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The lipid polyunsaturated fatty acids are highly enriched in synaptic membranes, including synaptic vesicles, but their
precise function there is unknown. Caenorhabditis elegans fat-3 mutants lack long-chain polyunsaturated fatty acids
(LC-PUFAs); they release abnormally low levels of serotonin and acetylcholine and are depleted of synaptic vesicles, but
the mechanistic basis of these defects is unclear. Here we demonstrate that synaptic vesicle endocytosis is impaired in the
mutants: the synaptic vesicle protein synaptobrevin is not efficiently retrieved after synaptic vesicles fuse with the
presynaptic membrane, and the presynaptic terminals contain abnormally large endosomal-like compartments and
synaptic vesicles. Moreover, the mutants have abnormally low levels of the phosphoinositide phosphatase synaptojanin
at release sites and accumulate the main synaptojanin substrate phosphatidylinositol 4,5-bisphosphate at these sites. Both
synaptobrevin and synaptojanin mislocalization can be rescued by providing exogenous arachidonic acid, an LC-PUFA,
suggesting that the endocytosis defect is caused by LC-PUFA depletion. By showing that the genes fat-3 and synaptojanin
act in the same endocytic pathway at synapses, our findings suggest that LC-PUFAs are required for efficient synaptic

vesicle recycling, probably by modulating synaptojanin localization at synapses.

INTRODUCTION

Neurons contain an enormous variety of complex lipids, the
functions of which are largely unknown. Polyunsaturated
fatty acids (PUFAs) contain at least two double bonds and
are mostly located in neuronal cell membranes as phospho-
lipid esters. Certain PUFAs, particularly those with long acyl
chains (for example, docosahexaenoic acic [DHA]) are
highly enriched in synaptic membranes, including synaptic
vesicles (SVs; Cotman et al., 1969; Deutsch and Kelly, 1981;
Takamori et al., 2006), suggesting that PUFAs have impor-
tant synaptic functions (Lauritzen et al., 2001). Mutations in
enzymes involved in the regulation of PUFA metabolism
cause serious neuronal disorders and behavioral defects in
humans (Zhang et al., 2001; Meloni et al., 2002). Exogenous
PUFAs also stimulate neurite outgrowth (Darios and Dav-
letov, 2006) and modulate the activity of various ion chan-
nels, including TRP channels (Vreugdenhil et al., 1996; Chyb
et al., 1999; Kahn-Kirby et al., 2004). Although these findings
demonstrate that PUFAs have important roles in neurons, it
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is still unclear which synaptic function(s) they modulate and
how they do it.

The nematode Caenorhabditis elegans synthesizes many of
the PUFAs present in humans, suggesting that these mole-
cules have evolutionarily conserved functions. To investi-
gate the roles of PUFAs in neurons, we generated PUFA-
deficient C. elegans mutants by mutating the gene fat-3,
which encodes a A6-desaturase (Watts and Browse, 2002;
Lesa et al., 2003). fat-3 mutants are depleted of long-chain
(LC) PUFAs, including arachidonic acid (AA, C20) and DHA
(C22), but not of short-chain PUFAs (=C18) like linoleic acid
(LIN) and a-linolenic acid (ALA), and they exhibit abnormal
neuronal function. The neuronal defects observed in fat-3
mutants are likely to be caused by depletion of LC-PUFAs
because exogenous AA or DHA rescue them (Watts and
Browse, 2002; Lesa et al., 2003).

We previously showed that, although fat-3 mutants can-
not make LC-PUFAs, they undergo normal neuronal devel-
opment and display normal neuronal morphology. The mu-
tants, however, have reduced synaptic function, as indicated
by the abnormally low levels of neurotransmitter they re-
lease at cholinergic and serotonergic neuromuscular junc-
tions. This decrease in neurotransmitter release is caused by
a severe depletion of SVs at release sites (Lesa et al., 2003),
suggesting that LC-PUFAs are required to maintain a nor-
mal pool of SVs.

SVs are initially generated in neuronal cell bodies as pre-
cursor vesicles, which are transported along the axon to the
nerve terminals (Hannah ef al., 1999). After fusion with the
presynaptic plasma membrane, SV proteins and lipids are
rapidly endocytosed via a clathrin-mediated mechanism
and are reused to form new SVs (Sudhof, 2004). Although
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there has been great progress in recent years elucidating the
role of specific proteins in endocytosis (Sudhof, 2004), much
less is known about the role of lipids in the SV cycle (Rohr-
bough and Broadie, 2005). Among the best characterized
lipids involved in SV recycling are the phosphoinositides,
which are phospholipids stably anchored to the plasma
membrane via two long-chain fatty acid chains, one of
which is always a LC-PUFA (Cremona and De Camilli, 2001;
Wenk and De Camilli, 2004).

At early stages of endocytosis in synapses, the phospho-
inositide phosphatidylinositol 4,5-bisphosphate [PtdIns(4,5)P,]
recruits several essential proteins to synaptic membranes,
including dynamin and the clathrin adaptor proteins AP2
and AP180. At later stages, PtdIns(4,5)P, is dephosphory-
lated by synaptojanin-1, decreasing the affinity of the clath-
rin adaptor proteins for the SV membrane (Cremona and De
Camilli, 2001; Wenk and De Camilli, 2004). Studies in C.
elegans and Drosophila have shown that endophilin A is
required for synaptojanin recruitment to sites of neurotrans-
mitter release (Schuske et al., 2003; Verstreken et al., 2003).
The C. elegans genome encodes a single synaptojanin, UNC-
26, and unc-26-synaptojanin mutants exhibit a phenotype
similar to that of fat-3 and unc-57-endophilin A mutants, with
a depletion of SVs at presynaptic sites (Lesa et al., 2003;
Schuske et al., 2003).

SVs are very small (diameter 30-40 nm), and so their
membrane is highly curved. The degree of membrane cur-
vature is greatly influenced by the composition and orien-
tation of the lipids (Hammond et al., 1984), as well as by
membrane-bending proteins (McMahon and Gallop, 2005;
Dawson et al., 2006). SV recycling is critically dependent on
the ability of the membrane to become curved, and so it is
not surprising that it is influenced by both membrane lipids
(Rohrbough and Broadie, 2005) and the membrane-bending
protein endophilin (Gallop et al., 2006; Masuda et al., 2006).

The reduced number of SVs at synapses and the impaired
neurotransmission observed in animals depleted of LC-PUFAs
are consistent with a role for LC-PUFAs in vesicle recycling,
but other roles, including a role in SV formation, are possi-
ble. The parallel decrease in neurotransmitter release and SV
number makes a defect in SV fusion unlikely. To clarify the
role of LC-PUFAs at the synapse, we have investigated the
mechanisms underlying the depletion of SVs observed in
LC-PUFA-deficient fat-3 mutants by determining the sub-
cellular distribution of SVs and their components at presyn-
aptic sites. We have analyzed two fat-3 alleles, a reduction-
of-function allele called wa22 and a null allele called Ig8101.
Our results suggest that reducing the activity of the fat-3
gene causes defects in SV recycling. First, the SV component
synaptobrevin is partially mislocalized at sites of release in
the mutants. Second, SVs are enlarged in the mutants. Third,
fat-3 acts in the same genetic pathway as synaptojanin at
release sites. Fourth, inactivation of faf-3 results in synapto-
janin depletion and in accumulation of PtdIns(4,5)P, at syn-
apses. Fifth, exogenous LC-PUFAs largely rescue the mislo-
calization of synaptobrevin and synaptojanin and the
functional deficits. We therefore propose that LC-PUFAs are
essential for efficient SV recycling by influencing the local-
ization of synaptojanin at sites of neurotransmitter release.

MATERIALS AND METHODS

C. elegans Strains

Strains were cultured at 20°C as described (Brenner, 1974). fat-3(wa22) and
snb-1(md247) were obtained from the Caenorhabditis Genetics Center (Univer-
sity of Minnesota, Minneapolis, MN). The allele fat-3(1g8101) was isolated by
us (Lesa et al., 2003). The strains lin-15(n767ts) nls52[Punc-25::snb-1::¢fp] (Jor-
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gensen et al., 1995), unc-57(0k310); nls52 (Schuske et al., 2003), and unc-
26(s1710); oxEx749[Prab-3::gfp::unc-26] were kindly provided by Erik
Jorgensen (University of Utah, Salt Lake City). The strain hpls76[lin-15(+);
Punc-25::syd-2::1fp]; lin-15(n765), which expresses SYD-2:RFP was a gift from
Mei Zhen (University of Toronto, Canada). The strains fat-3(wa22); nls52,
unc-57(0k310); fat-3(wa22); nls52, fat-3(wa22)unc-26(s1710); nls52, fat-3(wa22)
unc-26(s1710); oxEx749[Prab-3::¢fp::unc-26], unc-26(s1710); hpls76; oxEx749,
dpy-20(e1282); gxEx151[dpy(+); Punc-25::unc-57::¢fp], fat-3(wa22)dpy-20(e1282);
gxEx151, dpy-20(e1282); gxEx152[dpy(+); Punc-25::amph-1::gfp], fat-3(wa22)dpy-
20(e1282); gxEx152, Ex108[Prab-3::ph,,;c_s;::8fp; Pttx-3::1fp; rol-6(su1006)] and fat-
3(wa22); Ex108 were obtained by conventional genetic methods. The unc-
26(s1710) background was used to avoid Prab-3::GFP::UNC-26 mislocalization
(Kim Schuske and Erik Jorgensen, personal communication). The presence of
nls52, fat-3(wa22), unc-57(0k310), and oxEx749 were verified by PCR or by
DNA sequencing.

To construct the strain expressing PHp; ¢ ;,::GFP, DNA coding for PHp; ¢ 4,
was excised as a Kpnl fragment from pHD86 (Patton et al., 2005), subcloned
into the green fluorescent protein (GFP) vector pPD115.62 (a gift from Andy
Fire, Stanford University, Stanford, CA) and placed under the control of a
1.2-kb rab-3 promoter fragment. Transgenic strains were generated by micro-
injection (Mello and Fire, 1995) of the plasmid Prab-3:: ph,,;c_s1::8fp (10 ng/ pl)
along with the coinjection markers Pttx-3:rfp (10 ng/ul) and pRF4 [rol-
6(su1006), 40 ng/ ul]. The injection mix was adjusted to a total DNA concen-
tration of 100 ng/ul by the addition of pBlueScript.

Analysis of Locomotion

The number of body bends per second was assayed by visual inspection in the
presence of food on Nematode Growth Medium culture plates according to
McMullan et al. (2006). For each tested strain, at least 25 L4 hermaphrodites
were assayed twice for 1 min.

Arachidonic Acid Supplementation

AA sodium salt (Sigma, Poole, United Kingdom) was dissolved in water and
added with 0.1% NP-40 (Merck Biosciences, Nottingham, United Kingdom) to
Nematode Growth Medium as described (Watts et al., 2003) so that the final
concentration of AA was ~0.75 mM. Plates were poured, seeded with Esch-
erichia coli OP50, and allowed to dry for 2 d at room temperature. L4 her-
maphrodites were transferred to the plates and allowed to grow for 4 d, and
their L4 progeny were then used for analysis.

Immunohistochemistry

Immunohistochemistry was carried out as described in (Nonet et al., 1999).
We used antibodies against the following proteins: SNB-1 (SB1, Developmen-
tal Studies Hybridoma Bank, University of Iowa), UNC-11 (kindly provided
by Aixa Alfonso, University of Illinois, Chicago, IL), SNT-1 and RAB-3
(AB1095 and AB326, respectively, kindly provided by Michael Nonet, Wash-
ington University, St. Louis, MO) and performed immunohistochemistry as
described in Nonet et al. (1999). Worms were fixed in Bouin’s buffer for RAB-3
and UNC-11 detection or with 4% paraformaldehyde for SNB-1 and SNT-1
detection. Anti-RAB-3, anti-SNT-1, anti-SNB-1, and anti-UNC-11 antibodies
and Alexa fluor 488 (Invitrogen Ltd, Paisley, United Kingdom) secondary
antibody were used at a dilution of 1:2000, 1:5000, 1:150, 1:50, and 1:500,
respectively.

Protein Extraction and Western Blotting

Mixed-stage populations of worms were suspended in 5 volumes of ice-cold
lysis buffer (0.36 M sucrose, 12 mM HEPES, Complete Mini Protease inhibitor
cocktail [Roche, Lewes, United Kingdom], 1 ug/ml pepstatin A [Sigma]) and
sonicated on ice with four 5-s bursts using a 1/8 microtip at full power. Worm
debris was removed by centrifugation at 2000 X ¢ for 15 min, and the
supernatant was centrifuged at 100,000 X g for 45 min at 4°C. The membrane
pellet proteins (45 ug) were separated by SDS-PAGE and blotted onto a PVDF
membrane (Bio-Rad, Hemel Hempstead, Herts, United Kingdom) and as-
sayed with anti-SNB-1 (SB-1, 1:1000) and anti-syntaxin (kindly provided by
Vincent O’Connor, University of Southampton, UK, 1:500) antibodies. Perox-
idase-conjugated goat anti-mouse secondary antibody (Perbio, Cramlington,
United Kingdom) was used at a dilution of 1:10,000 and revealed by electro-
chemiluminescence (Amersham Biosciences, Little Chalfont, United King-
dom).

Biochemical Quantification of Total PtdIns(4,5)P, Levels

Worms were grown in liquid culture in the presence of 10 uwCi/ml myo[1,2-
3H]Jinositol (American Radiolabeled Chemicals, St. Louis, MO) for 4 to 5 d.
Lipids were extracted from mixed-stage populations of wild-type (WT), fat-
3(wa22), and unc-26(s1710) worms in a chloroform solution containing 0.02%
of Folch type I brain extract (Sigma). These lipids were extracted twice,
deacylated, resuspended in 1 mM EDTA, and resolved using anion exchange
high-performance liquid chromatography (HPLC) with a Whatman Parti-
Sphere SAX (4.6 X 250 mm) column (Whatman plc, Maidstone, Kent, UK).
Three independent measurements were performed for each strain tested.
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Quantitative RT-PCR

Total RNA was extracted from mixed-stage populations of worms using
the RNeasy kit (Qiagen, Crawley, United Kingdom). Total RNA, 1.5 ug per
sample, was reverse-transcribed with Superscript II Reverse Transcriptase
(Invitrogen) and hexamer random primers (Promega, Southampton,
United Kingdom). Quantitative PCR was carried out in duplicates of 30 ul
volume, on a Mx3000P QPCR system (Stratagene, Amsterdam, The Neth-
erlands). We used 2X iQ SYBR Green Supermix (Bio-Rad), 2 ul of 1/10
diluted cDNA and primers to a final concentration of 0.3 uM each. Primers
used to amplify a 137-base pair fragment of unc-26-synaptojanin cDNA
(sense GCAACGTTAGATTCGGATTC and antisense TCAGCTCCATA-
AAGTTGTCC), a 180-base pair fragment of nhr-23 cDNA (sense GA-
TGCCGAGATGCAATTGATC and antisense GAAGAGCCTCTTGATG-
CAAAC), and a 130-base pair fragment of B-actin (sense GCCCCA-
TCAACCATGAAG and antisense CCGGACTCGTCGTATTCTTG) were
designed on exon boundaries. The PCR profile consisted of an initial dena-
turation step at 95°C for 10 min followed by 30 cycles of denaturation at 95°C
for 20 s, annealing at 56°C for 20 s, and extension at 72°C for 20 s. Standard
curves were generated using serial dilutions of the purified amplicons from
the target and the control genes. No amplification was detected for reverse-
transcription-negative controls or for controls with no template. Three inde-
pendent samples were analyzed three independent times.

Fluorescence Microscopy and Quantitative Analyses

Live animals were immobilized in 10 mM levamisole (Sigma). Images were
captured from portions of the dorsal or ventral nerve cord (see below) with a
40X 1.30 NA objective (1 pixel = 400 nm) for RAB-3, SNT-1, SNB-1::GFP, and
UNC-57::GFP or a 60X 1.40 NA objective (1 pixel = 130 nm) for UNC-11,
SNB-1, SNB-1::GFP, PHyp, _,;::GFP, and AMPH-1::GFP on a Bio-Rad Radi-
ance 2100 Multiphoton Confocal microscope using LaserSharp software. Im-
ages showed a similar pattern of fluorescence independently of region of the
nerve cord from which they were collected.

For SNB-1::GFP expressing animals and for anti-UNC-11 and anti-RAB-3
immunostained animals, all the images were taken from the same 50 um
region of the dorsal nerve cord, located 28 um posterior to the motor neuron
cell body RMED (Figure 1A). A corresponding 50 um region in the ventral
nerve cord was used to image anti-SNT-1-immunostained worms (Supple-
mentary Figure S2C). For anti-SNB-1 immunostaining, images were taken
from a 50 um region of the dorsal nerve cord just above the vulva (Supple-
mentary Figure S2C). For worms expressing GFP:UNC-26, SYD-2::RFP,
UNC-57::GFP, AMPH-1::GFP, and/or PHp; ¢ ,,::GFP, images were collected
from a 50 um stretch of the dorsal nerve cord lying 34 um anterior to the anus
(see Figure 4F).

Images were quantitatively analyzed using Image]J software (http:/ /rsb.info.nih.
gov/ij/; National Institutes of Health, Bethesda, MD). The average number of
GABAergic cell bodies per animal expressing SNB-1::GFP was determined by count-
ing the number of fluorescent DD1, VD1, and VD2 cell bodies in 21 N2 animals and
in 19 fat-3(wa22) mutants. Fluorescence intensity of SNB-1:GFP in the DD1, VD1, and
VD2 neuronal cell bodies was calculated as the mean of the fluorescence intensity (F)
of each single neuron divided by the fluorescence background (F0). The total fluo-
rescence represents the sum of the fluorescence intensity in neuronal cell bodies and
the fluorescence intensity within the dorsal nerve cord.

SNB-1::GFP, GFP::UNC-26, and PHp _;,::GFP fluorescence in the dorsal
nerve cord was measured as the fluorescence intensity within a 50 um
fragment of the nerve cord (F) divided by the fluorescence background (F0).
The mean fluorescence intensities of each individual punctum (fp) and of the
axonal membrane between each individual synapse (fa) were measured.
Diffusion was defined as [>(fa/fp)]/n, where n is the number of puncta. In
Supplementary Figure S1 we also show the values of the fluorescence inten-
sity of axonal membranes (Fa), which reflects the average level of mislocalized
SNB-1::GFP and of puncta (Fp). Fa = (>fa)/n; Fp = (2fp)/n. The area of the
puncta was measured in an automated manner using ImageJ software. Puncta
density is expressed as the average number of puncta contained in a 10 wm
segment of the dorsal nerve cord.

Electron Microscopy

Young adult nematodes were immersed in fixatives containing buffered al-
dehydes and osmium tetroxide (Sigma; Hall, 1995). Postfixation steps con-
tained 0.5% of potassium ferrocyanide (Sigma). Samples were embedded into
plastic resin, and serial ultrathin sections were performed with a diamond
knife and examined on a Philips CM10 transmission electron microscope
(Philips Electron Optics, Eindhoven, The Netherlands). In parallel, young
adult nematodes were fast-frozen by high-pressure freezing, stained in os-
mium tetroxide and uranyl acetate in acetone at low temperature, embedded
in Epon resin, and cured into plastic (McDonald, 1999). For quantitative
measurements of vesicle populations at synapses, WT and fat-3 samples were
fixed by high-pressure freezing. For quantitative measurements in neuron cell
bodies, chemically fixed samples were used. We used two fixation conditions
because fat-3 mutants are, for some unknown reason, difficult to fix well, and
the quality of the images obtained was not optimal. However, we found
similar results with either fixation method.
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Figure 1. Synaptobrevin is partially mislocalized in fat-3 mutants.
(A) Localization of SV proteins at sites of release in WT (first
column), fat-3(wa22) (second column), and unc-57(0k310)-endophilin
animals (third column). GFP-tagged synaptobrevin (SNB-1:GFP)
exhibited a punctate pattern in the dorsal nerve cord of WT animals.
SNB-1:GFP was partially diffused along the axons in fat-3(wa22)
mutants and was even more diffused in unc-57-endophilin mutants.
The black box in the schematic shows the portion of the nerve cord
imaged. The fluorescent pattern was similar for any portion of the
nerve cord we analyzed. Anterior, left; dorsal, up. Scale bar, 30 um.
(B) Diffusion of SNB-1:GFP was significantly increased in fat-
3(wa22) mutants. Diffusion was defined as [>(fa/fp)]/n. fp is the
fluorescence intensity of each individual synapse (punctum) and fa
is the fluorescence intensity of each axonal membrane between
synapses. For further details see Materials and Methods. The average
fluorescence intensities detected in puncta and in axonal mem-
branes between synapses are reported in Supplementary Figure S1.
(C and D) Area (C) and density (D) of the puncta were similar in WT
animals and fat-3(wa22) mutants. In unc-57(0k310)-endophilin mu-
tants, the high level of diffusion did not allow us to accurately count
all the puncta. Data are plotted as mean = SEM. ***p < 0.0001.

To quantify SV diameter in the hypomorph fat-3(wa22) allele, we measured
the diameter of 497 SVs from four mutants and 511 SVs from six WT animals.
The average measurement for each synapse on each negative was calculated.
These averages were used for statistical analysis. To quantify SV diameter in
the null fat-3(1g8101) allele, we measured the diameter of 781 SVs and round
membrane-bounded structures from six mutants and 624 SVs from two WT
animals. For SVs, the average measurement of round structures up to 56 nm
was considered, whereas for endocytotic structures, the diameter 71-96 nm
was considered. The average measurements were used for statistical analysis.

Statistical Analyses

Statistical analyses were performed using SAS/STAT software (SAS Institute,
Cary, NC) or InStat software (GraphPad Software, San Diego, CA). Signifi-
cance was tested using an unpaired two-tailed Student’s ¢ test or the Mann-
Whitney nonparametric test, depending on the experiment. Throughout the
article data are expressed as mean * SEM.

RESULTS

Production and Transport of SV Precursors Appear
Normal in fat-3 Mutants

To examine whether the decrease in SV number in fat-3
mutants is caused by defects in the biogenesis or the trans-
port of SV precursors, we visualized and quantified the
endogenous SV protein synaptobrevin (SNB-1), as well as
SNB-1 tagged with GFP (SNB-1::GFP; Jorgensen et al., 1995;
Supplementary Figure S1). Because the vast majority of
SNB-1 is tightly associated with the membrane of SVs and
their precursor vesicles, its distribution faithfully reflects the
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distribution of these vesicles (Trimble et al., 1988; Dittman
and Kaplan, 2006). We found that the total levels of endog-
enous SNB-1 and the total fluorescence intensity of SNB-1::GFP
were similar in fat-3(wa22) mutants and in WT animals (Sup-
plementary Figure S1, A and B), suggesting that normal
levels of SNB-1 are synthesized in fat-3(wa22) mutants. The
levels were also normal in the endocytosis mutant unc-57-
endophilin.

It has been shown that mutants defective in the transport
of SV precursors to sites of release accumulate an abnor-
mally high number of small precursor vesicles (30-50 nm) in
their neuronal cell bodies (Hall and Hedgecock, 1991; Jor-
gensen et al., 1995). To test whether SVs are mobilized cor-
rectly to sites of release in fat-3 mutants, we quantified the
number of small vesicles in neuronal cell bodies. Although
we found a small increase in the average number of these
vesicles in the null fat-3(1g8101) mutants, compared with WT
animals, the increase was not statistically significant (p =
0.43; Supplementary Figure S1, C-E), suggesting that the
transport of SV precursors to sites of release is either normal
or minimally affected in faf-3 mutants. In agreement with
this conclusion, we could not detect accumulation of
SNB-1:GFP in GABAergic neuronal cell bodies or an in-
crease in the number of neuronal cell bodies with detectable
SNB-1::GFP (Supplementary Figure S1, F-H) in fat-3(wa22)
mutants. In addition, we found that normal levels of
SNB-1::GFP reach sites of release (Supplementary Figure
S1I) in fat-3(wa22) mutants, suggesting that normal amounts
of SV precursors reach release sites in the mutants. Because
both the formation and transport of SV precursors were
apparently normal in fat-3 mutants, we went on to deter-
mine whether the recycling of SVs was impaired in the
mutants.

SV Recycling Is Defective in fat-3 Mutants

Mutants defective in the recycling of SV components, such
as strains carrying a mutation in synaptojanin (unc-26), en-
dophilin A (unc-57), or the clathrin adaptor AP180 (unc-11)
are unable to efficiently retrieve SV components, including
SNB-1::GFP, from the presynaptic plasma membrane. As a
result, SNB-1::GFP diffuses along the axonal plasma mem-
brane and is visible between release sites. By contrast, mu-
tants with impaired SV fusion show the opposite phenotype
with respect to SNB-1:GFP localization: they have less
SNB-1::GFP than WT animals along the axonal plasma mem-
brane (Nonet et al., 1999; Harris et al., 2000; Schuske et al.,
2003; Dittman and Kaplan, 2006). Therefore, diffusion of
SNB-1:GFP in the plasma membrane away from release
sites is indicative of a defect in SV recycling.

We assessed the distribution of SNB-1::GFP in the nerve
cord of fat-3(wa22) mutants, WT animals, and the endocyto-
sis mutant unc-57(0k310)-endophilin (Figure 1). In WT ani-
mals, SNB-1::GFP was distributed in puncta, corresponding
to clusters of SVs at neuromuscular junctions. By contrast,
SNB-1::GFP was mislocalized in the dorsal nerve cord of
both unc-57-endophilin and fat-3 mutants (Figure 1A and
Supplementary Figure S2A). To quantify SNB-1::GFP mislo-
calization, we calculated protein diffusion values (Figure 1B;
for the definition of these diffusion values, see Materials and
Methods). The diffusion values obtained for fat-3(wa22) mu-
tants (0.174 * 0.013, n = 25) and unc-57-endophilin mutants
(0.299 = 0.029, n = 22) were 1.7-fold (p < 0.0001) and 3-fold
(p < 0.0001) greater than those of WT animals (0.098 * 0.007,
n = 25), respectively. Similar diffusion values were obtained
from images captured at very high resolution (Supplemen-
tary Figure S2B). Endogenous SNB-1 also appeared to be
partially mislocalized in the fat-3(wa22) mutant, whereas the
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localizations of other SV proteins including RAB-3, SNT-1,
and UNC-11 were not affected (Supplementary Figure S2, C
and D).

The sizes of the SNB-1::GFP puncta were similar in the
fat-3(wa22) mutant (1.42 = 0.11 pm? n = 25; p = 0.11), WT
animals (1.18 * 0.10 um?, n = 25), and the unc-57(0k310)-
endophilin mutant (1.29 = 0.18 um?, n = 25; p = 0.81; Figure
1C), suggesting that synaptic size was normal in the mu-
tants. The density of puncta along the dorsal nerve cord was
normal in the fat-3(wa22) mutant when compared with WT
worms (2.8 = 0.1 vs. 2.9 = 0.1 puncta per 10 um, n = 25;p =
0.55; Figure 1D), suggesting that the number of synapses
along the dorsal nerve cord segment is normal in the fat-
3(wa22) mutants, in agreement with our previous findings
that synaptic and neuronal morphologies are normal in the
mutants (Lesa et al., 2003). The partial mislocalization of
SNB-1, however, suggests that SV recycling is inefficient in
fat-3 mutants, consistent with a defective retrieval of SV
components from the presynaptic plasma membrane.

fat-3 Mutants Have Abnormally Large SVs

Defects in endocytosis are often associated with an increase
in SV size and the appearance of abnormal, intracellular,
membrane-bounded structures at synapses (Zhang et al.,
1998; Fergestad et al., 1999; Nonet et al., 1999; Verstreken et
al., 2003). We therefore examined the ultrastructure of syn-
apses in both the reduction-of-function wa22 and null Ig8101
fat-3 mutants (Figure 2).

The number of SVs in fat-3(Ig8101) was reduced to 37% of
that in WT animals (data not shown), similar to that detected
in our previous study (Lesa et al., 2003). This reduction was
virtually identical to that reported in wunc-26-synaptojanin
mutants (38%; Harris et al., 2000) and in unc-57-endophilin
mutants (35%; Schuske et al., 2003). Enlarged SVs were vis-
ible in both fat-3(wa22) (Figure 2A) and fat-3(Ig8101) (Figure
2E) mutants. We also determined the diameter of SVs in the
mutants (Figure 2, B and C) and found that the average SV
diameter was significantly increased 1.13-fold in the fat-
3(wa22) mutant and 1.46-fold in the fat-3(Ig8101) mutant. We
also detected a significant number of larger membrane-
bounded structures (diameter 71-96 nm) in the fat-3(1g8101)
mutant that were not detected in WT animals (Figure 2, D
and E) and were only rarely visible in the mild fat-3(wa22)
mutant, suggesting that their formation is inversely propor-
tional to fat-3 activity. These structures presumably repre-
sent abnormal endocytic structures generated by aberrant
SV recycling, rather than functional SVs. These results are
consistent with a defect in synaptic vesicle recycling in fat-3
mutants.

Exogenous AA Rescues the SV Recycling Defect in fat-3
Mutants

To test whether the defect in SV recycling observed in fat-3
mutants is dependent on LC-PUFA depletion, we analyzed
the localization of SNB-1::GFP in fat-3(wa22) mutants grown
in medium supplemented with the LC-PUFA AA (Figure 3).
We and others had previously shown that providing exog-
enous LC-PUFAs, including AA, could rescue the functional
defects associated with the fat-3 mutation (Lesa et al., 2003;
Watts et al., 2003; Kahn-Kirby ef al., 2004).

We first verified that exposure to exogenous AA rescued
the locomotion defect observed in fat-3(wa22) mutants (Fig-
ure 3A). We calculated the locomotion rate by counting the
number of body bends per second. In the absence of AA,
fat-3(wa22) mutants moved much more slowly than WT
animals (0.13 = 0.01, n = 25, vs. 0.30 = 0.01, n = 28; p =
0.0001). When these mutants were grown in media supple-
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Figure 2. SVs and membrane-bounded structures at synapses. (A)
Electron micrographs of WT and fat-3 mutant synapses fixed by
high-pressure freezing. In fat-3(wa22) mutants, SVs (black arrows)
appear larger and more heterogeneous than in WT animals. The
presynaptic dense bar is indicated by black arrowheads. Scale bar,
0.5 um. (B) Average SV diameter in fat-3(wa22) mutants. The aver-
age diameter was significantly higher in the mutants than in WT
animals (35.13 = 0.86 vs. 31.06 = 0.94 nm, p = 0.004). (C) Average
SV diameter in fat-3(Ig8101) mutants. To confirm that SV had a
larger diameter in fat-3 mutants, we measured SV size in the fat-
3(1g8101) null mutant (C) and found that the SV diameter was
significantly higher than in WT animals (50.37 * 0.80 vs. 34.59 =
0.46 nm, p < 0.0001). (D) Diameter distribution of round membrane-
bounded structures found at presynaptic sites in the fat-3(1g8101)
mutant. These structures are distinctly larger in diameter than SVs
and are likely to be generated by defective endocytosis. (E) Electron
micrographs showing WT and fat-3(Ig8101) synapses at high
magnification. Round membrane-bounded structures are visible
in fat-3(1g8101) mutants (black arrows), but not in WT animals.
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Figure 3. The LC-PUFA arachidonic acid rescues the locomotion
defect and the mislocalization of synaptobrevin in fat-3 mutants. (A)
Exogenous AA rescues the locomotion defect of fat-3 mutants but
not of unc-57-endophilin mutants. (B) Exogenous AA restores WT
localization (top) of SNB-1::GFP in fat-3 mutants (middle) but not in
unc-57-endophilin mutants (bottom panel). Scale bar, 30 um. (C) AA
restores a diffusion value similar to that observed in WT animals in
fat-3 but not in unc-57-endophilin mutants. The quantification was
performed on a 50 um portion 28 um posterior to the ring motor
neuron RMED (schematic in Figure 1A). In A and C, data are plotted
as mean = SEM. ***p < 0.0001, versus WT. Alleles: fat-3(wa22) and
unc-57(0k310).

mented with AA, the locomotion rate was indistinguishable
from that of WT animals exposed to the LC-PUFA (0.34 =
0.02, n = 25, vs. 0.34 = 0.01, n = 28; p = 0.65). The effect of

SVs are indicated by asterisks and the presynaptic dense bar is
indicated by white arrowheads. Scale bar, 0.10 wm. **p < 0.005.
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Figure 4. Synaptojanin levels at sites of re-
lease are severely reduced in faf-3 mutants.
All images were taken from the same 50 um
portion of the dorsal nerve cord (in black in
the schematic on panel F). Anterior, left; dor-
sal, up. The nerve cord is shown in red. (A)
Colocalization of GFP::UNC-26 with the pre-
synaptic marker SYD-2::RFP in unc-26-synap-
tojanin animals. (B and C) Effect of the LC-
PUFA AA on synaptojanin localization at

fat-3unc-26

release sites. (B) In unc-26-synaptojanin ani-
mals, which have a fully functional FAT-3
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protein, GFP::UNC-26 is localized along the
dorsal nerve cord and accumulates in synap-
tic varicosities exhibiting a punctate pattern.
In fat-3unc-26-synaptojanin mutants, which
have a nonfunctional FAT-3 protein, GFP::UNC-26
fluorescence is reduced at sites of release and
often even puncta are hardly visible. Exoge-
nous AA restores the WT punctate pattern in
fat-3unc-26-synaptojanin mutants. (C) Quanti-
fication of the effect of AA on GFP::UNC-26
puncta density. (D) Quantification of GFP:UNC-26
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RT-PCR analysis of unc-26-synaptojanin mRNA
levels. Two different control genes, nhr-23
and B-actin, were used to normalize for the
levels of unc-26-synaptojanin mRNA. No sig-
nificant difference was detected in the
mRNA levels of fat-3 mutants and wunc-57-
endophilin mutants compared with WT ani-
mals. Values are represented as the ratio
between the mRNA copy number of unc-26-
synaptojanin and that of either B-actin or nhr-
23, and are normalized to WT. (F) UNC-57:
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GFP and AMPH-1::GFP localizations appear
normal in fat-3 mutants. In A, B, and F the
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fluorescence detected outside the nerve cord
is gut autofluorescence. In C, D, and E data
were plotted as mean = SEM. Scale bars, 10

pm. **p = 0.026; **p < 0.001. Dnc, dorsal nerve cord. Alleles: fat-3(wa22), unc-57(0k310) and unc-26(s1710).

exogenous AA was specific to fat-3(wa22) mutants, because
unc-57(0k310)-endophilin mutants did not move faster when
they were grown in the presence of AA (0.08 = 0.01, n = 28,
vs. 0.06 = 0.01, n = 25).

The defect in the localization of SNB-1::GFP in the axonal
plasma membrane was also largely rescued by providing
exogenous AA (Figure 3B). fat-3(wa22) mutants exposed to
AA showed the same punctate SNB-1::GFP fluorescence ob-
served in WT animals, and the diffusion value, which was
0.174 = 0.013 in fat-3(wa22) mutants grown in the absence of
AA, was virtually identical to that in WT animals (0.098 =
0.005, n = 20 vs. 0.096 = 0.006, n = 25; Figure 3C). Conversely,
WT animals and unc-57-endophilin mutants exposed to exoge-
nous AA showed no change in the pattern of SNB-1:GFP
fluorescence (Figure 3B) or in the diffusion value (Figure 3C),
which went from 0.096 = 0.006 (n = 25) to 0.085 = 0.008 (n =
13) in WT animals and from 0.293 = 0.032 (n = 25) to 0.294 =
0.043 (n = 9) in unc-57-endophilin mutants.

These experiments suggest that the defect in SV recycling
observed in fat-3 mutants is caused by LC-PUFA depletion.
Therefore, normal levels of LC-PUFAs are required for nor-
mal recycling of SV components at synapses.

fat-3 Is Required for Normal Synaptojanin Localization
at Sites of Release

We observed that the behavioral phenotype of fat-3(wa22)
mutants is qualitatively similar, although weaker, to that of
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the endocytosis mutants unc-26-synaptojanin, raising the pos-
sibility that the normal function of synaptojanin might re-
quire LC-PUFAs. We examined the localization of the fully
functional, GFP-tagged synaptojanin protein (GFP:UNC-26,
Figure 4, A-D) at release sites of unc-26(s1710)-synaptojanin
mutants. We used the unc-26 mutant background because
GFP::UNC-26 is mislocalized in a WT unc-26 background
(Kim Schuske and Erik Jorgensen, personal communication).
We confirmed that the puncta observed with GFP::UNC-26
were release sites by showing that they colocalized with the
active zone marker SYD-2 (Zhen and Jin, 1999; Figure 4A). In
fat-3(wa22)unc-26(s1710)-synaptojanin mutants, GFP:UNC-26
fluorescence in the dorsal nerve cord was greatly reduced,
such that most fluorescent puncta were hardly detectable,
and there were fewer of them than in WT animals (Figure
4B). The puncta density was decreased from 1.95 * 0.09
puncta/10 um in the presence of the WT fat-3 gene (unc-26
animals, n = 20) to 1.63 = 0.10 in fat-3(wa22)unc-26(s1710)-
synaptojanin mutants (p = 0.026, n = 21; Figure 4C). The
number of puncta was restored to normal when fat-
3(wa22)unc-26-synaptojanin mutants were grown in the pres-
ence of exogenous AA (2.14 * 0.09, n = 21, vs. 2.11 * 0.08,
n = 20). The decrease in puncta in the fat-3 mutants was not
caused by a reduction in synapse number along the nerve cord,
because the density of SNB-1:GFP fluorescent puncta was
virtually identical in faf-3(wa22) mutants and WT animals
(see Figure 1D); it reflected a decrease in GFP:UNC-26 fluo-

Molecular Biology of the Cell



rescence of individual puncta. The levels of GFP::UNC-26 flu-
orescence detected in the dorsal nerve cord were drastically
reduced in fat-3(wa22) mutants in comparison to WT animals
(26.9 = 2.9%,n =19 vs. 100 * 13.4%, n = 16, p = 0.0004; Figure
4D). These very low levels of GFP:UNC-26 fluorescence were
partially rescued by providing exogenous AA (from 269 *+
2.9%,n =19,t057.2 = 6.2%,n = 20; p < 0.001), suggesting that
increased levels of LC-PUFAs increase synaptojanin localiza-
tion or stabilization at release sites.

It has been shown that LC-PUFAs regulate the transcrip-
tion of certain genes (Sampath and Ntambi, 2004). Therefore,
we investigated whether the depletion of UNC-26-synapto-
janin observed in fat-3(wa22) mutants is caused by the down-
regulation of unc-26-synaptojanin transcription by perform-
ing real-time quantitative RT-PCR (Figure 4E). The ratio
between the unc-26-synaptojanin and the p-actin mRNA lev-
els was not significantly different in fat-3(wa22) mutants
(1.29 * 042, p = 0.54) or unc-57-endophilin mutants (0.90 *
0.32, p = 0.76), when compared with WT animals (1.00 *
0.04). We confirmed these results using the nuclear hormone
receptor gene nhr-23 (Van Gilst et al., 2005) to normalize for
unc-26-synaptojanin mRNA. We found that the ratio between
unc-26-synaptojanin and nhr-23 mRNA levels in fat-3(wa22)
mutants (1.09 = 0.04) was similar to that obtained in WT
animals (1.00 * 0.27). These data suggest that the transcrip-
tion of the unc-26-synaptojanin gene is normal in fat-3(wa22)
mutants, making it unlikely that the synaptojanin depletion
at release sites is caused by a decrease in synaptojanin
mRNA.

In principle, the degradation of synaptojanin at release
sites in fat-3(wa22) mutants could be caused by the mislocal-
ization of synaptojanin-localizing factors in the absence of
LC-PUFAs. To begin to test this possibility, we followed the
distribution of GFP-tagged forms of two proteins that local-
ize and/or stabilize synaptojanin at sites of neurotransmitter
release: UNC-57-endophilin (Harris et al., 2000; Schuske et
al., 2003; Verstreken et al., 2003) and amphiphysin (AMPH-
1). Amphiphysin has many common features with endophi-
lin, associates and colocalizes with synaptojanin at synapses,
and is required in vitro for synaptojanin binding to lipo-
somes composed of total brain lipids (McPherson et al., 1996,
Micheva et al., 1997; Di Paolo et al., 2002; Dawson et al., 2006).
We could not detect differences between the distribution
patterns of these proteins in fat-3(wa22) mutants and in WT
animals (Figure 4F), suggesting that the localization and
abundance of endophilin and amphiphysin at sites of release
are not dependent on LC-PUFAs.

Decreased synaptojanin function is predicted to impair SV
uncoating and thereby lead to defective SV recycling. Syn-
aptojanin depletion from fat-3(wa22) mutants release sites
could therefore explain the defects in SV recycling observed
in LC-PUFA-deficient animals.

fat-3 Acts in the Same Genetic Pathway as synaptojanin
and Independently of endophilin to Retrieve
Synaptobrevin from the Plasma Membrane

Because the fat-3(wa22) mutation causes depletion of synap-
tojanin from release sites, we tested whether fat-3 acts in the
same genetic pathway as unc-26-synaptojanin and unc-57-
endophilin. We constructed double mutant strains expressing
SNB-1:GFP in GABAergic neurons and carrying both the
fat-3(wa22) mutation and either the unc-57(0k310)-endophilin
or unc-26(s1710)-synaptojanin mutations. We reasoned that if
fat-3 acts in the same biological process as unc-57-endophilin
or unc-26-synaptojanin, the double mutants should show a
mislocalization of SNB-1::GFP at release sites similar to—
but not higher than—that of the most severe single mutant.
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Figure 5. fat-3 acts in the same genetic pathway as synaptojanin to
retrieve synaptobrevin from the plasma membrane. (A) Localization
of SNB-1::GFP at sites of release in WT, fat-3, unc-57-endophilin,
unc-57-endophilin; fat-3, unc-26-synaptojanin, and fat-3unc-26-synapto-
janin animals. SNB-1::GFP exhibits a punctate pattern in WT ani-
mals, whereas it is mislocalized in all the other strains. All images
were taken in the same 50 wm region of the dorsal nerve cord, 28 um
posterior to the nerve ring motor neuron RMED (schematic in
Figure 1A). Scale bar, 10 uwm. (B) Quantification of SNB-1::GFP
diffusion. Inactivation of fat-3 increases significantly SNB-1::GFP
diffusion in unc-57-endophilin; fat-3 animals in comparison to the
most severe single mutant, unc-57-endophilin, whereas diffusion val-
ues are virtually unchanged in fat-3unc-26-synaptojanin and unc-26-
synaptojanin animals. The average fluorescence intensities detected
in puncta and in axonal membranes between synapses are reported
in Supplementary Figure S3. Data were plotted as mean * SEM.
*p = 0.027; *p = 0.026. Alleles: fat-3(wa22), unc-57(0k310), unc-
26(s1710).

We therefore quantified SNB-1::GFP fluorescence at release
sites in the dorsal nerve cord at high resolution (Figure 5 and
Supplementary Figure S3). SNB-1::GFP diffusion values ob-
tained for the single mutants fat-3(wa22) (0.243 = 0.023, n =
10), unc-57(0k310)-endophilin (0.428 *+ 0.030, n = 15), and
unc-26(s1710)-synaptojanin (0.468 + 0.046, n = 12) were 1.36-
fold (p = 0.027), 24-fold (p < 0.0001), and 2.63-fold
(p < 0.0001), respectively, greater than those of WT animals
(0.178 = 0.015, n = 16). We found that SNB-1::GFP diffusion
was significantly increased in unc-57-endophilin; fat-3(wa22)
double mutants (0.531 + 0.024, n = 12) compared with that
of the most severe single mutant, unc-57-endophilin (0.428 =
0.030, n = 15; p = 0.026), suggesting that fat-3 and endophilin
operate in parallel biological processes. We also found that
fat-3(wa22)unc-26-synaptojanin double mutants and unc-26-
synaptojanin single mutants had almost identical SNB-1::GFP
diffusion values (0.471 = 0.028, n = 16 vs. 0.468 = 0.046, n =
12; p = 0.94), suggesting that fat-3 and synaptojanin operate
in the same genetic pathway to regulate SNB-1:GFP re-
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trieval from the plasma membrane. Our genetic data, along
with our UNC-57-endophilin localization data, and together
with our finding that inactivation of fat-3 causes synaptoja-
nin mislocalization at release sites, suggest that FAT-3 acts
independently of endophilin to influence synaptojanin local-
ization at these sites.

fat-3 Influences the Levels of PtdIns(4,5)P, at Sites of
Release

LC-PUFAs, and particularly AA, are almost invariably esteri-
fied at the position sn2 of the phosphoinositide PtdIns(4,5)P,
(Wenk and De Camilli, 2004), which is the main substrate of
synaptojanin in the brain. In principle, therefore, the depletion
of LC-PUFAs in fat-3 mutants could cause a decrease of
PtdIns(4,5)P, synthesis, resulting in inefficient binding or sta-
bilization of synaptojanin at release sites. To test this possibil-
ity, we used a PtdIns(4,5)P, binding domain. The pleckstrin
homology (PH) domain of the phospholipase C 41 (PHp; ;)
binds selectively to PtdIns(4,5)P, (Varnai and Balla, 1998;
Patton et al., 2005). To follow the levels of PtdIns(4,5)P, at sites of
release, we expressed PHp, ,; tagged with GFP (PHp, _,,:GFP)
in neurons of WT and fat-3(wa22) mutants (Figure 6). In WT
animals, PHp; _,,::GFP was distributed in a punctate pat-
tern in the sublateral dorsal nerve cords, as expected for sites
of release (Figure 6A). In fat-3(wa22) mutants, we observed a
similar distribution of PHp;_,;::GFP, but we detected
higher levels of fluorescence. We quantified the total levels
of PHp; _,1::GFP fluorescence in the sublateral nerve cord
and found a significant increase in fat-3(wa22) mutants
(150.2 £ 13.2%), compared with WT animals (100.0 % 15.2%,
p = 0.021; Figure 6B). We detected a significant increase in
PHp; ., ::GFP levels both in the puncta [fat-3(wa22) mu-
tants: 178.2 * 11.8 compared with WT animals: 138.5 = 14.5,
p = 0.028] and in axonal plasma membranes [fat-3(wa22)
mutants: 146.4 = 14.8 compared with WT animals: 105.4 *
13.8, p = 0.036; Figure 6C], suggesting that in the mutant
PtdIns(4,5)P, levels are higher at sites of release as well as in
axonal plasma membranes. The increase in PtdIns(4,5)P, in
fat-3(wa22) mutants was neuronal specific, because the total
levels of PtdIns(4,5)P, measured by HPLC in whole worms
were slightly decreased in fat-3(wa22) mutants compared
with WT animals (Supplementary Figure S4). These results
suggest that synaptojanin mislocalization is not caused by
low levels of PtdIns(4,5)P, at release sites in faf-3 mutants.

DISCUSSION

We had previously shown that fat-3 mutants, which are
depleted of LC-PUFAs, have a reduction in the number of
SVs at release sites and a corresponding decrease in neuro-
transmitter release (Lesa et al., 2003). Here, we have inves-
tigated the reasons for the SV depletion in fat-3 mutants. We
find that, although we cannot detect defects in the biosyn-
thesis and transport of SV components from neuronal cell
bodies to presynaptic sites, the mutants show a variety of
defects that are consistent with an impairment in SV recy-
cling. First, the SV protein synaptobrevin is mislocalized in
a way that suggests that it is not efficiently retrieved from
the presynaptic plasma membrane. Second, we find that
fat-3 acts in the same biological process as unc-26-synaptoja-
nin, a gene involved in the endocytic retrieval of SV compo-
nents, implying that the FAT-3 protein is also involved in
this process. Third, fat-3 mutants have abnormally low levels
of synaptojanin at sites of neurotransmitter release and have
increased levels of the main synaptojanin substrate PtdIns(4,5)P,
at these sites, suggesting that LC-PUFAs are required for
correct synaptojanin localization and function at synapses.
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Figure 6. PtdIns(4,5)P, levels at sites of release are increased in
fat-3 mutants. (A) Distribution of the PtdIns(4,5)P, reporter
PHp; . 51=GFP in WT animals and fat-3(wa22) mutants. PHpyc ;i
GFP exhibits a punctate pattern in the sublateral dorsal nerve cord
of WT animals and fat-3(wa22) mutants, as expected for sites of
release. In fat-3(wa22) mutants, the level of PHp; _,,::GFP fluores-
cence is higher than in WT animals, suggesting that PtdIns(4,5)P,
levels are increased. Images were taken from the same 50-um por-
tion of the sublateral nerve cord, which is indicated in the schematic
(black box). Anterior, left; dorsal, up. Scale bar, 10 um. (B) Quanti-
fication of PHp; _;;::GFP fluorescence in the sublateral dorsal nerve
cord. The PHp; _,,::GFP fluorescence measured in fat-3(wa22) mu-
tants is significantly higher than in WT animals. ***p = 0.021. (C)
Quantification of PHp; _,,::GFP fluorescence at sites of release and
in the axonal membrane. fat-3(wa22) mutants display significantly
higher levels of PHpy _y,::GFP fluorescence than WT animals at sites
of release (puncta fluor, left graph) as well as in the axonal mem-
brane (axon fluor, right graph). Data are plotted as mean * SEM.
**p = 0.028; *p = 0.036.

Together, our findings suggest that FAT-3 is required up-
stream of synaptojanin at release sites to regulate the local-
ization of synaptojanin and allow SV recycling to proceed
efficiently.

LC-PUFAs Are Required for Efficient SV Recycling

The synaptobrevin mislocalization at synaptic sites in fat-
3(wa22) mutants is similar to that observed in C. elegans and
Drosophila endocytic mutants, including mutants in AP180
(Nonet et al., 1999; Bao et al., 2005), endophilin (Schuske et al.,
2003), synaptojanin (Harris et al., 2000), and dynamin (Dittman
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and Kaplan, 2006). In all of these endocytic mutants, synap-
tobrevin is not retrieved efficiently after SV fusion and dif-
fuses back along the axonal plasma membrane. In principle,
synaptobrevin mislocalization could also be caused by an
abnormally high number of SVs fusing with the presynaptic
membrane, as reported for the tomosyn mutant (Dittman
and Kaplan, 2006; McEwen et al., 2006). This cannot be the
explanation for synaptobrevin mislocalization in fat-3 mu-
tants, however, because the number of SVs fusing with the
presynaptic membrane at release sites is abnormally low in
these animals. Indeed, compared with WT animals, fat-
3(wa22) mutants display decreased evoked excitatory postsynap-
tic currents, as well as a lower frequency of miniature
postsynaptic currents (Lesa ef al., 2003). Therefore, we con-
clude that synaptobrevin mislocalization in fat-3 mutants
reflects deficits in SV recycling. Consistent with this conclu-
sion, we find that fat-3 and unc-26-synaptojanin operate in the
same biological process to control synaptobrevin retrieval
from the plasma membrane, suggesting that FAT-3 func-
tions in the endocytic part of the SV recycling process. The
finding that an exogenous LC-PUFA largely rescues both
synaptobrevin and synaptojanin mislocalizations in fat-3
mutants argues that the defect in endocytosis in the mutant
is caused by LC-PUFA depletion.

Recent studies have shown that the PUFAs ALA, LIN,
AA, and DHA induce SNARE complex formation, thus pro-
moting vesicle docking and/or fusion (Darios and Davletov,
2006). Could inefficient formation of SNARE complexes be
the cause of the SV recycling defects in fat-3 mutants? This
seems unlikely, as fat-3 mutants are only depleted of LC-
PUFAs and contain high levels of other PUFAs including
ALA and LIN, which are both able to induce SNARE com-
plex formation (Darios and Davletov, 2006). In addition,
exogenous LIN does not rescue the inefficient neurotrans-
mitter release associated with loss of fat-3 function (Lesa et
al., 2003). Moreover, it is unlikely that fat-3 mutants are
defective in SV docking or fusion, as this should result in an
increased number of SVs docked at the presynaptic mem-
brane, and fat-3 mutants are depleted of these vesicles (Lesa
et al., 2003).

The SV Recycling Defect Observed in fat-3 Mutants Is
Caused by Reduced Synaptojanin Function

Animals depleted of LC-PUFAs have abnormally low levels
of synaptojanin at release sites. Because synaptojanin mRNA
levels in these animals are similar to those in WT animals, it
is unlikely that the depletion of synaptojanin at release sites
is caused by a decrease in synaptojanin mRNA. The simplest
possibility is that synaptojanin fails to bind efficiently at
these sites when LC-PUFAs are depleted. Consistent with
this possibility, we find that overexpression of synaptojanin
fails to rescue the neuronal phenotypes in fat-3(wa22) mu-
tants (data not shown), suggesting that FAT-3 may act on
one or more factors important for synaptojanin localization
and/or stabilization at release sites.

Synaptojanin dephosphorylates the phosphoinositide PtdIns
(45)P, (McPherson et al., 1996), thereby promoting the uncoating
of presynaptic endocytic vesicles (Cremona et al., 1999; Cremona
and De Camilli, 2001; Wenk and De Camilli, 2004). C. elegans and
Drosophila synaptojanin mutants are defective in SV recycling, as
well as in neurotransmitter release; they have a depleted SV pool
and the SVs are larger than normal (Harris et al., 2000; Verstreken
et al., 2003; Dickman et al., 2005). fat-3 mutants also show all of
these defects, consistent with the proposal that FAT-3 and LC-
PUFAs promote endocytosis at synapses by regulating synapto-
janin localization or stabilization at sites of release. In addition, our
epistasis analysis indicates that FAT-3 acts upstream of and in the
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same genetic pathway as synaptojanin to retrieve SNB-1::GFP
from the presynaptic plasma membrane. Because fat-3 mutants
retrieve SNB-1::GFP from these sites only poorly and inefficient
SNB-1::GFP retrieval directly correlates with defects in endocyto-
sis, our findings suggest that the endocytosis defects observed in
fat-3 mutants are caused by a reduction of synaptojanin function
at release sites. The local increase in PtdIns(4,5)P, that we dem-
onstrate at release sites in fat-3 mutants is presumably a conse-
quence of the decreased synaptojanin function at these sites (Cre-
mona ef al., 1999; Stefan et al., 2002).

How Does a Lack of LC-PUFAs Affect Synaptojanin
Localization?

We observe a severe depletion of synaptojanin at synapses
in LC-PUFA-depleted animals. By contrast, two other pro-
teins that are concentrated at release sites and bind synap-
tojanin—endophilin and amphiphysin (Micheva et al., 1997;
Di Paolo et al., 2002; Schuske et al., 2003; Verstreken et al.,
2003)—do not appear to be mislocalized in fat-3 mutants,
suggesting that these proteins do not require LC-PUFAs to
bind to release sites and the decreased recruitment of syn-
aptojanin at release sites is not caused by a decrease in either
endophilin or amphiphysin. Indeed, our genetic and GFP:
UNC-26 localization findings show that FAT-3 influences
synaptojanin recruitment at release sites independently of
endophilin.

It is unclear why LC-PUFAs are required for the normal
recruitment of synaptojanin at release sites. Intuitively, it
seems unlikely that the protein binds directly to LC-PUFAs,
as their fatty acid chains are buried in the interior of the lipid
bilayer. On the other hand, synaptojanin must bind
PtdIns(4,5)P, to dephosphorylate it (Tsujishita et al., 2001)
and experiments in vitro have demonstrated that the cata-
lytic domain of synaptojanin has a substrate preference for
membranes enriched in a natural PtdIns(4,5)P, carrying an
LC-PUFA compared with membranes containing a synthetic
PtdIns(4,5)P, with two saturated fatty acids (Schmid et al.,
2004). fat-3 mutants are devoid of LC-PUFAs, and therefore
it is likely that most of their PtdIns(4,5)P, does not contain
LC-PUFAs. It seems therefore possible that the substrate
preference of synaptojanin for the PtdIns(4,5)P, present in
fat-3 membranes decreases, resulting in synaptojanin being
unable to localize efficiently to these membranes and effec-
tively resulting in decreased synaptojanin function.
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