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Abstract
plasticity. The C. elegans genome encodes only one Rim gene, unc-10. In this study, we demonstrate that UNC-10 is involved in the

Rim is an active zone protein which is suggested to be involved in the regulation of vesicle exocytosis and synaptic

dense core vesicle (DCV) exocytosis in C. elegans neurons. We find that unc-70 mutants exhibit reduced peptide release in vivo. In
IDA-1::GFP labelled ALA neurons, which serve as a good model for studying DCV exocytosis, mutations of UNC-10 lead to a visible
reduction of the readily released pool (RRP) size. The analysis of vesicular docking by total internal reflection fluorescence microscopy
(TIRFM) reveals that the loss of function of unc-10 hinders the docking of DCVs in neurons. The above results provide evidence that

UNC-10 is required for the exocytosis of DCVs and may be involved in the docking step of DCV release.
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Rim is originally identified as a protein that
contains a putative Rab3A-effector domain at the
N-terminus™, and it has been shown to be involved in
the regulation of vesicle exocytosis and synaptic
plasticity®™. Two isoforms of Rim (named Rimla and
Rim2q, designated and Rim2,
respectively) have been reported in mammals®®, and

simply Riml

they share the same domain structures: (a) an
N-terminal zinc-finger domain that interacts with the
synaptic vesicle protein Rab3 and the active zone
protein Munc13-1147%; (b) a central PDZ domain that
binds the C-terminus of ERCs (ELKS/Rab3-interacting
molecule/CAST) P'% and (¢) two C-terminal C2
domains, of which the second, the C2B domain, binds
to a-liprins™. Interactions with Rab3, Munc13-1, etc,
suggest
exocytosis.

Besides the synaptic vesicle (SV), there is another

an essential role in secretory vesicle

important vesicle called the dense core vesicle (DCV).
Neuropeptides are packed into these DCVs and play
critical roles in synaptic signalling. There are many
differences in the properties of DCVs and SVs,

suggesting that these two classes of secretory

organelles employ different molecules during
secretion. Whereas there are two isoforms of Rim
(Riml and Rim2) in mammals, there is only one
isoform of Rim gene (unc-10) in C. elegans. Therefore,
C. elegans is a good model in which to study the
function of Rim proteins in DCV exocytosis.

In this paper, we assessed neuropeptide release
via measuring the fluorescence intensity of ANF-GFP
in coelomocytes in vivo. We performed high resolution
membrane capacitance(C,,) measurement in combination
with Ca*"-uncaging stimuli to monitor the amplitudes
of exocytosis. We tracked the movements of single
vesicles using optical measurements(TIRFM). Through
the combination of these methods, we found that

UNC-10 was required for DCV release and that it
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regulated the docking and priming steps of DCV
exocytosis.

1 Materials and methods

1.1 C. elegans strains

The nematode strains were maintained at 20 C ,
utilising standard methods!'"™. The strains used in this
study were as follows: unc-10 (md1117), ida-1::gfp
KM246™, and anf::gfp EG3680"Y. We crossed KM246
and EG3680 with unc-10(md1117).
1.2 Behavioural assays

The number of body bends was sequentially
recorded for five 20 s intervals. The data shown
represent the mean of at least five animals for each
genotype. Pharyngeal assayed by
counting the pumping for five 1 min intervals. The
data shown represent the mean of at least eight animals
for each genotype. Defecation was observed under a

pumping was

dissecting microscope for the presence or absence of
an expulsion event after each posterior body muscle
contraction (pBoc) of the defecation cycle ™. Ten
animals from each strain were observed for 10
consecutive cycles. The data shown represent
observations of at least five animals for 10 min.
1.3 Embryonic cell culture

Embryonic cells were isolated from nematode
eggs and cultured as described"'7. Eggs were isolated
from gravid adults following bleach treatment in a
hypochlorite solution. Intact eggs were separated from
debris by flotation on 30% sucrose. The egg shells
were removed by incubation in 0.5 ml egg buffer
containing 1 U/ml of chitinase (Sigma Chemical,
St. Louis, MO) at 25°C for 40~ 50 min. Following
resuspension in Leibovitz's L-15 Media (Gibco,
Carlsbad, CA, USA) containing 10% Fetal Bovine
Serum (Gibco, Invitrogen) and antibiotics, the embryos
were dissociated by gentle pipetting. Then, the intact
embryos, clumps of cells, and larvae were removed
by passing through a 5 wm Durapore syringe filter
(Millipore, Bedford MA). Cells were plated on
peanut lectin-coated (0.5 g/L, Sigma) cover glasses
and maintained in L-15 medium. Cells were incubated
at 20°C in a humidified incubator. The culture medium
was adjusted to 340 mOsm with sucrose and filter
sterilised. Cells were cultured for 3~ 4 days.
1.4 The assay of ANF-GFP release

The ectopically expressed neuropeptide ANF-GFP
was measured as the intensity of fluorescence in
coelomocytes as described ™. The imaging of

immobilised worms was performed on an Andor
Revolution XD laser confocal microscope system
based on a spinning-disk confocal scanning head
CSU-X1 (Yokogawa Electric Corporation) under the
control of Andor IQ 1.91 software. The microscopic
images were taken on an Olympus IX-71 inverted
microscope (Olympus, Tokyo, Japan) with a 60 x
objective lens (NA =1.45, Olympus, Japan). Only the
coelomocytes that were not masked by other tissues
(gut and gonads) and did not abut with the body wall
were captured. Images were displayed and analysed by
Image-J 1.43b (Wayne Rasband, National Institute of
Health, USA).
1.5 TIRFM imaging

Our TIRFM setup was constructed on an
Olympus IX70 microscope equipped with a x 100
objective lens (NA = 1.45, Zeiss, Germany) based on
the prismless and through-the-lens configuration by
using a TILL TIRF condenser (TILL Photonics GmbH,
LochhamerSchlag, Germany). A 488 nm laser was
used for fluorescence excitation. Images were acquired
at 40 Hz with a 25 ms exposure by iXonEM + 885
EMCCD (Andor Technology, Springvale Business
Park, Belfast, United Kingdom) with a pixel size of
80 nm. We calculated the penetration depth of the
evanescent field (d =109 nm) by measuring the
incidence angle with a prism (n=1.516) with a 488 nm
laser beam. Imaging was controlled by Andor IQ 1.91
software. Stacks of TIRF images were analysed by a
self-written program in Mat-lab (Mathworks, Natick,
MA, USA). Single vesicle detection was performed by
the use of atrous wavelet transformation with the level
k =3 and a detection level of [d = 1.0!%, producing a
binary mask image. Only spots with areas larger than
4 (2 x 2) pixels were accepted as vesicles for further
analysis. The fluorescence intensity and positions of
the vesicles were determined using a 2D Gaussian
fitting with a background offset. For tracking the
vesicles, we used a robust single particle tracking
algorithm provided by Jagaman ™. We defined a
dwelling event as the 2D displacement of a vesicle less
than 80 nm (1 pixel size of our CCD camera) for at
least three consecutive frames (75 ms).
1.6 Statistics

All data were presented as the x + s with the
Statistical
significance was evaluated by the Student's ¢ test or the

indicated number of experiments.
Mann-Whitney rank sum test according to the

normality of datum distribution in SigmaStat 3.11
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(Systat Software, Inc.). A significant difference is
indicated by asterisks ("P < 0.05, P < 0.01, ™P <
0.001). All comparisons are made between paired
experiments performed under the same conditions on
the same days.

2 Results

2.1 UNC-10/Rim exhibits behavioural defects
unc-10 mutants were first isolated on the basis of
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defects in locomotion M but later were shown to
exhibit broad nervous system dysfunction. We found
that UNC-10 displayed various behavioural defects,
including pharyngeal pumping, body bends and a
slight deficit in defecation (Figure la, b, ¢ and d).
Similar defects have been observed with mutations
affecting monoamines and neuropeptides.
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Fig. 1 Behaviour of unc-10 mutants
(a) Body bends of wild type and unc-/0 mutants (per minute). (b) Pumping rate of wild type and unc-70 mutants (per minute). (c) Defects in defecation

were scored as failure of the enteric muscle contractions (EMCs) during the defecation process. The percentage of failure of EMCs was compared with

that of wild-type and the unc-/0 mutants. (d) Average time interval between consecutive contractions of the posterior body-wall muscles (pBocs). Error
bars indicate SEM. The asterisks indicate significant differences, as determined by Student's ¢ test or the Mann-Whitney test (***P < 0.001). /: Wild

type; 2: unc-10 (md1117).

2.2 UNC-10 is required to maintain the release
of ectopically expressed ANF-GFP in neurons

To directly assess the function of UNC-10 in vivo,
we quantified the accumulation of ANF-GFP in
coelomocytes of C. elegans. The ectopic neuropeptide
ANF-GFP, under the control of the pan-neuronal
aex-3 promoter, is expressed throughout the nervous
system in the integrated strain (EG3680). ANF-GFP is
released from neurons and then is endocytosed by

coelomocytes ™, so it can be used as a reliable
fluorescent reporter of DCV transport and exocytosis
via the quantification of the accumulation of ANF-GFP
in coelomocytes. We crossed the EG3680 strain with
UNC-10 to generate neurons expressing ANF-GFP in a
different genetic background (Figure 2a). We found
that mutations in unc-10 produced a large reduction
(~ 60%) in peptide release (Figure 2b). To exclude the
possibility of any influence on endocytosis in unc-10
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mutants, we injected Rhodamine-conjugated dextran altered in comparison with wild type animals (Figure 2c¢).
(10 ku) into the pseudocoelomic space and found that Taken together, Rim/UNC-10 might play an important
uptake by coelomocytes of unc-10 mutants was not role in regulating DCV release.
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Fig. 2 UNC-10 was required for the release of ectopically expressed ANF-GFP in neurons
(a) Representative examples of ANF-GFP fluorescence and bright field images of coelomocytes in worms of the indicated strains. (b) Histograms
showing the average total fluorescence intensity of ANF-GFP in coelomocytes in wild type and unc-10 worms. (c) Histograms showing the average total
fluorescence intensity of Dextran (10 ku) in coelomocytes from wild type and unc-10 worms. Error bars indicate SEM. The asterisks indicate significant
differences, as determined by Student's ¢ test or the Mann-Whitney test (***P < 0.001).

2.3 UNC-10 is required for neuropeptide release =0
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To directly assess the impact of losing UNC-10 Hii 0 6

on exocytosis, we utilised membrane capacitance (C,,) 20 12

Burst/fF

recording in worm neurons™, We carried out C,, recording
from IDA-1::GFP-labelled ALA neurons because
IDA-1 was a specific DCV marker . As shown in
Figure 3, flash photolysis in KM246(ida-1::gfp transgene)
cells evoked a C,, increase of (13.4144 + 1.5882) fF.
We crossed the KM246 strain with unc-/0 mutants.

Under similar step-like [Ca®']; elevations, the burst

of exocytosis in the UNC-10 cells was significantly
reduced to (6.905 = 1.1377) fF (n=17, light gray trace),
a 48% reduction. This result confirmed that UNC-10
was essential for the secretion of DCVs.

Fig. 3 The amplitudes of the exocytotic burst were
compared between wild type (black bar) and
unc-10 (md1117) mutant (grey bar) cells
Error bars indicate SEM. The asterisks indicate significant differences,
as determined by Student's ¢ test or the Mann-Whitney test (*P < 0.05).

1: Wild type; 2: unc-10 (md1117).
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2.4 Active zone protein UNC-10 regulates the
docking of DCVs

Since our above experiments revealed a role of
UNC-10 in ANF-GFP secretion and DCV release
(Figure 2 and Figure 3), we further tried to understand
at which step UNC-10 might act. We employed
time-lapse TIRFM to track the dynamic behaviour of
individual DCVs. We also used IDA-1::GFP-labelled
DCVs in ALA neurons (Figure 4a). Vesicles which
entered the TIRF zone and remained still within ~ one
pixel (80 nm, in our CCD) for more than three
consecutive frames (0.075 s) were called dwelling
vesicles.
shown in Figure 4b. A vesicle appeared at 0.225 s
and remained still within one pixel for 0.2 s. The
distribution of dwelling time of DCVs was skewed,
most of the data were within a short range ( < 0.2 s) and
only a few were within a long range (Figure 5c). A
dwelling time less than 0.2 s was called short retained,
while a dwelling time of more than 0.2 s was called

One representative dwelling event was

long retained.

@ ALA neuron

(b) :
- | . 4
0.275s 0.300s

0.400s

Fig. 4 Quantification of the behaviour
of DCVs in the TIRF zone
(a) DCVs of IDA-1::GFP-labelled ALA neurons showed various
punctuate fluorescent spots under TIRFM. (b) A vesicle appeared at
0.225 s and remained still within 1 pixel for 0.2 s in the TIRF zone.

In unc-10 mutants, the snapshot vesicle density
was not significantly different from that of wild type N2
worms (Figure 5a). This suggested that UNC-10 did not
affect the translocation of DCVs into the TIRF zone.
However, we did observe a significant reduction in the

dwelling rate of DCVs(Figure 5b). Both the short- and
long-retained DCVs were significantly reduced in
unc-10 mutants (Figure 5d). These results suggested a
novel role for UNC-10 in the docking of DCVs.
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Fig. 5 Rim/UNC-10 participated in
the stabilised docking of DCVs

(a) Density of total visible DCVs (per wm?) in the evanescent field in
wild type worms and unc-10(md1117) mutants. (b) The dwelling rate
of DCVs (per second per unit area) in the evanescent field in wild
type worms and unc-10(md1117) mutants. (c) Lifetime distribution of
vesicles hitting the plasma membrane.o—o: Wild type; o0—O: unc-10.
(d) Average vesicle abundance at given times during image acquisition,
grouped according to their residency times at the membrane. Error
bars indicate SEM. The asterisks indicate significant differences, as
determined by Student's ¢ test or the Mann-Whitney test (*P < 0.05,
**p<0.,01). W : Wild type; E: unc-10.

3 Discussion

The C. elegans unc-10 gene encodes a homologue
of the vertebrate Rim family of active zone proteins'?.
C. elegans and vertebrate Rim proteins all contain
highly conserved zinc finger, PDZ, C2A and C2B
domains arranged in a similar topological order.
Studies of Rim function in mammalian cells had
indicated that Rim proteins were required for synaptic
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exocytosis ™ 21, they regulated vesicle docking and
activated vesicle priming at the presynaptic active
zone 7, Meanwhile, a recent study suggested that
RIM proteins tethered Ca* Channels to presynaptic
active zones via a direct PDZ-Domain interaction and
determined Ca®" channel density® 2%, What's more, the
mammalian Rim2 played a docking role in pancreatic
beta cells™. Since there is only one Rim homologue
in C. elegans, UNC-10 may play multiple roles as a
combination of the contribution of all Rim isoforms in
mammalian neurons. As a matter of fact, a previous
study had demonstrated that UNC-10 played a role in
SV exocytosis®. In this paper, our data suggested that
C. elegans UNC-10 also regulated DCV exocytosis.

unc-10 mutant animals exhibited behavioural
defects (Figure 1), though Rim mutant phenotypes
were less severe than those of mutations disrupting
the essential components of the C. elegans synaptic
release machinery, such as syntaxin ®, We then
assessed the requirement for UNC-10 in DCV release
via monitoring the uptake of ANF-GFP-labelled
neuropeptides into coelomocytes in vivo. Applying
electrophysiological recording of C,, developed by our
group®, we found a remarkable reduction in the burst
amplitude (RRP) of C, in unc-10 mutants. The
decrease in the RRP size might indicate an impairment
in the late step of vesicle release. And finally, to
further analyse the exact step that UNC-10 regulates,
we tracked the movements of single DCVs with
TIRFM. Through the combination of these assays, we
found that UNC-10 was involved in DCV release
through regulating the late step of DCV exocytosis.

Rim was originally identified as a putative
Rab3A-effector, and a later study suggested that Rim1
might interact with several Rab proteins, including
Rab3A/B/C/D, Rabl0, Rab26 and Rab37 ! 21 while
Rim2 might interact with Rab3A/B/C/D and Rab8. To
identify which proteins interact with UNC-10 in
regulating DCV exocytosis will involve further
investigation.
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