenous promoter to rescue the fmi-1 synaptic defects. We
injected the Pfmi-I:fmi-1gfp (0.5 ng/ul) plasmid into fmi-
1(tm306) along with a Punc-25::snb-1dsRed to visualize GABAe-
rgic NMJs. The expression of full-length FMI-1 protein
efficiently rescued the synaptic spacing (gaps) (1m306, 1.72 =
0.92 gaps per cord vs tm306 plus fmi-1gfp, 0.72 = 0.6; p = 3 X
10 ~°) and partially rescued the morphology defects (two of two
lines). Interestingly, we found that the intracellular domain dele-
tion FMI-1AInt::GFP could also rescue the synaptic clustering
defect in the GABAergic neurons (two of three lines, 0.77 = 0.71
gaps per cord; p = 2.1 X 10 %) (Fig. 8). Importantly, we found
that in the rescued animals using either full length (data not
shown) or the FMI-1AInt, the GFP-labeled FMI-1 proteins were
not detectable in VD neurons (Fig. 8). To ensure that this was not
attributable to transgene mosaicism, we integrated the array car-
rying the Pfmi-1::FMI-1AInt::GFP and Punc-25::SNB-1::RFP
and recovered four independent integrated lines. None (zero of
four) of the integrated lines exhibited any coexpression of the
GFP and RFP proteins (Fig. 8). This analysis further supports that
FMI-1is not present in VD neurons but is required for the proper
development of these cells.



Najarro et al. @ FMI-1 Regulates GABA Neuron Development J. Neurosci., March 21,2012 - 32(12):4196 - 4211 « 4205

2 (SNT-1+FMI-1) 1 Lst 82
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Figure 6.  FMI-1is concentrated at nonsynaptic regions of the nervous system. Using specific antisera, we visualized FMI-1 (A-F, red) relative to the synaptic vesicle protein SNT-1 (4, B, E, F,
green) or juls7 (SNB-1::GFP) (C, D, green). Above the panels is a schematic to orient the region being examined. A, B, In wild-type animals, FMI-1localized to the nerve ring (Figure legend continues.)
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To test the site of action of FMI-1 more
rigorously, we attempted to rescue the de-
fects by expression of FMI-1 in specific
cells. We were unable to rescue the synap-
tic defects in #1306 when we expressed the
fmi-1 cDNA specifically in the GABAergic
neurons (zero of three lines). In fact, even
at the lowest concentration tested (0.5 ng/
ul), we saw what appear to be more
grossly distended synapses in the ventral
nerve cord (tm306, 1.43 um? vs tm306
plus Punc-25:fmi-1, 2.11 um?) (Fig. 7).
In contrast, we could partially rescue the
synaptic morphology defects in the VD
neurons of fmi-1(—) animals when the
cDNA was specifically expressed from a
cholinergic promoter (Pacr-2) (four of six
lines) (tm306, 1.43 wm? vs tm306 plus
Pacr-2:fmi-1, 1.06 um?; p < 0.05). Thus,
whereas we cannot formally rule out thata
small amount of FMI-1 is produced in the
VDs, expression of FMI-1 in non-VD
neurons was able to either fully (Pfmi-1)
or partially (Pacr-2) rescue the VD
defects.

In the cell-type-specific rescue experi-
ments, we used a cytoplasmic RFP to
mark the cells that expressed the FMI-1
transgene. In fmi-1 mutants with
Punc-25:fmi-1, we still observed that
some axonal regions appeared to lack
SNB-1::GFP (Fig. 8A) but did have RFP,
although these processes could also come
from the DDs, which also express unc-25. In animals express-
ing fmi-1 under the cholinergic promoter, we occasionally ob
served defasciculation of the SNB-1::GFP-labeled GABAergic
axons and the RFP-labeled cholinergic processes (Fig. 8C).
This suggested that for FMI-1 to influence SNB-1::GFP pat-
terning, the protein needs to be proximal to, perhaps even in
direct contact with, VD neurons.

Another possibility that could explain the defects is that
FMI-1 functions within cholinergic neurons to maintain axon
fasciculation and that the synaptic defects in GABAergic neurons
are secondary to disruptions in the cholinergic fascicle. To ad-
dress this, we examined fmi-1(tm306) mutants with the cholin-
ergic neurons marked by RFP, but lacking the fmi-1 rescuing
transgene. VD neurons exhibited NM]J defects in regions where
cholinergic axons were properly fasciculated (Fig. 8 D), and we
found no correlation between cholinergic axon defasciculation

Figure 7.
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(Figure legend continued.)  (NR;A) and ventral nerve cord (VNG; B). FMI-1was predominantly
adjacent to, but not overlapping with, SNT-1. A”, Enlarged view of the boxed region in A”.
FMI-1- and SNT-1-containing regions have little overlap. An intensity profile corresponding to
thelinein A" is on theright. B, In the ventral nerve cord, FMI-1 was adjacent to SNT-1{[line scan
1(LS1)] but occasionally overlapped [e.g., line scan 2 (LS2)]. ¢, FMI-1 was adjacent to, but not
within, GABAergic NMJs labeled by SNB-1::GFP. D, The ju58 allele lacked FMI-1 immunoreac-
tivity, demonstrating the antisera specificity. Results were similar for tm306 and rh308 (data
not shown). E, F, The missense mutations gm 188 (E) and ju43 (F) did not grossly affect protein
localization, although there is a slight increase in the overlap of the FMI-1 and SNT-1 (colocal-
ization coefficient, 0.38). G, H, FMI-1::GFP accumulated in the NR and VNCin a pattern similar to
the antisera staining. The pharyngeal staining (asterisk) is from the coinjection marker (Pmyo-
2-mCherry). Scale bars, 10 m.
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Pfmi-1L

_

fmi-1 is expressed in the nervous system, but not VD motorneurons. A, A Pfmi-1::GFP was used to determine the
spatial expression of fmi- 1. GFP was observed ina subset of neurons near the nerve ring (NR) along the ventral nerve cord (VNC) and
in the lumbar ganglion (LG). B-E, To identify which motorneurons were expressing flamingo, we coexpressed Pfmi-1-gfp with
either Pacr-2-rfp (B) or Punc-25-rfp (C~E). B, €, In larva and adults, the GFP-positive motorneurons also expressed Pacr-2-rfp, but
not Punc-25::rfp. D, In contrast, none of the older larvae or adults coexpressed GFP and RFP when we used Punc-25-rfp. D-D", In
L1 larvae, there was limited coexpression of Punc-25-rfp and Pfmi-1-gfp in a subset of the DD motorneurons (arrows). The GFP
intensity was much reduced relative to other FMI-1(+) cells. The remaining GFP-positive cells in the ventral cord are likely the DA
motorneurons. E-E”, By the adult stage, DD1 (arrow) no longer expresses GFP. Scale bars, 10 wm.

and VD synaptic defects (r = 0.16; n = 50). Altogether, these
results suggest that FMI-1 likely directly affects VD development,
rather than an indirect effect of modulating cholinergic axon
bundling.

Mutations in CDH-4, a Fat-like cadherin, exhibit fmi-1-like
synaptic defects

Cadherin proteins typically interact homophilically, although
there are instances where cadherins exhibit heterophilic interac-
tions (Prakasam et al., 2006). We found that the VD defects in
fmi-1 mutants were rescued when FMI-1 was expressed in neigh-
boring neurons, including the cholinergic neurons, suggesting
that FMI-1 likely functions through other proteins in GABAergic
neurons. Thus, we examined the other cadherin-domain-
containing proteins to determine whether any were functioning
in the same genetic pathway with fmi-1.

There are 11 genes in the C. elegans genome that encode for 12
proteins with cadherin repeats (Yamashita et al., 2004). Of those,
six are evolutionarily conserved ( fmi-1/flamingo, hmr-1B/N-
cadherin, cdh-1/Dachsous, cdh-3/Fat, cdh-4/Fat, and cdh-11/cal-
syntenin), whereas the remainder (cdh-5, -7, -9, -10, -12) appear
to be nematode specific. We tested whether systemic RNAi of the
conserved cadherin genes phenocopied the fmi-1 loss-of-
function alleles. Using the eri-1 mutation to potentiate RNAI in
the neurons (Kennedy et al., 2004), we found that only the knock-
down of cdh-4(RNAi) closely resembled the vesicle accumulation
defects in fmi-1 mutants (Fig. 9, Table 1) (eri-1;cdh-4RNA;i: 1.56
wm?, 16.7 puncta per 100 wm). The knockdown of cdh-4 in fimi-1
mutants did not significantly enhance the penetrance of de-
fects (Fig. 9) (tm306;eri-1;cdh-4RNAi: 1.57 um?, 17.8 puncta
per 100 wm).
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VAVB DA

fmi-1(tm306);Pacr-2::fmi-1+Pacr-2::mCherry

fmi-1(tm306);Pfmi-1::fmi-1AInt::GFP
+Punc-25::SNB-1dsRed

Figure 8.

EEA VD DD VB g

VD VD
D~. VD - DDVD
VB DA vA DA DA

IhIs30;(Pfmi-1::fmi-1AInt::GFP
+Punc-25::SNB-1dsRed

FMI-1 functions cell nonautonomously in the VD neurons. A, VD SNB-1::GFP puncta in fmi-1(tm306 + Punc-25::fmi-1 were enlarged and still had gaps (between arrowheads). 4’, A",

RFP was used to mark cells with the transgene. Below is a diagram illustrating the VD neuron (red) expressing FMI-1 [F(+)], but long gaps were present lacking SNB-1GFP. B, When fmi-T1 is
specifically expressed in the cholinergic cells, SNB-1::GFP puncta were evenly sized and spaced puncta. B, B”, RFPs, the transgenically positive neurons. C~C", In some cases, the cholinergic (red)
and GABAergic (green) axons appeared defasciculated. Here, even though the fmi-1 transgene is present in these cholinergic neurons, the GABAergic synaptic defects are not rescued. D—D”, Defects
in SNB-1::GFP (green) were present when cholinergic axons (red) were properly fasciculated with the GABA neurons. E-E", FMI-1AInt::GFP expressed under its endogenous promoter partially
rescued the synaptic defects in GABAergic neurons (as visualized by SNB-1::RFP; E"). GFP is not observed in the GABAergic neurons. F-F”, We integrated the FMI-1Alnt::GFP and still found no
evidence of expression with the GABA marker (Punc-25::SNB-1::dsRED), confirming that FMI-1 expressed from non-GABAergic neurons is sufficient to rescue the SNB-1 accumulation defects. Scale

bars, 10 um.

Two cdh-4loss-of-function alleles, Iq56 and Ig83, were identified
in a screen for Q-cell descendant migration defects (E. Lundquist,
unpublished observations). Both alleles result in premature stop
codons (Ig83-R126 Amber and Ig56-1L838 Amber). We found that the
pattern of SNB-1::GFP in GABAergic motorneurons was sim-
ilar to those observed in the RNAi experiments for cdh-4 and
fmi-1 single mutants (Fig. 9, Table 1) [cdh-4(1g56): 1.40 um?,
16.7 puncta per 100 um; cdh-4(1g83): 1.82 um?, 16.6 puncta

per 100 um]. NMJs in double mutants of cdh-4 and fmi-1 were
similar to the single mutants [fmi-1(tm306);cdh-4(1g56): 1.48
wm?, 18.1 puncta per 100 wm; fmi-1(tm306);cdh-4(1g83): 1.45
wm?, 16,6 puncta per 100 um], consistent with these two molecules
functioning in a linear genetic pathway.

Previously, Schmitz et al. (2008) described embryonic devel-
opment, cell migration, and axon guidance phenotypes associ-
ated with mutations in the cdh-4 locus. Therefore, we examined
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Pcdh-4::gfp+Punc-25::RFP

Pcdh-4::gfp+Pacr-2::RFP

Figure9. fmi-1and cdh-4 mutations cause similar phenotypes in VD patterning. A, The eri-1(mg366)juls 1 animals treated with cdh-4 RNAi had elongated SNB-1::GFP puncta interrupted by large
gaps (circles and arrows). B, The cdh-4 RNAi caused no enhancement of the phenotype present in eri-1(mg366)juls7;fmi-1(tm306) animals. C—F, The cdh-4 loss-of-function mutations, /83 (C, D)
and /g56 (E, F), caused fmi-1-like phenotypes, but neither enhanced defects present in fmi-1(tm306). G-J, The cdh-4(/g83) caused GABAergic axon pathfinding defects, including axon extension
failure (G, 1, arrows) and left/right defects (H, I, arrowheads). I, J, Animals lacking both cdh-4 and fmi-1 have pathfinding defects that are similar to the single mutants. J, In this animal, the VD13
axon (arrowhead) is extended toward the posterior rather than the anterior. K, L, The cdh-4(RNAi) does not grossly disrupt FMI-1::GFP localization relative to control, fem-1(RNAi). M, N, In larva and
adults, Pcdh-4::gfp (hdls46) expression overlaps with a marker for the GABAergic neurons (red, Punc-25::rfp; M) but not the cholinergic neurons (red, Pacr-2::rfp; N). Scale bars, 10 m.

the GABAergic axon patterning in cdh-4(Ig83) and cdh-4(1q83);
fmi-1(tm306). As had been reported previously, we found multi-
ple types of defects in cdh-4 mutant animals, including animals
with L/R defects (cdh-4 30%, fmi-1;cdh-4 35%) and defascicula-

tions (cdh-4 29%, fmi-1;cdh-4 22%) (Fig. 9; Tables 3, 4). Al-
though the percentage of animals with axon guidance defects in
the double mutants was similar to the cdh-4(Ig83) single mutants,
in some animals we observed a slight increase in the severity of
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some phenotypes (Fig. 9). Thus, these proteins may function in
overlapping pathways for axon guidance.

The cadherin domains of FMI-1 are partially required for their
localization to axons. When the cadherin domains are specifically
deleted, more of the FMI-1::GFP is localized to the cell bodies
(Steimel et al., 2010). Therefore, we asked whether CDH-4 might
be required for the efficient localization of FMI-1 to axons. How-
ever, we observed no gross changes in the localization of
FMI-1::GFP when cdh-4 was removed by mutation or knocked
down by RNAi (Fig. 9). Thus, our experiments suggest that
CDH-4 is not required to localize FMI-1 to axons.

We tested whether cdh-4 is expressed in the VD motorneu-
rons by examining the expression of Pcdh-4::gfp (hdIs46) relative
to our motorneuron markers (Fig. 9). As has been described,
cdh-4 is broadly expressed, including in motorneurons, starting
early in development (Schmitz et al., 2008). However, we found
that by the L3 stage, the broad expression of Pcdh-4::¢fp through-
out the nervous system had ceased but expression continues,
specifically in the GABAergic neurons. That the VD neurons con-
tinued expressing cdh-4 suggests that this protein could be re-
quired for events, such synaptogenesis, that occur in later
developmental stages, i.e., after axon outgrowth/guidance, which
happens in early development.

Discussion

Flamingo cadherins regulate multiple facets of neuronal
development

Here we have shown that the single C. elegans Flamingo protein
regulates multiple aspects of motorneuron development. Muta-
tions in fmi-1 caused axon outgrowth and synaptic defects in the
cholinergic and GABAergic motorneurons, although the pen-
etrance of phenotypes in these cell types was different. The fimi-1
and cdh-4, two conserved cadherin-domain-containing proteins,
both affected GABAergic development and seemed to function in
a common genetic pathway. FMI-1 influences GABAergic devel-
opment nonautonomously, as we find no evidence that fmi-1 is
expressed in the VD GABAergic neurons. In contrast, cdh-4 does
seem to be expressed within these neurons, but where it is required
for GABAergic neuron development remains to be determined.
Whether EMI-1 and CDH-4 physically interact is unknown. How-
ever, it remains possible that these two molecules function in
receptor-ligand-like fashion to facilitate VD development.

Planar cell polarity and synaptogenesis share a common goal

Flamingo was initially isolated as a component of the planar cell
polarity pathway, where it functions to establish asymmetric pro-
tein localization within a cell. This asymmetry helps break a field
of equivalent epithelia into cells polarized to a body axis. It is
interesting to speculate on how a PCP-like activity may have
become specialized to ensure patterning of synaptic versus non-
synaptic specializations. For example, these proteins could mark
regions of the axon where synapses can or cannot form. Addi-
tional evidence for this comes from the identification that Wnt
signaling regulates the accumulation of Frizzled receptors to the
appropriate segment of the DA9 axon, to ensure the proper de-
livery of synaptic components (Klassen and Shen, 2007). Our
ultrastructural analysis suggests FMI-1 functions to ensure the
proper delivery or assembly of synaptic components, but the pre-
cise mechanism by which this occurs remains to be elucidated.

FMI-1 affects both axon extension and synaptic development
We have found that fmi-I mutations result in multiple neuronal
defects, including altered axon outgrowth and synaptic pattern-

J. Neurosci., March 21,2012 - 32(12):4196 - 4211 * 4209

ing. Drosophila Flamingo/fmi mutants also exhibit both axon
pathfinding and synaptogenesis defects in motorneurons (Bao et
al., 2007). Interestingly, Flamingo mutant motor axons form ec-
topic synapses en passant, a type of synapse that wild-type mo-
torneurons do not form at all (Bao et al., 2007). These types of
synaptic contacts are also seen in misrouted axons in the brains of
fmi mutants (Lee et al., 2003; Senti et al., 2003), suggesting that
these synapses may occur due to the axon being placed in an
unfamiliar context. Similar to our ultrastructural studies, Bao et
al. (2007) found that synaptic components can be mislocalized to
regions of the axon when it is not contacting its normal target.
Although it is unclear whether this reflects a failure in synapto-
genesis or target recognition, it would seem that Flamingo pro-
teins are involved in how synaptic components are directed
appropriately within axons.

Axon guidance and synaptogenesis defects occur in many
backgrounds where cell adhesion molecules are mutated, such as
cle-1, nid-1 and ptp-3, unc-40, unc-5, and unc-6. Where it has
been examined, many have concluded that these defects can be
separated (Ackley et al., 2003, 2005; Gally and Bessereau, 2003;
Colon-Ramos et al., 2007; Poon et al., 2008; Killeen, 2009). The
synaptic phenotypes in these cell adhesion mutants are distinct
from each other as well as from those in fmi-1. Therefore, al-
though some of the disruptions in synaptic vesicle accumulation
in fmi-1 mutants can be attributed to axon guidance problems, it
is unlikely that the altered axon guidance nonspecifically results
in synaptic defects. Rather, our results indicate that fmi-1 func-
tions in multiple developmental events in neurons, both in axon
guidance and synaptogenesis. Whether these occur via distinct
mechanisms remains to be elucidated.

Other genes involved in epithelial polarity have been found to
also regulate axon growth and synapse formation in recent years.
Vertebrate polarity proteins such as Par3 and Par6 interact with
atypical protein kinase C, Inscuteable, and/or Partner of Inscute-
able (PINS) to link signaling from extracellular ligands (e.g., NGF
or netrin-1) to changes in epithelial polarity (Zhang and Macara,
2006; McCaffrey and Macara, 2009). In some cases, these signals
indicate to a migrating axon to transition from a migratory,
nonsynapse-forming growth cone to an adherent synapse-
forming axon. Synapse formation and axon extension are also
linked in C. elegans (Grill et al., 2007; Yan et al., 2009; Trujillo et
al., 2010). VD neurons are born at the late L1 larval stage, and
their neurites increase approximately threefold to fivefold in
length by the time the animal reaches adulthood. We find that
FMI-1 expression continues throughout development and that
the protein is present into adulthood. This may indicate that
FMI-1 functions in the continued development of the nervous
system that occurs in those stages, such as axon extension and
synaptogenesis.

Cell nonautonomous role of fmi-1

In Drosophila, Flamingo has been found to function via self-
interactions (Usui et al., 1999; Chen and Clandinin, 2008; Chen
et al., 2008). In our study, we find that the VD neurons do not
produce detectable levels of Flamingo, yet they are among the
most sensitive cells to the absence of FMI-1. The defects in VD
neurons were rescued when we use promoters that are not active
in the VD neurons (Pfmi-1 and Pacr-2). FMI-1 lacking the intra-
cellular domain is capable of rescuing the vesicle accumulation
defects, even though it is not expressed in the VD neurons. All
together, these results indicate that FMI-1 is likely functioning
cell nonautonomously to regulate the axon and synapse develop-
ment of the VD neurons.
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Flamingo has previously been shown to act cell nonautono-
mously, most elegantly in the Drosophila retinal axons (Chen and
Clandinin, 2008). They demonstrated that mosaics, in which
only one of six R neurons was fmi(+), the neurons contacting the
FMI-containing neuron exhibit more defects than adjacent neu-
rons in the same bundle. They also demonstrated that overex-
pression of the FMI-1 ECD was sufficient to induce targeting
defects. They concluded that cells are effectively gauging the
amount of Flamingo and that asymmetric levels lead to func-
tional consequences. Similarly, we find that, in rescue and over-
expression experiments, phenotypes are quite dose dependent,
suggesting that changes in protein levels are important for cellu-
lar responses to Flamingo.

FMI-1 interacts genetically with a Fat-like cadherin protein
We find that knockdown of cdh-4 by RNAi or mutation pheno-
copies fmi-1 in synaptic development. In planar cell polarity, Fat
and Dachsous have been shown to function together in parallel to
Flamingo (Casal et al., 2006). Here we find that during C. elegans
development, Flamingo and CDH-4 seem to have overlapping
functions. We see no obvious enhancement of the embryonic or
larval lethality caused by cdh-4 mutations when fmi-1 is removed
from those animals, suggesting no involvement of Flamingo in
this process. Our data suggest that fmi-1 and cdh-4 function in a
linear genetic pathway with regard to the development of the VD
motorneurons, which would be the first indication of such a
relationship for these two conserved cadherins.

We find that CDH-4 has a limited, if any, role in the gross
localization of FMI-1, although subtle changes in the localization
of FMI-1 could be important for its activity. We also find that the
promoter of CDH-4 is active in the VD neurons and that the
expression of this gene continues throughout VD development.
Because synaptogenesis continues after the axons have become
patterned, the continued expression of cdh-4 in the VDs is con-
sistent with a role for this protein in the formation of VD syn-
apses. The relationship between these proteins could be key to
understanding how cholinergic neurons may pattern the GABAergic
synapses in the neuromuscular system of C. elegans.
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