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SYNAPTOGYRIN-DEPENDENT MODULATION OF SYNAPTIC

NEUROTRANSMISSION IN CAENORHABDITIS ELEGANS
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Abstract—The tetraspan membrane proteins of the synapto-
gyrin and synaptophysin type are abundant and evolutionary
conserved synaptic vesicle membrane proteins whose func-
tions are poorly defined. Their depletion does not interfere with
proper neuronal development and basic neuronal function. In
the search for their function we use the genetic model organism
Caenorhabditis elegans in which, in contrast to vertebrates, the
synaptogyrin but not the synaptophysin orthologue is predom-
inant in neurons. Employing fluorescent reporter constructs we
find that synaptogyrin is expressed in all GABAergic neurons
and most, though not all other neurons. Subjecting animals
either lacking or overexpressing synaptogyrin to the epilepto-
genic GABA antagonist pentylenetetrazole reveals increased
sensitivity in comparison to the wild-type. Detailed analyses
further uncover mildly altered motility, slightly reduced sensi-
tivity to the acetylcholine esterase inhibitor aldicarb and de-
creased recruitment of synaptobrevin but not of RAB-3 to syn-
apses. Furthermore, synthetic phenotypes are observed with
mutants of the synaptic vesicle recycling machinery, notably
with synaptotagmin, synaptojanin and endophilin rather than
with mutants involved in clathrin-dependent endocytosis.
Taken together, these observations assign a distinct modula-
tory and redundant neuronal function to synaptogyrin. © 2011
IBRO. Published by Elsevier Ltd. All rights reserved.

Key words: synaptic vesicle cycle, GABA, tetraspan vesicle
membrane protein, synaptogyrin, synaptophysin, Caeno-
rhabditis elegans.

Synaptophysins and synaptogyrins are major synaptic vesi-
cle proteins (Hubner et al., 2002; Valtorta et al., 2004; Taka-
mori et al., 2006; Burre and Volknandt, 2007). They are
tyrosine-phosphorylated and are characterized by four mem-
brane-spanning domains (Hubner et al., 2002; Evans and
Cousin, 2005; Arthur and Stowell, 2007). Together with other
vesicle membrane proteins that share the same transmem-
brane topology they are referred to as tetraspan vesicle
membrane proteins (TVPs). They are encoded by multigene
families in mammals and are evolutionary conserved
throughout the animal kingdom (Hubner et al., 2002; Abra-
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bbreviations: ANOVA, analysis of variance; CFP, cyan fluorescent
rotein; DiI, 1, 1’-dioctadecyl-3, 3, 3’, 3’-tetramethylindocarbocyanine
erchlorate; dsRNA, double stranded RNA; GFP, green fluorescent
rotein; KS-test, Kolmogorow–Smirnow-test; NGM, normal growth
edium; PTZ, pentylenetetrazole; ric, resistance to inhibitors of cho-

inesterase; RNAi, RNA interference; SEM, standard error of the
a
ean; TVP, tetraspan vesicle membrane proteins; wt, wild-type; YFP,

ellow fluorescent protein.
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ham et al., 2006). While synaptophysin is the major neuronal
TVP in mammals, this property has been assigned to synap-
togyrin (SNG-1) in C. elegans (Nonet, 1999; Hubner et al.,
002; Abraham et al., 2006; Ruvinsky et al., 2007). It has
een demonstrated recently that murine synaptophysins and
ynaptogyrins associate with each other both in vitro and in

vivo (Felkl and Leube, 2008). Despite their abundance in
ynaptic vesicles and their evolutionary conservation, only
ery little is known about their function. It has been shown in
ouse and C. elegans that they are completely dispensable

or nervous system development and performance of basic
euronal functions (Eshkind and Leube, 1995; McMahon et
l., 1996; Abraham et al., 2006), although they are tightly
ssociated with components of the synaptic vesicle recycling
achinery (cf. Hubner et al., 2002). Only very minor deficien-

ies have been reported to date in gene depletion experi-
ents. Thus, a slight decrease of synaptobrevin expression,
orphological changes of photoreceptors and mild altera-

ions in learning and behavior were observed in synaptophy-
in knockout mice (McMahon et al., 1996; Spiwoks-Becker et
l., 2001; Schmitt et al., 2009). In TVP-deficient C. elegans an

ncrease in clathrin-coated vesicles was noted (Abraham et
l., 2006). Further analyses of synaptogyrin/synaptophysin
ouble-knockout mice revealed defects in synaptic plasticity
Janz et al., 1999).

Given the difficulty to assign neuronal functions to
ynaptophysins and synaptogyrins, we further exploited
he suitability of the model organism C. elegans to perform
arge scale assays. We extend previous data by showing
hat synaptogyrin is the major neuronal TVP polypeptide
hich is expressed in all 26 GABAergic neurons and most

hough not all other neurons. Using the competitive GABA
ntagonist pentylenetetrazole (PTZ) we find that the con-
ulsive threshold of worms either lacking or overexpress-

ng synaptogyrin is reduced in comparison to the wild-type
wt). Detailed analyses further reveal mild changes in mo-
ility, reduced synaptic recruitment of synaptobrevin and a
lightly increased resistance to the acetylcholine esterase

nhibitor aldicarb. Crossing synaptogyrin-deficient worms
ith worms mutant for other synaptic vesicle components

urther reveals synthetic phenotypes. Taken together, the
ata suggest that synaptogyrin either acts as a modulator
f neurotransmission and/or is involved in an alternative
ynaptic vesicle pathway.

EXPERIMENTAL PROCEDURES

Gene constructs

Transcriptional reporter construct sng-1p::cfp was prepared by first

mplifying a 3579 bp SalI/BamHI-flanked promoter fragment with

ts reserved.
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amplimers 05-132 (5=-GGA GGA GTC GAC GTA GAT TCA ACC
GAG CAT TC-3=) and 05-133 (5=-GGA GGA GGA TCC GGG TCA
GAG GTG TTC AGA TTC-3=) from cosmid T08A9. This fragment
was subsequently cloned into vector pVH10.10 carrying the cyan
fluorescent protein (CFP)-encoding cDNA (Hutter, 2003). A vector
containing sng-1p::yfp was described recently (Abraham et al.,
2006).

To prepare hybrid gene sng-1::yfp, a 6544 bp BamHI/XmaI-
flanked fragment was amplified with oligonucleotides 00-18 (5=-
CGG GAT CCG GGA TTA GTA CTT GTG AAT GAG-3=) and
00-15 (5=-TCC CCC CGG GCA TAA CCA TAT CCT TCC GAC
T-3=) from cosmid T08A9 which was then inserted into pVH20.01
(Hutter, 2003).

For preparation of rescue construct sng-1p::sng-1, a 553 bp
XmaI/NcoI-flanked fragment was amplified with primers 06-117
(5=-CAT CCC GGG TAG TTT TTT AGC CAA AC-3=) and 06-118
(5=-CCA CCA TGG GTT GAA AAT AAA ACT TGA AG-3=) from
cosmid T08A9 and cloned into the sng-1::yfp-containing vector.

The transcriptional reporter construct ifb-2p::yfp was prepared
by amplifying the 1994 bp ifb-2 promoter fragment from genomic
DNA as described (Husken et al., 2008) and inserting it into the HindII/
PstI sites of the yfp-containing vector pVH20.01 (Hutter, 2003).

The GABAergic rescue construct unc-25p::sng-1 was gener-
ated by first amplifying a HindIII/BamHI-flanked unc-25 promoter
fragment with amplimers 10-135 (5=-TTA AGC TTG TCG ACT
TTA AAA AAA TAT TTT TTT TTT CAG AAA ATA AGA AAA GCC
G-3=) and 10-136 (5=-TGG ATC CGC GGC CGC TCT AGA TTT
TGG CGG TGA ACT GAG C-3=) from genomic DNA. The pro-
moter was then inserted into HindIII/BamHI-digested pVH20.01.
Additionally, a 1866 bp NotI/BamHI-fragment encompassing the
entire coding region of the sng-1 gene was amplified with amplimers
10-137 (5=-AAG CGG CCG CGG TAC CAT GGA GAA CGT GCG
TGC TTA TG-3=) and 10-138 (5=-TAG GAT CCG ATA TCT CTA
GAT TAA GAT ATC ATA ACC ATA TCC TTC CGA C-3=) from
genomic DNA and placed into the unc-25p-containing vector.

Worm strains and RNA interference

Animals were cultured on normal growth medium (NGM)-agar
plates by standard techniques. A complete list of strains used in
this study is provided in Table 1.

For RNA-mediated interference NGM-agar plates containing 25
�g/ml carbenicillin (Roth, Karlsruhe, Germany) and 1 mM isopropyl-
�-D-thiogalactopyranoside (Fermentas, St. Leon-Rot, Germany)

ere inoculated with 200 �l of an overnight HT115 culture containing
dsRNA-producing plasmids (empty vector L4440 (Fraser et al., 2000)
and HGMP ID X-3F24 for sng-1). Plates were incubated at room
temperature overnight before placing four L4 of RNA interference
(RNAi)-sensitive strain GR1373 eri-1(mg366)IV on each plate. The

Table 1. continued

Strain Genotype

EG2710 unc-57(ok310)I
EG3008 sng-1(ok234), oxIs12[lin-15(�), unc-47p::gfp], lin-

15(n765ts)X
GR1373 eri-1(mg366)IV
KP3819 nuIs152[unc-129p::gfp::snb-1, ttx-3p::mrfp]II
KP3961 nuIs168[unc-129p::venus::rab-3, myo-2p::nIs::gfp]IV
MT6977 snt-1(n2665)II
N2 wild type
NM204 snt-1(nd290)II
NM467 snb-1(md247)V
VH180 hdEx24[rol-6(su1006), sng-1::yfp]
Table 1. List of strains used in this study

Strain Genotype

BJ20 wild type
J14 sng-1(ok234)X
J23 kcEx2[sng-1p::yfp]
J31 kcEx3[sng-1p::cfp]
J60 kcEx3[sng-1p::cfp]; oxIs12[lin-15(�), unc-47p::gfp], lin-

15(n765ts)X
BJ67 eri-1(mg366)IV; sng-1(ok234)X

J93 snt-1(ed596)II; sng-1(ok234), oxIs12[lin-15(�),
unc-47p::gfp], lin-15(n765ts)X

BJ97 chc-1(b1025ts)I; sng-1(ok234)X
J98 unc-64(e246)III; sng-1(ok234), oxIs12[lin-15(�),

unc-47p::gfp], lin-15(n765ts)X
BJ99 unc-26(m2)IV; sng-1(ok234)X

J100 snb-1(md247)V; sng-1(ok234), oxIs12[lin-15(�),
unc-47p::gfp], lin-15(n765ts)X

BJ101 unc-57(ok310)I; sng-1(ok234)X
J103 kcEx12[sng-1p::sng-1, ifb-2p::yfp]; sng-1(ok234)X
J107 kcEx8[sng-1::yfp]
J109 fat-3(wa22)IV; sng-1(ok234), oxIs12[lin-15(�),

unc-47p::gfp], lin-15(n765ts)X
BJ110 unc-24(e138)IV; sng-1(ok234)X

J115 unc-57(e406)I; sng-1(ok234), oxIs12[lin-15(�),
unc-47p::gfp], lin-15(n765ts)X

BJ116 unc-1(e538), sng-1(ok234), oxIs12[lin-15(�),
unc-47p::gfp], lin-15(n765ts)X

BJ117 sng-1(ok234), dyn-1(ky51)X
J118 snt-1(nd290)II; sng-1(ok234)X
J119 snt-1(n2665)II; sng-1(ok234), oxIs12[lin-15(�),

unc-47p::gfp], lin-15(n765ts)X
BJ120 kcEx19[sng-1p::sng-1, ifb-2p::yfp]

J122 snt-1(ed596)II; sng-1(ok234)X
J123 snt-1(n2665)II; sng-1(ok234)X
J124 snt-1(nd290)II; sng-1(ok234)X
J125 unc-57(ok310)I; sng-1(ok234)X
J126 unc-57(e406)I; sng-1(ok234)X
J127 unc-26(m2)IV; sng-1(ok234)X
J174 oxls22[myo-3p::unc-49::gfp, lin-15(�)]II; sng-1(ok234)X
J175 nuIs168[unc-129p::venus::rab-3, myo-2p::nls::gfp]IV;

sng-1(ok234)X
BJ176 nuls152[unc-129p::gfp::snb-1, ttx-3p::mrfp]II; sng-

1(ok234)X
BJ178 juls1[unc-25p::snb-1::gfp]IV; sng-1(ok234)X

J180 kcEx30[unc-25p::sng-1, ifb-2p::yfp]; sng-1(ok234)X
J181 kcEx30[unc-25p::sng-1, ifb-2p::yfp]; sng-1(ok234)X
J182 kcEx33[unc-25p::sng-1, ifb-2p::yfp];

juIs1[unc-25p::snb-1::gfp]IV; sng-1(ok234)X
BJ190 kcEx31[unc-25p::sng-1, myo-3p::mcherry::unc-54];

sng-1(ok234)X
BJ197 kcEx34[unc-25p::sng-1, myo-2p::nls::gfp];

juIs1[unc-25p::snb-1::gfp]IV; sng-1(ok234)X
BX30 fat-3(wa22)IV

B138 unc-24(e138)IV
B406 unc-57(e406)I
B538 unc-1(e538)X
X51 dyn-1(ky51)X
Z333 juIs1[unc-25p::snb-1::gfp]IV
A596 snt-1(ed596)II
H1230 chc-1(b1025ts)I
R2 unc-26(m2)IV
G1055 unc-64(e246)III
G1285 oxIs12[lin-15(�), unc-47p::gfp], lin-15(n765ts)X
F1 progeny was analyzed after incubation at 20 °C.
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RT-PCR

Young adult worms grown on agar plates were washed with M9
medium (41 mM Na2HPO4, 25 mM KH2PO4, 10 mM NaCl, 20
mM NH4Cl) and centrifuged. The resulting worm pellet was
dissolved in 1 ml Trizol reagent (Invitrogen, Karlsruhe, Ger-
many), frozen in liquid nitrogen and ground into a fine powder
in a mortar. The RNA was subsequently extracted with phenol/
chloroform/isoamyl alcohol (Applied Biosystems, Darmstadt,
Germany) and cleaned with the help of the RNeasy-Kit (Qia-
gen, Hilden, Germany). 1 �g of purified total RNA was reverse
ranscribed with oligo-dT primer using the Transcriptor First

Fig. 1. Synaptogyrin-deficient worms are hypersensitive to the GABA
after a 30 min treatment with either 1 mg/ml PTZ (left) or 20 mg/ml P
in comparison to the wild-type (wt) strain BJ20 (n�211). As a positive
were compared by one-way ANOVA Bonferroni’s multiple comparison

t and sng-1 are most pronounced at intermediate PTZ concentration
ng-1: n�51 at 4 mg, n�60 at 6 mg, n�57 at 8 mg and n�57 at 10 m
0 mg). All experiments were blinded and done in triplicate. Comparis
C) The micrographs were taken from video recordings (Movies 1 an
M467 (snb-1) in the presence of 6 mg/ml PTZ. Note the cane-like d

Fig. 2. Decrease and increase of synaptogyrin are both associated w
linded experiments investigating PTZ sensitivity of RNAi-sensitive stra

at 6 mg/ml; n�5 at 8 mg/m; n�9 at 10 mg/m) or bacteria containing an
utant strain BJ67 was used as a positive control (n�9 at 6 mg/ml; n�
xperiments performed independently in triplicate. Differences were an
hown are the percentages of cramped worms in the presence of e

ild-type (wt [BJ20]; n�140 at 4 mg/ml and n�152 at 8 mg/ml), synaptogyrin-
ontained additional sng-1 copies (sng-1(�) [BJ120]; n�114 at 4 mg/ml and n
trand cDNA Synthesis Kit (Roche, Mannheim, Germany). The
esulting cDNA was analyzed by semiquantitative PCR with the
elp of a LightCycler (Roche) using the LightCycler TaqMan
aster Kit (Roche). Primer and TaqMan probes for synapto-
yrin (forward primer 5=-TGG ATA CGG AGG AGA CTC AAC-
=, reverse primer 5=-AGC ACC AGA TTG GTA TGA GGA-3=,
PL#39) and GAPDH (forward primer 5=-CGA CCC TCA CTC GTC

CAT-3=, reverse primer 5=-CAA CAC GGT TCG AGT ATC CA-3=,
UPL#67) were obtained from the Universal Probe Library Assay
Design Center (Roche). Quantitative analyses were performed on
two separately prepared cDNAs and were done in triplicate in each

st PTZ. (A) The histogram depicts the percentage of cramped animals
. Note the increased sensitivity of sng-1 mutant strain BJ14 (n�113)
synaptobrevin mutant snb-1 (strain NM467; n�287) was used. Data
0.05; *** P�0.001). (B) Graph, showing that the differences between
124 at 4 mg, n�138 at 6 mg, n�117 at 8 mg and n�128 at 10 mg;

nb-1: n�154 at 4 mg, n�143 at 6 mg, n�140 at 8 mg and n�121 at
analyzed by paired Student’s t-test (P�0.001 for all concentrations).
depict representative worms of strains BJ20 (wt), BJ14 (sng-1) and

of sng-1 mutants. Bars, 100 �m.

ed PTZ sensitivity. (A) The histogram shows results of representative
3 eri-1(mg366) after feeding with bacteria producing sng-1 RNAi (n�9
ctor (wt; n�10 at 6 mg/ml; n�10 at 8 mg/ml; n�9 at 10 mg/ml). sng-1

g/ml; n�5 at 10 mg/ml). (B) The histogram presents results of blinded
y one-way ANOVA Bonferroni’s multiple comparison test (** P�0.01).
g/ml (left) or 8 mg/ml PTZ (right). The worms examined were either
antagoni
TZ (right)

control,
test (* P�
s (wt: n�
g; and s

ons were
d 2) and
ith elevat
in GR137
empty ve
8 at 8 m
alyzed b

ither 4 m

deficient (sng-1 [BJ14]: n�120 at 4 mg/ml and n�122 at 8 mg/ml) or
�100 at 8 mg/ml).
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case. The results were analyzed using the RelQuant Software
(Roche).

Microscopy

Young adult worms were taken from fresh plates for fluorescence
microscopy. Fluorescence patterns were analyzed by confocal
laser scanning microscopy using a Leica TCS SP5 (Bensheim,
Germany). Worms were placed in a 20 �l drop of M9 medium
containing 1 mM sodium azide on slides with a thin 2% agarose
pad. A cover slip was put on top. The duration of recording never
exceeded 1 h. The resonance scanner mode was used and the
pinhole area was set at 1. 100–300 stacks were produced per
animal. Images were processed and adjusted in ImagePro Plus
and further analyzed with the 3D-reconstruction program Amira.
Animated sequences were converted into mpeg-1 format.

Motility of worms was recorded by time-lapse imaging of
worms under the dissection microscope (Leica MZ16FA and
Nikon, Düsseldorf, Germany, SMZ1500) with either a CCD video
camera (Sony, Melton Mowbray, UK) or a USB camera (IDS-
Imaging Development Systems, Obersulm, Germany). The ampli-
tudes of the sinusoidal movement were measured with the help of
ImagePro Plus software (Media Cybernetics Inc., Bethesda, MD,
USA), ImageJ (NIH, Bethesda, MD, USA) and uEye (IDS-Imaging
Development Systems).

The fluorescent pattern of dorsal nerve cords of young adult
reporter strains (for details see Table 1) were recorded with the
Zeiss (Jena, Germany) Imager.M2 microscope. Images were sub-
sequently processed with ImagePro Plus and analyzed with Igor
Pro (Wavematrics Incorporation, Lake Oswego, OR, USA) as
described (Sieburth et al., 2005; Ch’ng et al., 2008, Vashlishan et
al., 2008).

Pharmacological assays

To test the GABAergic system, worms were treated with the
competitive GABA antagonist pentylenetetrazole according to
published protocols (Williams et al., 2004). In brief, 20 mg/ml stock
solutions were prepared by dissolving pentylenetetrazole in water,
which was used for further dilutions. 400 �l of the concentrated or
diluted solutions were spread over 35-mm-diameter Petri dishes

Fig. 3. The PTZ phenotype of synaptogyrin mutants can be fully
rescued. The histogram depicts the percentage of cramped worms in
the presence of either 4 mg/ml PTZ (left) or 8 mg/ml PTZ (right)
observed in three independent and blinded experiments. Worms used
were either wild-type (wt, BJ20; n�148 for 4 mg/ml and n�134 for 8
mg/ml), sng-1 mutant (BJ14; n�134 for 4 mg/ml and n�126 for 8

g/ml), or sng-1 mutants with a microinjected sng-1 gene construct
sng-1(r) (BJ103; n�146 for 4 mg/ml and n�138 for 8 mg/ml). Note the
reversion of the mutant phenotype after microinjection of the sng-1
gene into the mutant (analysis by one-way ANOVA Bonferroni’s mul-
tiple comparison test; * P�0.05; ** P�0.01).
with agar prepared in NGM that had been dried for 2–4 h at room p
temperature. After 1 h incubation at room temperature young adult
animals that had been washed with M9 medium were added. 30
min later (incubation in complete darkness at room temperature)
cramping was assessed by blinded visual inspection and docu-
mented by video recording.

To test the cholinergic system, a kinetic aldicarb assay was
performed. To this end, the acetylcholine esterase inhibitor aldi-
carb (Supelco, Seelze, Germany) was dissolved in acetone (100
mM stock solution) and diluted to 400 �l/10 g agar to final con-
centrations of 0.5 mM and 1 mM. The solution was added to
bacteria-free 3.5-cm NGM-agar plates. After a brief drying step
young adult worms were placed on these plates and their motility
was assessed at 30 min, 1 h, 2 h, 3 h and 4 h after short nose
touch with an eye brow hair.

Pharyngeal pumping

Pharyngeal pumping assays were performed on young adults on
agar plates in the absence of any drug. The frequency of pharyngeal
pumping was determined by counting posterior bulb contractions for 1
min per animal. Ten animals were examined in each experiment, and
two independent experiments were performed for each genotype.

Statistics

Results are presented as mean�standard error of the mean (SEM).
Experimental data were analyzed by Kolmogorow–Smirnow-test
(KS-test), by paired Student’s t-test and by one-way analysis of
variance (ANOVA) Bonferroni’s multiple comparison test (rating of
differences according to P value: *** P�0.001; ** P�0.01; * P�0.05).

RESULTS

Loss as well as increase of synaptogyrin expression
is associated with elevated pentylenetetrazole
sensitivity

To challenge the function of the GABAergic system in
synaptogyrin mutant worms, outcrossed strain BJ14 sng-
(ok234) was treated with the competitive GABA antago-
ist PTZ. As wild-type controls N2 derivatives of strain
J20 were used that had been obtained from the same
utcross (Abraham et al., 2006). The mutant animals
howed considerably increased sensitivity to PTZ. The
ramping worms presented a walking stick-like body pos-
ure with the anterior part still remaining mobile (Fig. 1C,
ovie 1). When the nose was touched with an eye brow
air, however, animals regained sinusoidal mobility. This
as different to the synaptobrevin mutant snb-1(md247)
hich also cramped but reacted by increased spasms
pon touch. Significant differences between sng-1 mutants
nd wild-type were already noticeable at 1 mg/ml PTZ and
eached a plateau at 4 mg/ml (Fig. 1A, B). At concentra-
ions between 4 and 10 mg/ml PTZ �60% of the sng-1
utants cramped, while wild-type animals were not af-

ected (Fig. 1B, C, Movies 1 and 2). At higher PTZ con-
entrations an increasing number of wild-type worms
ramped (Fig. 1A). As expected, PTZ sensitivity could also
e elicited by RNAi through bacterial feeding of sng-1 double
tranded RNA (dsRNA) in an RNAi-sensitized genetic back-
round, eri-1(mg366), although at somewhat reduced effi-
iency (Fig. 2A).

To test the effect of synaptogyrin overexpression, a

lasmid containing the synaptogyrin cDNA under sng-1
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Fig. 4. Synaptogyrin transcription occurs in all GABAergic neurons of adult worms. The projected confocal fluorescence image stacks (reconstructed survey
view in A; anterior and posterior ends in B [corresponding Movies 3 and 4]) depict strain BJ60 kcEx3[sng-1p::cfp]; oxIs12[lin-15(�), unc-47p::gfp],
lin-15(n765ts)X synthesizing sng-1p::CFP (blue) together with unc-47p::GFP (red), which specifically labels all 26 GABAergic neurons (numbered arrow-
heads) producing the vesicular GABA-transporter. Both reporters are co-expressed in all GABAergic neurons including also RMER which cannot be identified
in the projected images but is visible in Movie 3. To avoid unspecific bleed-through between the different channels, a narrow detection window was chosen
resulting in weak fluorescence signals in some of the commissures all of which were positive, however, upon detailed examination (commissures are demarcated
as a–p in A). The red fluorescence observed in intestinal cells is caused by autofluorescence. The higher magnification images in (B) (corresponding Movies 3 and
4) reveal that the sng-1p::CFP labeling is much more extensive than that of unc-47p::GFP. Arrows indicate, for example, lateral neuronal processes and neurons

MI, M4 and M3R/L that are only positive for sng-1p::CFP. Cross hairs in (A) for orientation: a, anterior; p, posterior; d, dorsal; v, ventral; l, left; r, right.
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Fig. 5. Synaptogyrin is expressed in most neurons but is absent in amphids and phasmids and can be detected in non-neuronal glial-like sheath cells
in adult worms. (A) The reconstructed confocal fluorescence micrographs show the distribution of Psng-1:YFP in the anterior part (Aa) and posterior
part (Ap) of a worm of strain BJ23 kcEx2[sng-1p::yfp] in comparison to DiI-labeled amphids ASK, ADL, ASI, AWB, ASH, and ASJ (A’a) and phasmids
PHA and PHB (A’p). The merged images in (A’’a) and (A’’p) depict sng-1p::YFP fluorescence in false blue color and DiI fluorescence in red
demonstrating complete absence of co-localization (see also Movies 5 and 6). Instead, the cephalic neurons CEPDR/L and CEPVR/L and
amphid-associated sheath cells CEPshDR/L, CEPshVR/L were tentatively positive (the respective cells of the left body site are labeled by a blue
square and blue sphere in Aa). 1 points to the characteristic ensheathment of a cephalic neuronal dendritic process by a sheath cell. Several other

neurons that could be tentatively identified in the anterior part are MI, M4, I4, AVL, AIY, RIS, I5, M3R/L, and in the posterior part DVA, AS11, ALNR/L,
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promoter control (sng-1p::sng-1) was prepared. When we
examined animals of strain BJ120 kcEx19[sng-1p::sng-1,
ifb-2p::yfp] expressing this transgene together with a non-
neuronal marker (Husken et al., 2008), slightly increased
PTZ sensitivity was observed at 4 mg/ml and a significant
increase in PTZ sensitivity was noted at 8 mg/ml in com-
parison to the wild-type (Fig. 2B). At 8 mg/ml PTZ the
number of cramping animals was similar to that observed
for sng-1 mutants.

To rescue the phenotype of synaptogyrin-deficient
worms, the synaptogyrin gene construct sng-1p::sng-1
was microinjected into the distal gonad of sng-1 mutants
together with the non-neuronal marker ifb-2p::yfp. Re-
sulting transgenic worms of the rescued strain BJ103
kcEx12[sng-1p::sng-1, ifb-2p::yfp]; sng-1(ok234) were
then subjected to PTZ assays. Intermediate PTZ concen-
trations were chosen at which the most pronounced phe-
notypes had been noted in the mutant worms (Fig. 1B). To
make sure that the tested animals contained the rescue
construct, only fluorescent animals were analyzed and the
transgene was amplified by PCR after experimentation for
further corroboration of sng-1p::sng-1 expression. Fig. 3
shows that the achieved rescue was complete.

Quantitative RT-PCR analyses were performed to es-
timate the amount of mRNA expression in rescued sng-1(r)
worms (BJ103) and sng-1(�) worms overexpressing sng-1
(BJ120). While the amount of sng-1 in wild-type animals
was 0.78�0.09 (arbitrary units), it was 1.39�0.34 in sng-
1(r) and 3.43�0.18 in sng-1(�). The latter value is still a
considerable underestimate of the degree of overexpression,
since only 37% of animals carry the extrachromosomal array.
As expected, no transcripts were detected in sng-1 mutants.

Although it has been suggested that synaptogyrin is a
pan-neuronal marker of synaptic specializations in C. el-
egans (Nonet, 1999; Cinar et al., 2005; Ruvinsky et al., 2007),
precise localization with respect to the GABAergic system is
still incomplete. Therefore, strain BJ60 kcEx3[sng-1p::cfp];
oxIs12[lin-15(�), unc-47p::gfp], lin-15(n765ts) was estab-
lished by crossing sng-1p::cfp-containing worms of strain
BJ31 with unc-47p::gfp-carrying strain EG1285, which pro-
duces green fluorescent protein (GFP) under the control of
the vesicular GABA-transporter promoter (McIntire et al.,
1997). The latter is synthesized in all 26 GABAergic neu-
rons but not in other cells. The confocal double fluores-
cence images shown in Fig. 4 demonstrate that all of these
neurons co-express CFP. Animations of the 3D-recon-
structions further support this conclusion (Movies 3 and 4)
and reveal, in addition, a hitherto unidentified 27th cell
close to the posterior pharyngeal bulb that is positive for
both markers. Although we did not unequivocally identify
this cell, it is most likely another GABAergic neuron.

DVC, DVB, PQR, DA9 (characteristic axonal process denoted by arr
GABAergic based on the colocalization with the unc-47p::GFP reporter
(B) The projected confocal images depict the fluorescence of the tran
to DiI-labeled amphids and phasmids demonstrating the same lack of
M3 (compare with A and Fig. 1B). * Denotes fluorescent bacteria adhe

ventral. Bars, 20 �m.
Syaptogyrin reporters are produced in most but not
all neurons

Further inspection of sng-1p::cfp-induced fluorescence
revealed that it is present in cells other than unc-
47p::gfp-positive GABAergic neurons. Of note, a strong
signal was seen for sng-1p-driven CFP and yellow fluo-
rescent protein (YFP) in anterior extensions, the nerve
ring, the ventral nerve cord and dorsal nerve cord (Fig. 5A,
top). In addition, multiple commissures could be identified.
Further analyses revealed, however, that not all neurons
are positive for sng-1 expression. For example, amphids
and phasmids were negative. Fig. 5Aa–A’’a and Movie 5
present comparisons of sng-1p::YFP-mediated fluores-
cence and DiI, that was taken up into amphids ASK, ADL,
ASI, AWB, ASH and ASJ, demonstrating lack of co-local-
ization. Similarly, phasmids PHA and PHB that were also
labeled by 1,1=-dioctadecyl-3,3,3=,3=-tetramethylindocar-
bocyanine perchlorate (DiI) did not show sng-1 transcrip-
tion (Fig. 5Ap–A’’p; Movie 6). Furthermore, we did not find
evidence for synaptogyrin production in either of the other
amphid neurons. Instead, the cephalic neurons CEPDR/L
and CEPVR/L were tentatively positive (Fig. 5Aa). In ad-
dition, the glial-like sheath cells CEPshDR/L and CEPs-
hVR/L, which are associated with the dendritic processes
of the CEP neurons and partially enwrap the nerve ring
(Shaham, 2006), were also likely labeled (Fig. 5A). Exami-
nation of SNG-1::YFP fusions (e.g. Fig. 5B) showed an iden-
tical distribution pattern to that observed for sng-1p::YFP. As
expected, SNG-1::YFP, however, presented a multipunctate
fluorescence typical for synaptic terminals. Next, embryos
were analyzed to further examine the relationship between
the manifestation of the neuronal phenotype and synapto-
gyrin. At the onset of neurulation (comma stage), the first
neuronal precursor cells were positive for both reporters (Fig.
6). The signal subsequently increased in the developing ner-
vous system.

Alterations in synaptogyrin expression induce mild
changes in aldicarb resistance and in motility

The severe PTZ phenotype of worms with altered synap-
togyrin expression and the broad neuronal distribution of
synaptogyrin led us to re-investigate the sensitivity of mu-
tant worms to the acetylcholine esterase inhibitor aldicarb.
We had previously only examined triple-mutant strain BJ21
that, in addition to the sng-1(ok234) allele, carries mutant
alleles sph-1(ox278) and scm-1(hd30) encoding two other
tetraspan vesicle membrane proteins (Abraham et al.,
2006). Since we had not been able to detect any defect
using a simple aldicarb assay, we now refined the assay
for the sng-1(ok234) single mutant by monitoring aldicarb
sensitivity over time. Thus, a slight and statistically signifi-

, VD13, DD6, VD12. Of these, AVL, RIS, VD13, DD6 and VD12 are
. In addition, IL neurons were tentatively identified in the anterior (IL*).
fusion SNG-1::YFP (strain VH180 (Abraham et al., 2006)) in relation
as in (A). 2 points to the position of neurons MI and M4, 3 to neuron

cuticle. Orientation: left, anterior; right, posterior; top, dorsal; bottom,
owhead)
(Fig. 4A)
slational
overlap

ring to the
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cant increase in aldicarb resistance to inhibitors of cholines-
terase (ric) was observed at 0.5 mM aldicarb, but not at
higher aldicarb concentrations (Fig. 7A, B). Remarkably,
worms overexpressing synaptogyrin (strain BJ120) were
even more ric (sng-1(�) in Fig. 7A, B).

Given that locomotion is regulated by both GABAergic
nd cholinergic neurons, motility was digitally analyzed.
ocomotion of worms on agar plates was recorded by
ideo microscopy. Examination of the resulting images
evealed highly significant differences in the amplitude of
he sinusoidal motility of wild-type and either sng-1 mutant

Fig. 6. Synaptogyrin reporter constructs are expressed in develop-
ing neurons. The projected confocal fluorescence image stacks
depict fluorescence of transcriptional reporters in strain BJ23
kcEx2[sng-1p::yfp] at left and translational reporters in strain BJ107
kcEx8[sng-1::yfp] at right during different embryonic stages as indi-
cated. Embryos are oriented with their anterior to the left and dorsal to
the top. Red lines mark embryo borders as determined from phase
contrast images. The expression of sng-1p::YFP is closely associated
with the development of the nervous system being absent in the
gastrula stage with first fluorescence in neuronal precursor cells (ar-
rows) and newly-formed neurons (yellow arrowheads) in the anterior
part during the 1.5-fold stage. In addition, it is also detected transiently
in cells in the posterior body at the, (1.25-fold) and 1.5-fold stage. Note
the similar cellular localization of the punctate SNG-1::YFP fluores-
cence that is most pronounced in the 3.0-fold stage. Size bars, 10 �m.
r synaptogyrin-overexpressing sng-1(�) worms (Fig. 7C).
he change in the amplitude could be rescued by expressing
NG-1 either under the control of its own promoter (sng-1(r);
ig. 7C, D) or using the GABAergic promoter unc-25p (sng-
(gr1) strain BJ180, sng-1(gr2) strain BJ181, sng-1(gr3)
train BJ182 and sng-1(gr4) strain BJ190 in Fig. 7D).

ynaptobrevin is less efficiently recruited to synaptic
ites in synaptogyrin mutants

n a previous study the density of synapses using
NB-1::GFP as a marker in triple-mutant worms lacking
ot only SNG-1 but also the related tetraspanins SPH-1
nd SCM-1 was found to be unaltered (Abraham et al.,
006). In search for more subtle and yet unidentified dif-
erences, further reporter strains were examined in detail.
n accordance with the previous observations we found
hat loss of SNG-1 does not alter the density of synapses
ither in GABAergic reporter strains carrying allele

uIs1[unc-25p::snb-1::gfp] or cholinergic reporter strains
arrying allele nuIs152[unc-129p:: gfp::snb-1, ttx-3p::mrfp]
Table 2). But the width of the GABAergic synaptic puncta
s significantly increased (Table 2) coincident with an in-
rease in cord fluorescence (0.74�0.25 �m for juIs1/wt

versus 2.18�0.45 �m for juIs1/sng-1; P�0.02 by KS-
Test). Both width and cord fluorescence phenotypes could
be rescued by expressing sng-1 under the control of the
GABAergic promoter unc-25p (strain BJ197). The rescued
width (1.11�0.02 �m) was not different from the wild-type
(P�0.6 by KS-Test), whereas the cord fluorescence
(0.03�0.01) was significantly overrescued (P�0.001 by
KS-Test). Furthermore, comparing worms carrying the
cholinergic reporter allele nuIs152, a slight but significant
increase of synaptic width was seen in sng-1 mutants in
comparison to wild-type (Table 2) but no change in cord
fluorescence (nuIs152/wt 1.72�0.47 versus nuIs152/
sng-1 1.08�0.29; P�0.3 by KS-Test). Notably, the ob-
served changes in the GABAergic and cholinergic nervous
system are specific for SNB-1, since RAB-3 (reporter
nuIs168[unc-129p::venus::rab-3, myo-2p::nls::yfp]), an-
other synaptic vesicle marker, was not altered in sng-1
mutants (Table 2). Finally, the postsynaptic side was ex-
amined using the GABA-receptor UNC-49 tagged with
GFP (allele oxIs22[myo-3p::unc-49::gfp]). No changes in
density and width were detected (Table 2). This is also in
accordance with the presynaptic localization of SNG-1
reporters co-distributing with synaptotagmin (Zhao and
Nonet, 2001).

Synthetic phenotype of synaptogyrin mutation with
mutations affecting genes that encode synaptic
vesicle machinery components

To examine the function of synaptogyrin in relation to other
components of the synaptic vesicle cycle, a screen for synthetic
phenotypes was performed. To this end, EG3008 sng-1(ok234),
oxIs12[lin-15(�), unc-47p::gfp], lin-15(n765ts) and sng-1 mu-
tant strain BJ14 were each crossed with strains containing
mutations affecting presynaptic neurotransmission includ-
ing components of the exo-/endocytotic machinery and
enzymes of lipid metabolism (Fig. 8). Most of the latter

animals were barely able to move. Yet, some of the double
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mutants appeared to be even less motile. As a result,
these double mutant worms could not move through the
surrounding food source at all anymore and replication
was considerably reduced. 4 days after placing L4 larvae
on a bacterial lawn the food source was almost unused in
some of the double mutants differing considerably from the
respective single mutants. Of the genes tested, such syn-
thetic phenotypes were observed for synaptotagmin (alleles

Fig. 7. Depletion and overexpression of synaptogyrin both confer in
results of four independent experiments in which worms were treated
after a short touch with an eye brow hair at regular intervals for 4.5 h.
n�113 at 0.5 mM aldicarb; n�119 at 1.0 mM aldicarb) were significa
t 1.0 mM aldicarb) only when measurements at all time points were c
ontrast, significant differences were found for sng-1(�) strain BJ120 o
t at both aldicarb concentrations (P�0.003 at 0.5 mM; P�0.01 at 1 mM
ovement was measured. Using one-way ANOVA Bonferroni’s mu

resented significantly reduced amplitudes in comparison to wild-type (w
ere obtained from two independent experiments in each instance, reco
�203; *** P�0.001 with one-way ANOVA Bonferroni’s multiple comp
sng-1(gr1) [BJ103; n�130]; sng-1(gr2) [BJ180; n�199]; sng-1(gr2) [BJ18
ignificantly different from the mutant but not different from the pan-neuro
f motility by GABAergic rescue.

able 2. Measurements of synaptic density and synaptic width using
utant strains (sng-1) were determined by KS-Test

Marker Genotype S

juIs1[unc-25p::snb-1::gfp] wt C
sng-1 B

nuIs152[unc-129p::gfp::snb-1] wt K
sng-1 B

nuIs168[unc-129p::venus::rab-3] wt K
sng-1 B

oxIs22[myo-3p::unc-49::gfp] wt E

sng-1 BJ174
snt-1(md290), snt-1(AD596), snt-1(n2665)), endophilin (al-
leles unc-57(ok319), unc-57(e406)) and synaptojanin (al-
lele unc-26(m2)) but not for mutant alleles of fat-3, unc-1,
unc-24, snb-1, unc-64, chc-1 and dyn-1 (Fig. 8C and data
not shown). Given the very pronounced neuronal deficien-
cies, it was quite difficult to find reliable assays for the
comparison of neuronal functions of single and double
mutants. Based on the presence of SNG-1 reporters in the

aldicarb resistance and altered locomotion. (A, B) The graphs show
M and 1.0 mM aldicarb, respectively. Motility was evaluated visually

e paired Student’s t-test, the values measured for sng-1 mutant BJ14
rent from the wild-type (wt) BJ20 (n�115 at 0.5 mM aldicarb; n�114
at 0.5 mM aldicarb (P�0.003) but not at 1 mM aldicarb (P�0.07). In

ssing SNG-1 (n�87 at 0.5 mM aldicarb; n�79 at 1.0 mM aldicarb) vs.
bility of worms was video recorded and the amplitude of the sinusoidal
parison test, both sng-1 (n�62) and sng-1(�) (n�62; *** P�0.001)

*** P�0.001). (D) The histogram depicts amplitude measurements, that
-1 mutant worms (BJ14; n�204) in comparison to wild-type (wt [BJ20];
t) and mutant strains rescued by GABAergic replenishment of SNG-1
sng-1(gr3) [BJ182; n�181]; sng-1(gr4) [BJ190; n�31]), all of which were
(r) rescue strain (not shown). This demonstrates complete reconstitution

t fluorescent markers. Differences between wild-type (wt) and sng-1

Density per 10 �m Width (�m)

2.81 � 0.10 1.18 � 0.02
2.60 � 0.06, P�0.07 1.31 � 0.04, P�0.005
2.89 � 0.13 1.00 � 0.04
2.84 � 0.08, P�0.6 1.17 � 0.03, P�0.0007
3.18 � 0.11 0.82 � 0.03
3.04 � 0.06, P�0.3 0.91 � 0.02, P�0.07
2.94 � 0.06 0.95 � 0.03
creased
with 0.5 m
Using th
ntly diffe
ompared
verexpre
). (C) Mo

ltiple com
t; n�62;
rding sng

arison tes
1; n�96];
differen

train

Z333
J178
P3819
J176
P3961
J175
G1653
3.07 � 0.05, P�0.09 1.07 � 0.04, P�0.01
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Fig. 8. Breeding of sng-1 mutants with other mutants of synaptic vesicle proteins reveals synthetic phenotypes. (A) The histogram depicts the results of
pharyngeal pumping assays. Pumping rates were determined for 10 animals in each assay, all of which were performed in duplicate. Details of the strains
used are given in (D) and Table 1. Differences were quantified by one-way ANOVA Bonferroni’s multiple comparison test (*** P�0.001; ** P�0.01; * P�0.05).
B) This histogram also summarizes results of pharyngeal pumping assays (n�20 for each column; two independent experiments) using another series of
ingle and double mutants lacking the sng-1-linked marker oxIs12 (for details see D and Table 1). (C) Pictures show bacterial lawns with worms of different
trains as indicated (for genotypes see C). 15 �l of an overnight HB101 culture were put on NGM-agar plates. After a 24 h incubation at 37 °C, a single L4

was placed in the middle of the bacterial lawn. Pictures were taken after 4 d at 20 °C. Note the differences in remaining bacteria between single- and

double-mutant worms. (D) Details on strains used for the experiments shown in (A–C).
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modulatory pharyngeal neurons M3 and M4 (Fig. 4B),
pharyngeal pumping assays were performed that could be
easily carried out on the highly immotile worms and ap-
peared to be suitable. They fully confirmed the above
synthetic phenotypes (Fig. 8A). To further exclude an ef-
fect of the additional oxIs12[lin-15(�), unc-47p::gfp] al-
leles, which are present in the control strain and are ric in
aldicarb assays (data not shown), the phenotypic double-
mutants were also tested in a background lacking these
transgenes (Fig. 8B). The same phenotypes in food con-
sumption and pharyngeal pumping were observed as
found for oxIs12-containing strains (Fig. 8A–C).

DISCUSSION

Elucidation of the contribution of the related synaptogyrins
and synaptophysins to the synaptic vesicle cycle has
turned out to be much more difficult than originally antici-
pated and is still far from complete. This difficulty is quite
surprising considering the abundance of these polypep-
tides in synaptic vesicles (Takamori et al., 2006; Burre and
Volknandt, 2007), their tight association with components
of the synaptic vesicle recycling machinery (Edelmann et
al., 1995; Daly et al., 2000; Felkl and Leube, 2008) and
with synaptic vesicle membrane transporters (Siebert et
al., 1994; Galli et al., 1996; Egana et al., 2009) as well as
their evolutionary conservation (Hubner et al., 2002; Abra-
ham et al., 2006). The presence of synaptogyrins and
synaptophysins in the same complexes (Felkl and Leube,
2008), their complex species-specific neuronal expression
patterns (Stenius et al., 1995; Hubner et al., 2002; Be-
lizaire et al., 2004; Abraham et al., 2006) and their syn-
thetic phenotypes in knockout mice (Janz et al., 1999)
further suggest that they share functions and are, at least
in part, exchangeable. The nematode synaptogyrin may
therefore perform functions that are assigned to synapto-
physin in vertebrates. This conclusion stems from the ex-
pression patterns observed with reporter fusions demon-
strating synthesis of synaptogyrin in synapses of most
neurons from the earliest time onward, whereas the syn-
aptophysin ortholog SPH-1 is, for the most part, absent in
neurons (this study and Nonet, 1999; Zhao and Nonet,
2001; Hubner et al., 2002; Abraham et al., 2006). Espe-
cially in the case of synaptogyrin we are quite confident that
the reporters reflect the synthesis from the endogenous
gene: The promoter fragment that was used in the current
study encompassed most of the upstream intergenic region
and comparison of the overall distribution patterns of this
transcriptional fusion with that of a translational reporter con-
taining another 1074 bp of the upstream region and all introns
revealed no differences. In addition, a rescue construct de-
rived from the translational fusion worked well in reversing the
mutant phenotype. Our data are also in full agreement with
previous observations (Nonet, 1999; Hubner et al., 2002;
Abraham et al., 2006). Although synaptogyrin is undoubtedly
a valuable neuronal marker in C. elegans, our current data
also show that specific neurons, that is, sensory amphids and
phasmids, are negative for synaptogyrin. Some of these cells

may produce other TVPs such as the secretory carrier-asso- W
ciated membrane protein (SCAMP) orthologue SCM-1 (Abra-
ham et al., 2006). It will be interesting to find out, whether
these major sensory neurons differ in their handling and
usage of synaptic vesicles. Furthermore, we provide evi-
dence that synaptogyrin production is not an exclusive prop-
erty of neurons in C. elegans but occurs also in other cells,

ost notably the sheath cells surrounding the dendritic end-
ngs of CEP.

The discrepancy between lack of apparent function on
ne hand and the evolutionary conservation and abun-
ance on the other hand can only in part be due to isotype
edundancy, since double knockout mice and completely
VP-deficient C. elegans still present rather minor pheno-

ypic alterations (Janz et al., 1999; Abraham et al., 2006).
t is therefore likely, that redundancy in the form of non-
elated pathways is also of relevance and secures synaptic
esicle function. Thus, we sought to challenge neurotrans-
ission in synaptogyrin mutant animals by pharmacologi-

al interference and further genetic manipulation. Using
he epileptogenic pro-convulsive drug PTZ we succeeded
n identifying a distinct neuronal phenotype in worms lack-
ng or overexpressing synaptogyrin. The increased cramp-
ng response could be fully rescued with a synaptogyrin
ene construct that is expressed in most neurons including
ll GABAergic neurons. Remarkably, exclusive GABAergic
escue of SNG-1 was sufficient to reconstitute normal motility
s assessed by amplitude measurements. GABAergic neu-
ons are particularly rich in synaptic vesicles and may there-
ore be especially susceptible to minor changes in synaptic
esicle recycling efficiency. In support, kindling experiments

n rat led to an increase in the synaptophysin–synaptobrevin
omplex, which was interpreted as a way to adjust the re-
erve pool to an increased demand for synaptic vesicle re-
ycling (Hinz et al., 2001). We suggest that the lack of the
orresponding complex in C. elegans leads to the compro-
ised response to PTZ in synaptogyrin-deficient worms.

The modulatory role of synaptogyrin is not restricted to
he GABAergic system, however, since we had previously
lso detected structural changes in cholinergic synapses
Abraham et al., 2006) and now find significant, though
inor changes in aldicarb sensitivity and in synaptic width
f cholinergic neurons. The lack of alterations in osmotic
voidance, chemotaxis and thermotaxis (Abraham et al.,
006) can be explained by the absence of synaptogyrin in
he responsible amphids and phasmids. Our data now
how that modulation of the synaptic vesicle cycle is tightly
ontrolled by the specific amount of synaptogyrin present,
ince both decrease and increase of synaptogyrin resulted

n a similarly altered sensitivity to PTZ and aldicarb and
imilarly altered locomotion. This apparent paradox may
e explained by synaptogyrins’ modulatory function as a
latform for components of the synaptic vesicle recycling
achinery (Felkl and Leube, 2008). Thus, absence of

ynaptogyrin compromises proper positioning of these
omponents, whereas overexpression retains the same
omponents and thus reduces their availability. In line,
ynaptobrevin mutants display a similar, though more pro-
ounced PTZ and aldicarb phenotype (Nonet et al., 1998;

illiams et al., 2004). The different cramping behavior in
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this instance may be explained by the interference with the
fusion machinery that is still intact in the synaptogyrin
mutants. Furthermore, previous experiments have shown
that overexpression of synaptophysin and synaptogyrin
1–3 interfere with calcium-dependent exocytosis of human
growth hormone from neuroendocrine PC12 cells (Sugita
t al., 1999). Similarly, injection of carboxyterminal synap-
ophysin peptides that prevent proper synaptophysin–dy-
amin interaction decreased transmitter release from the
quid giant synapse during high-frequency stimulation
Daly et al., 2000). Also, elevated SCAMP1 synthesis led
o a partial inhibition of transferrin endocytosis in COS cells
hat was almost completely abrogated by a deletion mutant
acking the amino terminal NPF repeats which mediate
lathrin-dependent endocytosis by binding EH-domain
roteins (Fernandez-Chacon et al., 2000).

The observed synthetic phenotypes of synaptogyrin
utants together with mutants of either synaptojanin, en-
ophilin or synaptotagmin are compatible with a function of
ynaptogyrin in clathrin-independent endocytosis, since
ynaptojanin, endophilin and synaptotagmin have all been
mplicated in this pathway (Song and Zinsmaier, 2003;
ung and Haucke, 2007; Shupliakov, 2009). This notion is

in agreement with the previously observed compensatory
upregulation of clathrin-coated vesicles in synapses in-
jected with peptides that disrupt the interaction between
synaptophysin and dynamin (Daly et al., 2000). Further-
more, it has been shown that synaptobrevin, which binds
tightly to synaptophysin, is involved in a clathrin-indepen-
dent fast endocytic pathway (Deak et al., 2004) that may
correspond to the “kiss and run” mode (Jung and Haucke,
2007; Smith et al., 2008). Consistent with these findings,
we did not detect synthetic phenotypes between synapto-
gyrin mutation and mutation of synaptobrevin. Similarly,
mutation of another known binding partner of synaptophy-
sin, dynamin, did also not present a synthetic phenotype
with synaptogyrin in the current study. Direct interaction
between synaptogyrin and either synaptobrevin or dy-
namin, however, still needs to be shown in C. elegans. Yet,
the observation that the distribution of SNB-1 but not of
other synaptic vesicle proteins such as RAB-3 is altered in
the absence of SNG-1 can be taken as an indication for
their physical interaction. Although the molecular details of
this alternative pathway need to be elucidated, it appears
that synaptogyrin/synaptophysin are of particular impor-
tance for recycling of vesicular transporters and their func-
tion, since (i) direct association has been reported for
VAChT with the synaptobrevin/synapotphysin complex
(Sandoval et al., 2006) and the dopamine transporter with
synaptogyrin (Egana et al., 2009), (ii) synaptophysin is
associated with subunits of the vacuolar ATPase (Siebert
et al., 1994; Galli et al., 1996), and (iii) synaptophysin
interacts with adaptor proteins (Horikawa et al., 2002) which
affect, for example, VGAT targeting to synaptic vesicles (Na-
katsu et al., 2004). Synaptophysins’ function may be to sta-
bilize the vesicle so that a certain amount of neurotransmitter
can be released. Such a facilitatory role may be accom-
plished by providing a platform that favors multiple protein–

protein interactions (Felkl and Leube, 2008).
In analogy, the major consequence of synaptogyrin
loss in C. elegans is reduced neurotransmitter in the syn-
aptic cleft. In the case of the GABAergic system, increased
sensitivity to the competitive GABA receptor antagonist
PTZ was therefore noted. It also explains the altered mo-
tility, because preferential reduction of GABAergic inhibi-
tion of muscle contraction in the presence of mostly normal
cholinergic muscle stimulation leads to increased muscle
tone and, hence, a reduction in amplitude. In addition,
reduced neurotransmitter secretion is likely responsible for
the feeding and pharyngeal pumping phenotypes, since
the synaptogyrin-positive pharyngeal neurons M3 and M4
(Fig. 4B) affect feeding behavior and pharynx relaxation
(Avery and Thomas, 1997; Dent et al., 1997). Finally,
slightly reduced acetylcholine secretion is the reason for
the rather weak aldicarb phenotype.

The assignment of a non-essential role to synapto-
gyrin/synaptophysin does not preclude their relevance to
human diseases. Especially in the case of psychiatric dis-
orders and neurodegeneration they develop over long pe-
riods of time. Thus, minor alterations in synaptic vesicle
recycling caused by synaptophysin/synaptogyrin mutation
or modification may compromise synaptic efficiency and
thereby contribute to slow and long-term pathogenesis
(Mallozzi et al., 2009). Therefore, genetic links between
synaptogyrin mutation and schizophrenia (Verma et al.,
2004; Cheng and Chen, 2007; Iatropoulos et al., 2009) and
the suggested links between synaptophysin alterations
and dementia (Heffernan et al., 1998; Tran et al., 2003)
merit further investigation.
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