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Abstract

To study the abundance of specific receptors and other cell surface proteins at synapses, it would be advantageous to specifically label these
proteins only when inserted in the plasma membrane. We describe a method that allows to fluorescently label cell surface proteins in live and
behaving animals, namely in the nematode Caenorhabditis elegans. Proteins such as subunits of the levamisole sensitive nicotinic acetylcholine
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eceptor (nAChR) were epitope-tagged at their extracellular C-termini, and fluorescent antibodies against those tags were injected into the body
uid. These antibodies specifically labelled synaptic regions on the cell surface of muscles and neurons, and simultaneous use of different tags
acilitated co-localization studies. Quantification of the fluorescence is possible, as verified by demonstrating that mutations in ric-3 and unc-38,
hich cause behavioural resistance to cholinergic agonists, strongly reduce or even abolish nAChR cell surface expression. We also used this
ethod to visualize the extracellular peripheral membrane protein ODR-2, which is related to a neurotoxin-like protein regulating vertebrate

euronal nAChRs. Likewise, fluorescent �-bungarotoxin, when injected, bound to certain nAChRs in the pharynx and the nervous system. This
howed that, theoretically, any molecular interaction of sufficient affinity may be used to specifically label cell surface structures in live nematodes.

2005 Elsevier B.V. All rights reserved.
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. Introduction

A major component of synaptic plasticity is the regulation
f neurotransmitter receptor abundance at post-synaptic sites
y either insertion into the plasma membrane or by endocy-
osis (Barry and Ziff, 2002; Bredt and Nicoll, 2003; Malinow
nd Malenka, 2002; Song and Huganir, 2002). Other cellular
rocesses, such as cell–cell interactions during and after devel-
pment, also require regulation of the abundance of certain
ell surface proteins (Sanes and Lichtman, 2001). Delivery of
uch proteins to the plasma membrane depends on intracellular
vents, like biogenesis and trafficking in the secretory pathway
Mei and Xiong, 2003).
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Detection of a protein on the cell surface usually involves
fluorescent probes directed against this protein, for example spe-
cific antibodies or ligands. These reagents need to be applied
under conditions that leave the plasma membrane intact, thus
their use is restricted to cell culture or thin tissue slices. How-
ever, to study processes of post-synaptic plasticity that are based
on cell surface receptor levels in an intact, living and behaving
animal, it would be desirable to apply such fluorescent reagents
in vivo with minimal invasive effect.

In Caenorhabditis elegans and other genetically amenable
model systems, expression of neurotransmitter receptors is
either studied by immunostaining on permeabilized and fixed
(and thus dead) animals (Gally et al., 2004), or in vivo by using
receptor-GFP fusions (Fleming et al., 1997; Juo and Kaplan,
2004; Mellem et al., 2002; Rongo and Kaplan, 1999). However,
using GFP poses the problem that the fusion protein is not only
visible at post-synaptic sites, where it is functionally expressed,
but that also intracellularly stored or trafficked protein is
detected (Juo and Kaplan, 2004). Since C. elegans cells are
very small, intracellular fluorescence can mask signal from cell
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surface protein, and interfere with the interpretation of receptor
localization or quantification of receptor levels. Even though the
receptors are usually found along nerve cord processes, i.e. away
from cell bodies, it cannot be distinguished whether clustered
GFP signal reflects protein that is membrane-inserted, since the
protein could actually be present in storage or transport vesicles
just underneath the plasma membrane. Furthermore, GFP is a
relatively large protein and can thus interfere with the function
of the protein it is fused to, especially if it is part of a larger
complex. Small epitope tags could thus help to maintain a fusion
protein functional, but current methods for visualization of
those epitope tags require fixation and immunostaining in vitro.

Here, we describe a new method for staining of cell surface
proteins in live C. elegans, using small epitope tags, fused to
extracellular portions of the proteins of interest. By injecting flu-
orescently labeled antibodies specific for those tags into the body
fluid, we could specifically stain clusters of nAChRs on muscles,
neuronal processes and cell bodies, as well as GABAA recep-
tors. Simultaneous use of different epitope tags and antibodies,
or GFP fusion proteins, allows for co-localization studies. Also
peripheral membrane proteins can be stained, as exemplified for
the neuronal cell surface maker ODR-2 (Chou et al., 2001). In
addition, we show that also other fluorescent protein ligands can
be used to localize their interaction partner, like �-bungarotoxin,
which binds to specific nAChRs along nerve cords and pharyn-
geal muscles. Since labeled surface protein can be quantified,
o
e

2. Results

2.1. In vivo visualization of cell surface nAChRs with
fluorescent antibodies

In order to label nAChRs on the surface of C. elegans cells
in vivo, we first fused specific epitope-tags to the C-termini
of levamisole receptor subunits, for example four copies of
the hemagglutinin (HA-)tag to LEV-1 (LEV-1::4xHA) or three
copies of the cMYC-tag to UNC-38 (UNC-38::3xMYC). The
levamisole receptor functions at the neuromuscular junction
(NMJ) and also comprises UNC-29, UNC-63, and LEV-8/ACR-
13 subunits (Culetto et al., 2004; Fleming et al., 1997; Gottschalk
et al., 2005; Towers et al., 2005). Provided proper folding of
the proteins, these tags should be exposed on the cell surface,
accessible for antibodies (Fig. 1A). Next, we delivered dilute
solutions of fluorescent primary antibodies specific for those tags
by injecting them into the pseudocoelomic fluid of the transgenic
animals under non-permeabilizing conditions, thus allowing
access to cell surfaces only (Fig. 1A). Animals quickly recov-
ered from this treatment, continued moving, feeding and laying
eggs.

Indeed, both in animals expressing HA-tagged LEV-1 or
MYC-tagged UNC-38, the antibodies specifically stained punc-
tate sites along the nerve ring (Fig. 1B) and in the ventral and dor-
sal nerve cords (Fig. 1C and D), where NMJs are located (White
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ur method can be used to compare cell surface expression lev-
ls in different genetic backgrounds.

ig. 1. Injected antibodies label specific sites on cell surfaces in live C. elega
AChR subunit (LEV-1) is expressed and inserted into the membrane, such tha
urfaces are labeled by fluorescent, HA-tag specific monoclonal antibodies, tha
ame subunit causes all membranes containing the protein to fluoresce (for ex
upper panel). (B) Animals expressing UNC-38::3xMYC were injected with Cy3
he outline of the pharynx, the two-lobed feeding organ, is indicated by a dash
ord. A major (arrow) and a minor (arrowhead) process bundle is visible. (D)

abeled after injection of anti-HA AlexaFluor594 antibodies, exposing the protein in c
s thus brightly fluorescent. All animals are oriented with the anterior to the left. Sca
lexaFluor594 antibodies (red). After 18 h recovery, anti-HA AlexaFluor488 antibo

dditional 6 h, the ventral nerve cord was photographed in both red and green channe
t al., 1976). No specific staining was found in animals that did
ot express any tagged nAChR subunit, or in unc-38(x20) mutant

) Schematic of the method. C-terminally epitope-(HA-)tagged version of an
pitope tag is exposed on the cell surface (middle panel). Only epitopes on cell
injected into the pseudocoelom (lower panel). In contrast, GFP-tagging of the

in the ER), thus masking the signal from plasma membrane inserted LEV-1
led anti-MYC antibodies. Specific punctate sites were labeled in the nerve ring.
e. (C) UNC-38::3xMYC was labeled at punctate sites along the ventral nerve

urfaces along the dorsal nerve cord in animals expressing LEV-1::4xHA were

lusters. A scavenger cell (coelomocyte, arrow) took up excess free antibody and
le bar is 20 �m. (E) Animals expressing LEV-1::4xHA, injected with anti-HA
dies (green; 1/5 of the amount of red antibody was used) were injected. After
ls and the images overlaid.
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animals that lack functional levamisole receptors (Fig. 5A and D
and data not shown). Even though our method does not make it
possible to wash away excess antibody, we observed only minor
unspecific background staining if the animals were allowed to
recover for at least 6 h after injection. We reasoned that this

was due to the filtering activity of the coelomocytes, which are
large vacuolated scavenger cells that filter out waste products
from the pseudocoelomic fluid. For example, coelomocytes are
known to take up GFP when secreted into the body fluid (Fares
and Greenwald, 2001). Indeed, we observed that these cells took
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ig. 2. Co-localization of cell surface nAChRs and other proteins. (A) Co-expression
nd SNB-1::GFP (synaptobrevin, a pre-synaptic marker; green). Images acquired in b
f an animal (anterior is in the lower right corner), showing two rows of nose muscles
reen fluorescence). Major clusters of levamisole receptors were labeled on the musc
lso minor nAChR clusters can be seen on muscles cells, however away from the
orsal nerve cord in the midbody. Clusters of UNC-38::3xMYC are juxtaposed and
f LEV-1::4xHA (labeled with injected antibodies (red) and UNC-29::GFP (green).
pper half of the panel) and in clusters along the dorsal nerve cord, LEV-1::4xHA is o
ith UNC-29::GFP. (D) Co-expression analysis of UNC-38::3xMYC (labeled with

o-localize completely at punctate sites in the dorsal nerve cord. (E) Co-expression
8::3xMYC (red) in the ventral nerve cord. Both proteins show complete co-localiz
subunit of the inhibitory GABAA receptor functioning at the NMJ. Both proteins

nd MYC-epitopes (red). These excitatory and inhibitory neurotransmitter receptors
lusters essentially do not overlap. (G) Simultaneous labeling by injected antibodies o
eurons, and UNC-38::3xMYC (red, expressed from the myo-3 promoter) exclusive
uscle than from neurons. Puncta mostly overlap, except for two clusters that appare

egion of the ventral nerve cord. (H) Co-expression/labeling of LEV-1::4xHA (red)
lusters can be observed along the muscle cell edges, at non-innervated sites (arrowhe
f UNC-38::3xMYC (red) and UNC-29::GFP (green) in ventral nerve cord and motor
urface of individual neurons (arrowheads). Images from both color channels were
bserved in the midbody region, unless otherwise stated. Scale bars are 20 �m.
analysis of UNC-38::3xMYC (red), labeled with injected anti-MYC antibodies,
oth color channels were subsequently merged. Dorsal view of part of the head

and processes of SAB neurons, which innervate these muscles (indicated by the
le surface (in red, arrows), that lie directly next to the pre-synaptic varicosities.
SAB neuron processes (arrowheads). (B) As in (A), but showing part of the
non-overlapping with SNB-1::GFP containing varicosities. (C) Co-expression
While UNC-29::GFP can be seen throughout the muscle cell (structure in the
nly labeled at the clusters in the nerve cord, however, completely co-localizing

injected anti-MYC antibodies; red) with UNC-29::GFP (green). Both proteins
and co-labeling with injected antibodies of LEV-1::4xHA (green) and UNC-

ation in clusters. (F) LEV-1::4xHA was co-expressed with 3xMYC::UNC-49,
were simultaneously labeled with injected antibodies specific for HA-(green)
are both found in punctate sites on cell surfaces along the nerve cord, but these
f LEV-1::4xHA (green, driven by the unc-8 promoter) expressed in cholinergic
ly in muscles. Overall, many more levamisole receptor clusters originate from
ntly contained only neuron-derived LEV-1 (arrowheads). Shown is the anterior
and UNC-29::GFP (green) in ventral muscle and nerve cord. Minor receptor

ads). Images from both color channels were merged. (I) Co-expression/labeling
neurons, showing the presence of UNC-38::3xMYC containing clusters on the

overlaid. Anterior is left in all images (except in A), nerve cords were always
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up the bulk of the injected antibody and became brightly fluo-
rescent (Fig. 1D).

Since endocytosis of (unbound) antibody occurred in coelo-
mocytes), it is also possible that muscles and neurons might
endocytose antibodies or nAChR/antibody complexes. Thus the
labeled sites could in principle represent endocytosed nAChRs
that were at the cell surface at the time of injection. To investigate
this possibility, we first injected red-labeled anti-HA antibodies
and allowed the animals to recover for 18 h. Then we injected a
green-labeled version of the same antibody (1/5th of the amount
of the first antibody) into these previously injected animals.
If endocytosis of red antibody-labeled nAChRs had occurred,
labeling with green antibodies should result in a somewhat dif-
ferent staining pattern, since the second antibody would have less
time to undergo endocytosis. Moreover, endosomes are dynamic
structures, so proteins endocytosed at different times may not
end up in exactly the same intracellular structures. We observed
that in fact, both antibody labels showed exactly the same stain-
ing pattern 6 h following the second injection (Fig. 1E). This
experiment therefore suggested that the receptors labeled by our
procedure were in fact present at pre-synaptic sites on the cell
surface, and indicated that labeled antibody/nAChR complexes
remained stable over extended periods. To further assess whether
the sites stained by injected antibodies corresponded to post-
synaptic nAChR clusters, we co-expressed UNC-38::3xMYC
and a GFP-tagged version of the (pre-)synaptic vesicle marker
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tate sites along nerve cords, but also intracellularly, i.e. in the
ER (Fig. 5D and data not shown).

Our method can be used for co-localization studies using
two different epitope tags, as shown by simultaneously injecting
two different colored antibodies in animals co-expressing LEV-
1::4xHA and UNC-38::3xMYC. The two tagged levamisole
receptor subunits showed complete cell surface co-localization,
as expected (Fig. 2E). As a negative control, we performed a
similar co-localization experiment using LEV-1::4xHA and N-
terminally MYC-tagged UNC-49, a subunit of the inhibitory
GABAA receptor at the NMJ (3xMYC::UNC-49; Bamber et al.,
1999). Both receptors could be stained and showed a distinct,
essentially non-overlapping expression pattern along the nerve
cords, that more or less alternates. We do not know whether these
excitatory and inhibitory subdomains of the NMJ are found on
the same muscle arm, or whether they are on distinct muscle
arms of the same cell.

2.2. Neurons also express levamisole receptors on their cell
surface

The levamisole receptor is not only expressed by muscle
cells, but also by motor-neurons and many other neurons
(Fleming et al., 1997; Gottschalk et al., 2005; data not shown).
As shown in Fig. 2I, we found clusters of levamisole receptors
also on neuronal cell bodies, in animals co-expressing UNC-
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ynaptobrevin (SNB-1::GFP; Nonet, 1999). We observed that
ites labeled with anti-MYC antibodies were juxtaposed, but
id not overlap, with sites expressing pre-synaptic SNB-1::GFP.
pecifically, this localization pattern was observed on nose mus-
les, innervated by SAB motor neuron processes (Fig. 2A;
hao and Nonet, 2000), and along the ventral (Fig. 2B) and
orsal nerve cords (not shown). This is consistent with pre-
nd post-synaptic localization of SNB-1 and nAChRs, respec-
ively. When analyzing these images, we found that additional
ites on nose muscle cells contained epitope-tagged nAChRs,
hich were distant from SNB-1::GFP puncta (Fig. 2A, arrow-
eads). Such minor receptor clusters were also found to line
he edges of the body muscles in regions that are not receiving
nnervation (Fig. 2H). These sites may represent extrasynap-
ic nAChRs, though in this case we cannot exclude the pos-
ibility that they are endocytosed nAChR/antibody complexes
see above).

To confirm that injected antibodies stain only protein that
ad been exposed at the cell surface, we co-expressed UNC-
8::3xMYC or LEV-1::4xHA with UNC-29::GFP, which is vis-
ble along nerve cords, as well as inside cells (in the endoplasmic
eticulum (ER), where it co-localizes with marker proteins bear-
ng ER-retrieval signals; data not shown). Injected antibodies
tained only the punctate UNC-29::GFP-containing sites along
he nerve cords, but not any of the intracellular levamisole recep-
or sites (Fig. 2C, shown for LEV-1::4xHA and UNC-29::GFP;
lso UNC-38::3xMYC labeled with injected antibodies and
NC-29::GFP co-localize in nerve cord puncta; Fig. 2D). In

ontrast, immunostaining of animals expressing LEV-1::4xHA
r UNC-38::3xMYC after freeze-fracture and fixation, which
ermeabilizes the cells, labeled receptor protein both in punc-
9::GFP and LEV-1::4xHA. It would not have been possible
o see this by GFP-tagging alone, since the intracellular (ER-
erived) fluorescence would have masked the nAChR clusters
n the surface of the cell bodies. By electron microscopy, it was
hown previously that cholinergic neurons forming an NMJ
re often pre-synaptic to also another motor neuron at the same
ite (White et al., 1986). Thus, nAChR clusters found along the
ervecords are likely to be a mixture of receptors expressed by
oth muscles and neurons. In order to distinguish those receptor
ools and to estimate the relative amount of levamisole receptor
ell surface expression by both muscles and neurons indepen-
ently, we wanted to separately label those receptors. We thus
o-expressed LEV-1::4xHA from a neuron specific promotor
hat is also expressed in cholinergic motorneurons (Punc-8, nor-

ally driving expression of a DEG/ENaC channel; Tavernarakis
t al., 1997), and UNC-38::3xMYC from the muscle specific
yosin-3 promotor (Pmyo-3). Injecting HA- and MYC-specific

ntibodies simultaneously (Fig. 2G) showed that most sites
long the nerve cords were corresponding to muscle-derived
NC-38, while much fewer sites expressed neuron-derived
EV-1. However, these sites were mostly co-localizing. We
ould show that the LEV-1::4xHA protein cannot be detected at
he cell surface if it is not part of functional levamisole receptors
Fig. 5A and D). Thus, since only LEV-1::4xHA was trans-
enically expressed in the neurons of these animals, we suggest
hat the observed neuronal clusters indeed represent genuine
evamisole receptors (it remains possible, however, that LEV-1
ould associate with other unknown nAChR subunits expressed
n these neurons). These neuronal nAChRs may either be
xpressed at pre-synaptic sites, or they could be post-synaptic
nd localized in close proximity to an NMJ innervated by the
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same neuron (indistinguishable by light microscopy in both
cases).

2.3. Quantification of nAChR cell surface expression levels

Next, we wanted to utilize our method to quantify differences
in the expression levels of cell surface proteins. We had noticed
that different regions of the nerve cords, i.e. the very anterior
ends versus regions in the midbody of the animals, and also the
ventral versus the dorsal nerve cords, appeared to express differ-
ent amounts of nAChRs. In order to quantify these expression
levels, we took the obtained digital images and manually traced
the (brightest) fluorescent puncta along the nerve cords. Image
analysis software (ImageJ) would then produce a list of the grey
values along the trace, corresponding to the amount of nAChRs
expressed. The “baseline” value, which depends on the degree of
background antibody clearance, was deduced from each value
along the trace to correct for unspecific background staining.
Fig. 3 shows three examples of typical traces and their evalua-
tion along the ventral and dorsal cords, as well as in a mutant
expressing less cell surface nAChRs (see below). Fig. 3A shows
the original fluorescence images, Fig. 3B demonstrates the read-
out of the grey values along the traced nerve cords, and Fig. 3C
depicts the same traces after background correction. The grey
values along single traces were then averaged and served as sin-
gle data point (inset in Fig. 3C). In order to compare different
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Fig. 3. Quantitative analysis of nerve cord cluster fluorescence. (A) Three
images from different animals expressing LEV-1::4xHA, labeled with injected
antibodies. Shown are the ventral nerve cords in the midbody region. (B) The
(brightest) clusters along the nerve cords in A were traced using ImageJ soft-
ware and the fluorescence profile was extracted as grey values. (C) A baseline
grey value (i.e. the lowest grey value from each trace) was deduced from each
dataset and the profile redrawn. Inset shows the background-corrected, average
grey values obtained for each trace after averaging of all values along the traces.

clusters of LEV-1::4xHA stained with injected antibodies were
almost not recognizable (Fig. 5A, inset). The potential to cluster
nAChRs at sites along the nerve cords, however, appeared not to
be compromised, since the same number of clusters was found
along the same length of nerve cord in md158 and wild type
animals (Fig. 5B). The lack of nAChRs at synaptic sites corre-
lated well with the resistance of md158 animals to the paralyzing
effects of nicotine in a drug response assay (Fig. 5C).

Work in heterologous expression systems has shown that only
fully assembled nAChR heteromers can leave the ER and reach
the cell surface (Christianson and Green, 2004), although under
certain conditions, also receptor heteromers lacking one of the
subunits, or even single subunits can be found on the plasma
membrane (Keller et al., 2001; Wang et al., 2002). We wanted
to investigate this in C. elegans, i.e. in a native expression sys-
tem that can be genetically engineered to lack certain subunits
egions of the nerve cords, or different genetic backgrounds that
ay affect cell surface nAChR expression, nerve cord fluores-

ence from at least 12 individual animals was averaged (1 trace
er animal).

We first analyzed whether we could observe differences in
he synaptic expression levels of LEV-1::4xHA in adult animals
ersus L4 larvae, and in animals expressing the transgene from
n extrachromosomal versus an integrated array, to estimate the
nfluence of mosaic expression on the readout. However, when
omparing expression levels in the midbody region of the ventral
erve cord, the differences were only minor and not statistically
ignificant (Fig. 4A). Furthermore, we compared the expression
evels of LEV-1::4xHA in the anterior ends of the nerve cords
ANC) to the midbody region of either the ventral (VNC) or
orsal nerve cord (DNC; Fig. 4B). This showed significantly
igher expression in the ANC compared to VNC or DNC, and a
lightly higher expression in the DNC versus the VNC. Compa-
able results were obtained for UNC-38::3xMYC in N2 animals
Fig. 4C).

.4. Mutations that affect nAChR expression at
ost-synaptic sites

To test whether our method could detect changes in the
xpression of nAChRs in mutants affecting cholinergic neuro-
ransmission, we studied ric-3(md158) animals, which had been
hown to have compromised expression of nAChRs in the cel-
ular periphery (Halevi et al., 2002). When we compared cell
urface expression of LEV-1::4xHA in ric-3(md158) animals
o wild type, we found that the levels of nAChRs were signifi-
antly less in the mutant (about 65% reduced; Fig. 5A). In fact,
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Fig. 4. Comparison of cell surface levamisole receptor expression levels; (A) LEV-1::4xHA was either expressed from an extrachromosomal array in adults and L4
larvae, or from an integrated array in adults. Grey values in ventral nerve cord fluorescence profiles from the indicated number of individuals were quantified and
averaged for comparison. Average values did not differ significantly, although the standard error of the mean (error bars) was much smaller after integration of the
array. (B) Expression levels of LEV-1::4xHA were compared in three different regions of the nerve cords, i.e. the anterior ends (ANC) of either the dorsal or ventral
nerve cords, or the ventral (VNC) and dorsal nerve cords (DNC) in the midbody region, showing almost twice as much expression (and higher synapse density) in
the anterior ends. (C) Cell surface expression levels of UNC-38::3xMYC were compared in wild type background, in the anterior, ventral and dorsal nerve cords.

of a given nAChR. We thus expressed the LEV-1::4xHA sub-
unit in unc-38(x20) mutants, that lack an essential subunit of
the levamisole receptor. Injection of anti-HA antibodies failed
to detect any LEV-1::4xHA on the cell surface (Fig. 5A and
D). Nevertheless, the LEV-1 subunit was still synthesized at
levels comparable to the wild type and could be detected by
whole-mount immunostaining in fixed animals, in motor neu-
ron cell bodies (Fig. 5D). However, while the protein was also
detectable in nerve cord clusters in wild type animals, these were
not observed in the mutants. Thus, the lack of levamisole recep-
tor function in x20 animals stems from the failure to assemble the
receptor and traffic it to the cell surface rather than an instability
of all levamisole receptor subunits in the absence of UNC-38.

2.5. ODR-2, a peripheral plasma membrane protein, is
detected by injected antibodies

We next wanted to test our method on another protein with
properties different from the levamisole receptor subunits. odr-
2 encodes a homologue of murine lynx1, a protein structurally
related to �-bungarotoxin, which associates with nAChRs and
modulates their function (Chou et al., 2001; Ibanez-Tallon et al.,
2002). ODR-2 is peripherally associated with the extracellular
face of the plasma membrane by a GPI anchor. odr-2 mutants
have been shown to have compromised chemosensory transduc-
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2 appeared to be evenly distributed on the surface of neuronal
processes, i.e. not in a clustered fashion, even though varicosi-
ties along neuronal processes were clearly visible. However, the
co-labeling did not show major co-localization of ODR-2 and
UNC-38. ODR-2::HA appeared to be on the surface of neuronal
processes different from the ones carrying (or being in contact
with) UNC-38::3xMYC, and these processes were rarely found
in immediate proximity to sites containing UNC-38. Thus, there
is probably no direct interaction between ODR-2 and levamisole
receptors. Given its broad neuronal expression pattern, ODR-2
could be a cell surface marker providing signals for cellular
development and/or identity.

2.6. α-Bungarotoxin labels nAChRs in the pharynx and
along nerve cords

In principle, our method for labeling of cell surface struc-
tures in vivo is not restricted to an antibody–epitope recognition.
Rather, any specific interaction between molecules may be suffi-
cient to label certain sites in live C. elegans, given that the labeled
probe can be applied by microinjection. To test this principle, we
utilized the nAChR-specific neurotoxin �-bungarotoxin, which
is a competitive inhibitor that strongly binds to the acetylcholine
binding site (Samson et al., 2002). �-Bungarotoxin, a protein
toxin, is often used for specific labeling of nAChRs in histo-
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ion, and the ODR-2 protein was found to be widely expressed in
he nervous system. In order to test whether our method could
lso be used to localize extracellular proteins, and to investi-
ate a potential interaction of ODR-2 with nAChRs, we used
HA-tagged version of ODR-2 (kindly provided by Chou et

l., 2001). We co-expressed this protein with UNC-38::3xMYC,
nd both proteins were co-labeled with simultaneously injected
reen anti-HA and red anti-MYC antibodies. Indeed, we could
pecifically label ODR-2::HA on cell surfaces in the nervous
ystem (Fig. 6A and B). The protein was found on the cell bod-
es of many neurons in the head (Fig. 6A) and tail (not shown),
n many neuronal processes running along the major (dorsal and
entral) nerve cords, and on the surface of numerous sublateral
erve cords and circumferential commissures (Fig. 6B). ODR-
hemical preparations (for example, Kawai et al., 2002), or even
or ligand affinity purification of nAChRs (Briley and Changeux,
977). Though no specific behavioural effects of �-bungarotoxin
n C. elegans have been described as yet (Rand and Nonet,
997), we reasoned that the toxin may nevertheless bind some
f the many nAChRs expressed in C. elegans.

Indeed, rhodamine-labeled �-bungarotoxin injected into the
seudocoelom labeled specific punctate sites along the nerve
ords of the animals, including the nerve ring (Fig. 7A–C). Fur-
hermore, prominent staining was seen in the anterior bulb of
he pharynx (more exactly, in the pro- and metacorpus; Fig. 7A
nd C). This staining was not uniform, but apparent as numerous
ittle clusters on the surfaces of the muscle cells, possibly fac-
ng the space between the muscle and the marginal cells of the
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Fig. 5. Mutations affecting cell surface expression of the levamisole receptor. (A) Expression levels of LEV-1::4xHA at synaptic sites were quantified after labeling
with injected anti-HA antibodies in wild type and mutant animals. Expression was strongly affected in ric-3(md158) animals (reduction by ca. 65%; p < 0.001; t-test),
and apparently entirely abolished in unc-38(x20) animals (no stained clusters were detectable at all). Inset shows representative images of stained ventral nerve cords
in wild type and md158. (B) The density of labeled nerve cord puncta corresponding to cell surface LEV-1::4xHA was counted per 16 �m of nerve cord in wild type
and ric-3(md158) animals. (C) Behavioural responses of wild type and indicated mutant animals in response to 31 mM nicotine in a paralysis assay. Thirty animals
each were observed for the indicated times on nicotine plates and the fraction of moving animals determined. Strong resistance to nicotine in md158 and x20 animals
correlates well with the observed reduction or loss of synaptic levamisole receptors in A. (D) LEV-1::4xHA was immunostained in fixed wild type and unc-38(x20)
animals, to reveal intracellular presence of the protein. Left panel: embryos; middle panel: ventral nerve cord of adult animals, showing expression in motor neuron
cell bodies. Expression is also seen in post-synaptic clusters along the nerve cord processes for wild type, but not for mutant animals. Right panel: LEV-1::4xHA
immunostaining with injected antibodies in the nerve ring, demonstrating the presence (N2) and absence (x20) of LEV-1::4xHA on cell surfaces.

tripartite structure. To verify that �-bungarotoxin really binds to
nAChRs, as opposed to some other structure, we tried to com-
pete for its binding by incubating the animals with nicotine.
Indeed, in animals that had been exposed to 0.5% nicotine just
for a few minutes, no specific binding of �-bungarotoxin was
found. However, when the animals were recovered from nico-
tine containing media, �-bungarotoxin staining could be seen
again after 2–3 h (data not shown). Overall nAChR staining by
�-bungarotoxin was also strongly reduced in ric-3(md158) ani-
mals, as quantified by analyzing fluorescence of the nerve ring
(Fig. 7C). This indicates that RIC-3 has a general function in cell
surface translocation of nAChRs, as has been suggested previ-
ously (Halevi et al., 2002), and is not specific for the levamisole
receptor alone. Furthermore, staining in the pharynx was abol-
ished in ad1110 mutants, indicating that the EAT-18-containing
nAChR was also affected (McKay et al., 2004).

To study whether the �-bungarotoxin binding receptor
present in the nerve cords could be identical to the levamisole
receptor, we performed a co-labeling experiment in animals
expressing UNC-29::GFP (Fig. 7B). We observed that the
toxin-labeled sites were not identical to those expressing UNC-
29::GFP, and those sites were present on different neuronal pro-

cesses. Furthermore, even in unc-29(e1072); lev-1(e211); unc-
38(sy576) triple mutants, the �-bungarotoxin staining pattern
was not affected (Fig. 7A). Thus, the levamisole receptor is not
apparently bound by �-bungarotoxin, and receptor labeled by
bungarotoxin is likely to represent a novel nAChR of unknown
function and molecular composition.

2.7. The tandem affinity purification (TAP-)tag can be
utilized to label nAChRs on cell surfaces in vivo

In order to further explore the versatility of our approach, we
looked for additional ways for affinity labeling of cell surface
proteins. We have recently used the TAP-tag to purify the lev-
amisole receptor from transgenic C. elegans (Gottschalk et al.,
2005). The TAP-tag consists of a Protein A tag, which can bind
IgGs, a protease cleavage site, and a calmodulin-binding peptide
(CBP; Rigaut et al., 1999). Since we had attached the tag also to
the C-terminus of UNC-29, which rendered a functional protein,
we tried to label the Protein A part of the tag with unspecific IgGs
coupled to a fluorophore. Protein A binds strongly to IgGs from
either humans or rabbit, but with much lower affinity to mouse
IgG. We thus injected rabbit IgG, labeled with Alexa Fluor 488
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Fig. 6. Cell surface expression of the peripheral neuronal protein ODR-2; ODR-2 is a member of a family of peripheral extracellular plasma membrane proteins, a
murine homologue (lynx-1) of which is a interacting with and modulating nAChRs. (A) ODR-2::HA (green) was co-expressed with UNC-38::3xMYC (red) and both
proteins were simultaneously labeled on the cell surface with injected antibodies in vivo. Shown is the nerve ring region with head neurons and the central neuropil.
UNC-38::3xMYC is found in clusters in nerve ring processes, while ODR-2::HA is found on many neuronal cell bodies. (B) Experiment as in (A), but showing a
region of the ventral nerve cord and sublateral nerve cords. ODR-2 stains the surfaces of many neuronal processes, including varicosities, in a uniform, non-clustered
fashion, while UNC-38 is seen only in a major and a minor process bundle of the ventral cord in a clustered fashion, not or only partially co-localizing with ODR-2.

(green) into animals expressing TAP-tagged UNC-29. Indeed,
as we had observed for the other tags used on levamisole recep-
tor subunits (Figs. 1–3, 5 and 6) the labeled antibodies stained
punctate sites in the nerve ring, and along the ventral and dorsal
nervecords (Fig. 8). As a control, we also injected fluorophore-
labeled mouse IgGs, however, no specific staining could be
observed (not shown). Similarly, when antibodies were injected
into wild type animals, no staining occurred. Thus the TAP-tag
may also be used to label proteins on cell surfaces in live C.
elegans, enabling the visualization in vivo of the (correct) local-
ization of proteins that are to be purified using the TAP method.

3. Discussion

We have developed a method to specifically visualize cell
surface exposed proteins (or other structures) in live C. elegans,
using specific tags like the HA-, MYC- or TAP-tags, and fluo-
rescent antibodies or other labeled ligands, like �-bungarotoxin,
that are injected into the pseudocoelomic fluid of the animals.
This method significantly expands the repertoire of cell bio-
logical detection methods in C. elegans, since in situ staining of
proteins was previously possible only after permeabilization and
fixation of the animals. Not only does the injection of antibodies
often significantly improve the quality of the immunostaining
as opposed to fixed animals, our method may also allow study-

ing altered cell surface protein expression in response to certain
conditions. For example, to study effects of cholinergic agonists
on nAChRs expression, animals could be exposed to cholinergic
agonist for defined periods, and then be injected with antibodies
to label surface levamisole receptors. Comparison to non-treated
controls could show alterations in synaptic expression levels.
Since sites of labeled receptors appear stable even after 18 h
(Fig. 1E), it may even be possible to follow (agonist-)induced
changes in cell-surface distribution. This is the first time that
immunostaining in C. elegans allows to specifically label only
the pool of membrane proteins that have been inserted in the
plasma membrane, as opposed to additional pools present in
the ER, Golgi or trafficking vesicles. It should be noted that this
method would not distinguish between surface-expressed recep-
tors and receptors that had previously been at the cell surface
and subsequently endocytosed (but see Fig. 1E). Recently, our
method was used to study cell surface expression of glutamate
receptors and SOL-1, a CUB-domain protein involved in their
regulation (Zheng et al., 2004).

3.1. New insights into expression of nAChRs on muscle and
neuron surfaces

Staining of cell surface exposed subunits of the levamisole
sensitive nAChR demonstrated that, as expected, these receptors
are present at post-synaptic sites on muscle arms, apparent as
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Fig. 7. �-Bungarotoxin binds nAChRs in live C. elegans. (A) Rhodamine-labeled �-bungarotoxin was injected into wild type (right two panels) or unc-29(e1072);
unc-38(sy576); lev-1(e211) triple mutants (left panel). Specific, punctate sites on pharyngeal muscles, in the nerve ring and along nerve cord processes were labeled,
regardless of the genetic background. (B) Injection of rhodamine-labeled �-bungarotoxin (red) into animals expressing UNC-29::GFP (green). Images in both color
channels were overlaid. Puncta labeled with �-bungarotoxin were not overlapping with synaptic sites expressing UNC-29::GFP, thus �-bungarotoxin does not bind
to the levamisole receptor. (C) Injection of �-bungarotoxin can be used to quantify the cell surface expression level of the labeled (however, unknown) nAChR.
Fluorescence was analyzed and quantified in the nerve ring in wild type (upper right panel) and ric-3(md158) mutants (lower right panel). �-Bungarotxin staining
appeared to be completely lost in the pharynx of md158 mutants, and very little staining could be detected in the nerve ring. Quantification (left panel) showed a
significant reduction of nerve cord labeling in md158 animals (reduction by ca. 83%; p < 0.001, t-test; n = 12 animals each).

Fig. 8. TAP-tagged UNC-29 can be labeled with IgGs in live C. elegans; UNC-29, TAP-tagged at the C-terminus, was labeled with IgGs unspecific to any protein
expressed in C. elegans, coupled to Alexa 488, that were injected into the pseudocoelomic fluid. Punctate sites were present in the nerve ring (upper left panel, nr)
and the ventral (vnc; upper and lower left panels) and dorsal nerve cords (dnc; lower right panel).
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fluorescent clusters running along the dorsal and ventral nerve
cords and the nerve ring. Strongest expression was seen in the
very anterior parts of the nerve cords. Expression was also
found on the cell bodies of nose muscles, which receive innerva-
tion from the SAB neurons. However, we also observed minor
nAChR clusters that were present on parts of the surface of mus-
cle cells that were distinct from muscle arms, quite distant from
expected sites of innervation. These receptors could represent
extrasynaptic nAChRs and may be, as previously shown for ver-
tebrate muscle nAChRs, recruited into the post-synaptic density
of NMJs (Akaaboune et al., 1999, 2002). Alternatively they may
simply be endocytosed antibody/nAChR complexes, though, to
our knowledge, it has not been shown that muscular endosomes
are present at those sites.

3.2. ric-3(md158) affects expression of nAChRs on the
plasma membrane

RIC-3, which is found in the ER, has been previously shown
to affect nAChR expression in the cellular periphery and to
enhance cell surface expression of nAChRs in heterologous cells
(Halevi et al., 2002). However, even though the ric-3(md158)
mutation abolished nAChR whole cell currents, we could still
detect some residual amounts of levamisole receptors at synaptic
sites using our antibody injection assay. This is not an artifact due
to the potential over expression of the LEV-1::4xHA transgene,
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levamisole receptors that are mainly found at the NMJ on
muscle cells. This may explain why bungarotoxin causes no
obvious behavioural phenotypes, like uncoordinated movement,
even after injection. The identity of the bungarotoxin-specific
nAChRs could possibly be unraveled by RNAi of candidate
nAChR genes.

Since the identity of the bungarotoxin-binding nAChRs is
unknown, one cannot address conditions that would specifi-
cally affect a certain nAChR of interest. However, utilization
of bungarotoxin to label nAChRs in vivo has some advantages
over using epitope tagged versions of certain known nAChRs,
because one is looking at endogenous proteins in non-transgenic
animals. More importantly, this demonstrates that our method
allows to use also other proteins as label for a cell surface protein
of interest, provided that the affinity is high enough. This opens
up the use of specific protein–protein interactions for labeling
that would not work in fixed animals, where the protein struc-
tures involved may be denatured.

Our method should be very useful for the analysis of cell sur-
face protein expression in live C. elegans, for example in altered
genetic backgrounds. Potentially, if antibody/target complexes
remain functional and stable on the cell surface (i.e. are not
endocytosed), or if the endocytosed protein is rapidly degraded,
one may even follow dynamic changes of cell-surface expres-
sion in response to certain conditions. Our approach may help
to understand not only neuronal plasticity at synapses, based on
c
p
w

4

4

U
f
P
t
g
t
d
p
A
3
c
r
a
t
a
(
M
p
o
H
t
p

ince also �-bungarotoxin binding to endogenous nAChRs in the
erve ring was strongly reduced, but not completely abolished in
ic-3 mutants. Thus, absence of electrophysiological whole cell
urrents may not necessarily correlate with a complete absence
f nAChRs in the plasma membrane. RIC-3 may be required for
ell surface expression of several, if not all, C. elegans nAChRs,
ince also nAChRs on pharynx muscles were affected.

.3. C. elegans possesses nAChRs with high affinity for
-bungarotoxin

Previous workers have investigated the potential effects of
-bungarotoxin on C. elegans, but did not find any obvious phe-
otypes (Rand and Nonet, 1997), suggesting that C. elegans
oes not express essential nAChRs with reasonable affinity for
he toxin. However, we could clearly demonstrate that C. ele-
ans indeed has nAChRs in the nervous system and on pharynx
uscles which bind bungarotxin with high specificity. In a sep-

rate publication (McKay et al., 2004), we could show that loss
f function of eat-18, encoding a protein that may directly inter-
ct with the pharyngeal nAChR subunit EAT-2, caused a loss of
he pharyngeal bungarotoxin staining. Possibly, the respective
AChR is no longer present on the cell surface, for example
ue to affected trafficking, or EAT-18 may be required to form a
igh affinity bungarotoxin binding site on the respective nAChR.
n eat-2 mutants, pharyngeal bungarotoxin staining was not
ffected, thus the nAChR binding bungarotoxin must be dif-
erent from EAT-2, but is likely to also interact with EAT-18.

The bungarotoxin-specific nAChR that was found along the
erve cords is most likely involved in interneuronal choliner-
ic transmission, because it was clearly not co-localized with
ell surface expression of neurotransmitter receptors, but also
lasticity affected by other cell surface proteins or structures to
hich a specific, fluorescent ligand is available.

. Materials and methods

.1. Molecular biology

Plasmids encoding epitope tagged versions of LEV-1 and
NC-38 were constructed as follows (sequences of primers used

or constructions are available from the authors on request):
romoter (ca. 2 kb of the genomic region upstream of the respec-

ive genes’ start codon) and coding regions were amplified from
enomic DNA. DNA encoding for single copies of the epitope
ags (HA or cMYC) was included at the 3′-end as part of the
ownstream primer used to amplify the coding regions. These
roducts were subsequently cloned into pPD95.79 (a gift from
. Fire), to yield GFP-tagged versions, namely pAG6 (punc-
8::unc-38-MYC::GFP) and pAG5 (plev-1:lev-1-HA::GFP). To
reate epitope-tagged versions, the GFP coding sequences of the
espective constructs were replaced by PCR-products encoding
hexa-histidine tag and two or three copies of the respective epi-

ope tags (amplified from plasmids pU6H2MYC or pU6H3HA,
gift from De Antoni and Gallwitz, 2000), to yield pAG8

plev-1::lev-1-HA::6xHIS-3xHA) and pAG9 (punc-38::unc-38-
YC::6xHIS-2xMYC). Further, we replaced the endogenous

romoter of lev-1 in pAG8 by a PCR-fragment containing 2.2 kb
f the unc-8 promoter, to yield pAG12. To express UNC-38-
A::6xHIS-2xMYC from the myo-3 promoter, we subcloned

he UNC-38 coding region with the C-terminal epitope tags into
PD96.52 between SalI and XhoI sites, to yield pAG13. Further,



78 A. Gottschalk, W.R. Schafer / Journal of Neuroscience Methods 154 (2006) 68–79

we used plasmids encoding an HA-tagged version of ODR-2
(odr-2 HA#3; a gift from Chou et al., 2001), and LJH5, encod-
ing an UNC-29::GFP fusion (a gift from Fleming et al., 1997).

4.2. Genetics

C. elegans was maintained on nematode growth medium
(NGM) according to standard methods (Brenner, 1974).
Strains used were: N2 (Bristol strain, wild type), AQ516:
unc-29(e1072); unc-38(sy576); lev-1(e211), RM509: ric-
3(md158), CX2304: odr-2(n2145), ZZ20: unc-38(x20),
ZZ427: lev-1(x427), DA1110: eat-18(ad1110), DA453:
eat-2(ad453), NM670: lin-15(n765ts)X; ysIs42X[punc-4::snb-
1::GFP; lin15+] (a gift from M. Nonet; Nonet, 1999), FY386:
unc-49(e407); lin-15(n765ts); grEx[punc-49::3xMYC::unc-49;
lin15+] (a gift from A. Benham and B. Bamber), and AQ748:
unc-29(x29); ljIs3 [punc-29::unc-29::TAP; rol-6d] (Gottschalk
et al., 2005).

The following transgenic strains were created (plasmids were
injected at 20 ng/�l together with pRF4, a plasmid containing
the dominant rol-6 co-injection marker at 80 ng/�l, into the
germ line of young adult animals): ZX1: N2; ljEx41[plev-
1::lev-1-HA::6xHis-3xHA; rol-6] was made by injecting pAG8.
ljEx41 was further crossed into lev-1(x427) to create AQ652,
into odr-2(n2145) to yield ZX3, into ric-3(md158) to yield
AQ887, into unc-38(x20) to yield AQ888, and into FY386
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young adult animals expressing the respective epitopes, which
were mounted on dry agarose pads under halocarbon oil. In
order to achieve consistent concentration of antibody in differ-
ent animals, antibody solution was injected until a few eggs
were pushed out. Thus, assuming that this is induced once a
certain internal pressure is reached, roughly the same relative
amount of antibody solution was injected into each animal.
Animals were then retrieved from the pads with M9 solution
and transferred to NGM plates for 6 h. During that time, ani-
mals recovered from the injection, and coelomocytes took up
excess antibody from the pseudocoelomic fluid. Animals that
had recovered well (i.e. showed normal movement, fed and
laid eggs), were then used for experiments and fluorescence
microscopy.

Quantitative analysis of nerve cord fluorescence was per-
formed using ImageJ (NIH). Line scans were manually traced
along fluorescent puncta of the nerve cord. After background
correction, fluorescence values were averaged for individ-
ual line scans, then the averaged values of at least 12 ani-
mals of the same genotype and experimental conditions were
averaged.

4.4. Immunohistochemistry

For whole-mount in situ immunostaining, animals express-
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o yield ZX71. We also integrated ljEx41 by UV irradiation
o yield ZX266: N2; zxIs1[plev-1::lev-1-HA::6xHis-3xHA;
ol-6]. Similarly, AQ653: unc-38(x20); ljEx42[punc-38::unc-
8::MYC-6xHIS-2xMYC; rol-6] was made by injecting pAG9
n ZZ20; ljEx42 was then backcrossed into wild type to yield
Q889. Furthermore, LJH5, pAG8, pAG9 and pAG10 were
o-injected into AQ516 to create AQ658: unc-29(e1072);
nc-38(sy576); lev-1(e211); ljEx47[punc-29::unc-29::GFP;
unc-38::unc-38::MYC::6xHIS-2xMYC; plev-1::lev-1::HA-
xHIS-3xHA; punc-63::unc-63::VSV-6xHIS-3xVSV; rol-6d].
AG8 and pAG9 were co-injected into wild type to yield
Q900: ljEx46[plev-1::lev-1-HA-6xHIS-3xHA; punc-38::unc-
8-MYC-6xHIS-2xMYC; rol-6d]. ljEx46 was then crossed
nto NM670 to create AQ898. pAG12 and pAG13 were
o-injected to yield AQ899: N2; ljEx49[pmyo-3::unc-38-MYC-
xHIS-2xMYC; punc-8::lev-1-HA-6xHIS-3xHA; rol-6]. Finally,
AG9 and odr-2 HA#3 were injected to yield ZX56: N2;
punc-38::unc-38::MYC::6xHIS-2xMYC; podr-2::odr-2::HA;
ol-6d].

.3. Injection of fluorescent antibodies or α-bungarotoxin
or in vivo labeling

For staining of cell-surface exposed epitopes, mouse mon-
clonal antibodies �-HA (16B12), coupled to either Alexa488
r Alexa594 (Molecular Probes), �-cMYC (9E10), coupled to
y3 (Sigma), purified polyclonal rabbit �-GFP antibodies, cou-
led to Alexa 488 (Molecular Probes), or rhodamine-labeled
-bungarotoxin (Molecular Probes) were diluted 200-fold in

njection buffer (20 mM K3PO4, 3 mM K citrate, 2% PEG 6000,
H 7.5). These solutions were injected into the pseudocoelom of
ng epitope-tagged LEV-1::4xHA were grown in mixed stage
ultures. Freeze-cracking, fixation and immunostaining were as
escribed (Duerr et al., 2001), except that goat serum was used
s blocking reagent. Monoclonal primary mouse antibody used
as �-HA (clone HA-7) from Sigma (1:200 dilution). Secondary
oat-anti mouse antibodies, coupled to Alexa568 (Molecular
robes), were used in 1:100 dilution. After the final wash with
BS, slides were covered with antifade reagent, cover slips were
dded and sealed with nail polish.

.5. Fluorescence microscopy

Fluorescence microscopy was performed on a Zeiss
xioskop 2 FS, using excitation and emission filters for GFP

nd rhodamine, and Hamamatsu C4742-95 or Zeiss Axiocam
Rm digital cameras. Images were obtained using MetaVue

Universal Imaging Corporation) or Zeiss Axiovision software.
nimals were mounted on wet agarose pads containing 30 mM
aN3 as anesthetic. For double labeling (red and green labeled

ntibodies, rhodamine labeled �-bungarotoxin or GFP), iden-
ical images were taken with the respective filters and sub-
equently colored and overlayed using Adobe Photoshop and
anvas (Deneba).

.6. Nicotine paralysis assay

Nicotine paralysis assays were performed using NGM plates
hat contained 31 mM (−)-nicotine (Sigma). Animals were
laced on these plates and incubated for the indicated times.
aralysis of animals was defined as lack of movement in
esponse to prodding.
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