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Abstract
Synapses are individually operated, computational units for neural communication. To manipulate
physically individual synapses in a living organism, we have developed a laser ablation technique
for removing single synapses in live neurons in C. elegans that operates without apparent damage to
the axon. As a complementary technique, we applied microfluidic immobilization of C. elegans to
facilitate long-term fluorescence imaging and observation of neuronal development. With this
technique, we directly demonstrated the existence of competition between developing synapses in
the HSNL motor neuron.
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Introduction
Synaptic changes are thought to be important to learning and memory. These changes can take
the form of modulations of synaptic strength such as long-term potentiation (LTP) or
depression (LTD), or the formation of new synapses and elimination of existing synapses
(Geinisman et al., 1996; Toni et al., 1999) and the restructuring of the network topology
(Maletic-Savatic et al., 1999), among other potential mechanisms. Behavorial studies show
that nematode C. elegans exhibits multiple forms of learning (Hedgecock and Russell, 1975;
Zhang et al., 2005). Cell biological studies suggest that synaptic structures change dynamically
in response to environmental stimuli (Zhao and Nonet, 2000). Perturbations of sensory activity
in C. elegans, for example, affect the maintenance of sensory axon morphology (well after
initial development) that results in alterations of synapse morphology (Peckol et al., 1999).
Furthermore, structural and functional parameters of synapses can be modified by adjacent
synapses suggesting that interactions between synapses exist (Engert and Bonhoeffer, 1997;
Harvey and Svoboda, 2007).

To study such remodeling of the topology and connectivity of the neuronal network, it would
be useful to have a technique with which one can perturb the network with high spatiotemporal
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precision, then make a detailed recording of the remodeling and adaptation that the network
subsequently undergoes. Here, we describe one such tool, where a tightly focused nanosecond
laser pulse in the UV wavelength region is used to ablate a single synapse in live C. elegans
with high spatiotemporal precision and without apparent damage to the axon; the axon is dimly
but visibly fluorescent in many of the animals studied, and persists after ablation in the animals
where we could see it initially. We also observe re-formation of synapses after synapse ablation,
which again points to the integrity of the axon. Changes in network connectivity are monitored
over long periods of time (hours) using fluorescence imaging. This technique combines recent
advances in microscopy to achieve single-synapse ablation and in microfluidics for
immobilizing C. elegans for long-term imaging.

The use of laser microsurgery to study cell lineage and neural development has a long history
in the study of C. elegans and other organisms including Drosophila (Chang and Keshishian,
1996). In classic experiments, (Sulston and White, 1980) progenitor cells or neurons of interest
(typically a few to tens of micrometers in size) were ablated and the effects on the development
or behavior of the final organism were observed (Bargmann and Avery, 1995; Gray et al.,
2005). With recent advances in microscopy –both in laser ablation and single-cell nanosurgery
(Jeffries et al., 2007; Shelby et al., 2005; Sun and Chiu, 2004; Sun et al., 2004; Yanik et al.,
2004) and in sensitive single-molecule imaging – it is now possible to improve the precision
of single-pulse laser ablation from single cells to single synapses.

Once a desired perturbation has been made to the neuronal network, it is often desirable to
image the long-term remodeling of the network. For example, time-lapse imaging of single
mouse neurons in hippocampal slices shows directly that dendiritc spines generated after LTP
can form new synapses (Nagerl et al., 2007), a finding that had been suggested by the increases
in synaptic contacts observed in static electron microscopy studies (Knott et al., 2006). With
the time-lapse experiment, however, it was possible to see directly the temporal stages of the
synaptogenesis process and thus definitively show that new connections are formed between
previously unconnected neurons. It has been difficult, however, to perform such long-term
imaging experiments in live C. elegans, because worms cannot be immobilized for much longer
than ½ hours with traditional techniques (e.g. with anesthetics or glue) without greatly affecting
the health and viability of the worm.

To address this issue, we turn to several very recent developments in microfluidics where
tailored microchannels were used to provide more control over the physical state of the worm
during growth (Kim et al., 2007), and for short-term (Rohde et al., 2007) and long-term (Hulme
et al., 2007) observation. In particular, we take advantage of the microfluidic clamp recently
described by Whitesides and co-workers for the immobilization of C. elegans over long periods
of time (days) (Hulme et al., 2007). In combination with sensitive fluorescence imaging, we
were able to follow the growth and remodeling of single axons and synapses over hours.

We applied our technique to study the development of the HSNL motor neuron in C.
elegans, which has been used as a model to understand synaptogenesis (Shen and Bargmann,
2003). It is known that HSNL elaborates a group of en passant synapses within a short segment
of its axon near the vulval organ. This restricted subcellular distribution pattern of HSNL
synapses results from initial synaptogenesis in a broader area followed by elimination of certain
synapses (Ding et al., 2007). Molecular genetic studies suggest that two immunoglobulin
superfamily proteins, SYG-1 and SYG-2, are essential for the appropriate subcellular
localization and synaptic target selection of HSNL. SYG-2, which is expressed by the vulval
epithelial cells, binds to SYG-1 on the HSNL neuron and localizes SYG-1 to the normal
synaptic region where synapses sustain and grow. The synapses which do not co-localize with
SYG-1 are eventually eliminated by ubiquitin-proteasome system. In syg-1 or syg-2 mutants,
ectopic synapses failed to be eliminated; synapse formation at the normal location is drastically
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reduced (Shen et al., 2004). These results hint that there are potential competitions between
synapses during development and the growth of certain synapses might occur at the expense
of other synapses. Direct evidence of such dynamic, competitive developmental processes
requires time-lapse imaging experiments during the period of synapse competition and
experimental approaches that would allow direct perturbation of synapses in vivo.

Prior to the development of this technique, we had to rescue animals from the slides to culture
plates between imaging acquisitions. This greatly reduces the viability of the animals and limits
the number of pictures taken to less than 3–4 in most cases (Ding et al., 2007). Here, we
visualized directly the development of this neuron during synapse competition, and showed
that HSNL forms numerous pre-synapses at early developmental stages and that continuous
mobility and competition occurs at later stages as well, leading to the mature synaptic pattern.
In addition, we used a tightly focused laser to artificially ablate specific synapses without
severing the axon. We show that ablation of synapses in the normal (SYG-1 co-localized)
region leads to ectopic synapses, a phenotype similar to that observed in syg-1 and syg-2
mutants. These results further prove that competition exists between developing synapses.

Materials and methods
Fabrication of PDMS microfluidic chips

Silicon masters that had features composed of SU-8 negative photoresist were fabricated using
standard photolithography techniques (Duffy et al., 1998). Specifically, 40μm layer of
photoresist was spin coated onto a silicon wafer and developed via UV exposure. Following
photolithography, the master was exposed to tridecafluoro-1,1,2,2-tetrahydrooctyl-1-
trichlorosilane vapour overnight to silanize the features, which facilitated mold release during
replication of the polymer chips.

The microchannels were formed out of poly(dimethylsiloxane) (PDMS) via replica molding,
where a 10:1 ratio of prepolymer to catalyst was poured on top of the silicon master, baked for
1 hour at 60 °C, and then cut out and removed from the master. Access holes were punched in
the resulting PDMS slabs using a 16-gauge needle. The slabs were then permanently sealed to
glass coverslips with oxygen plasma treatment.

C. elegans immobilization
To generate continuous fluid flow, lengths of polyethylene tubing (PE100, BD, Franklin Lakes,
NJ) were inserted into the access holes, then attached to 30 ml syringes (BD, Franklin Lakes,
NJ) so fluid could be introduced into the channels at a constant rate. Fluid flow was driven and
controlled by a syringe pump (KD Scientific, Holliston, MA). C. elegans (strain wyIs22
[Punc-86::GFP::rab-3]) were selected from growth plates and suspended in 0.1 M phosphate
buffered saline (PBS). Initially the microfluidic channels were wetted with the same PBS and
then the inlet tubing was removed from the chip and placed in the Eppendorf tube containing
the worms. The C. elegans-containing PBS was withdrawn from the Eppendorf tube into the
tubing using the withdraw mode of the syringe pump and then the tubing was re-inserted into
the chip. C. elegans were introduced into the chip using the fast-forward feature of the syringe
pump until multiple C. elegans were observed to be pinned in the tapered channels of the chip.
In the vast majority of cases, the first worm to enter a channel blocked the buffer flow through
that channel. As a result, subsequent worms flowed into other channels. This was sufficient to
limit the channels to one worm unless two worms entered a channel virtually simultaneously.
By keeping the number density of worms injected into the chip to a reasonable level, this
possibility was mostly eliminated. After the introduction of multiple C. elegans into the tapered
channels, the PBS flow rate was set to between 20 and 40 μl/min for the duration of the
experiment.
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Images were captured at 60-second intervals using a cooled CCD camera (Cascade 512b or
Cascade 650 from Princeton Instruments, Trenton, NJ). The camera triggered the opening of
a shutter, which resulted in illumination of the sample with 488 nm light in epifluorescence
mode for 50–100 ms per image; this procedure minimizes photobleaching of the sample. The
magnification was either 30× or 100×. Captured images were assembled into a time-lapse video
using Mathematica (Wolfram Research, Champaign, IL) and Labview software (National
Instruments, Austin, TX).

Synapse ablation
A 355 nm pulsed UV laser (Minilite from Continuum, Santa Clara, CA) was focused at the
object plane of a 100× UV transmitting objective (Superfluor, Nikon, Tokyo, Japan). Under
epi-illumination with a 488 nm blue laser (Sapphire, Coherent, Santa Clara, CA), we visualized
the punctuate synapses at the target region of the HSNL motor neuron, which was genetically
modified to express GFP at its synapses. To ablate the synapses, we typically used 10–20 single
laser pulses (~ 3ns pulse and 1–10 μJ per pulse), because the laser focus is smaller than the
synapses. For these single-synapse ablation experiments, the worms were either held in place
and clamped down by the microchannels followed by long-term imaging, or anaesthetized with
levamisole then returned to the individual growth plates.

For studying the morphology of HSNL motor synapse, we used an integrated wyIs22 strain
[Punc-86::GFP::rab-3], where after ablation, we returned the worms to the growth plates and
let the worm/synapse develop for 2–3 hours. Approximately 80% of the worms were viable
after 2–3 hours of development. The same worms were imaged again under excitation with the
488 nm laser. The location and morphology of the HSNL motor synapses and in particular the
presence or absence of ectopic synapses were noted. We included a total of 31 L4 animals and
22 YA animals for analysis.

Results and discussion
Single-synapse ablation and long-term imaging

Figure 1A schematically illustrates our experimental setup and approach, in which worms
immobilized in the microchannels were placed onto an inverted microscope for ablation and
imaging. Because the height of the microchannels is greater than their widths, the confined
worms orient themselves such that they are rotated onto their sides (Figure 1B top panel); the
middle panel in Figure 1B shows a bright-field image of an immobilized worm. In addition to
long-term immobilization and fluorescence imaging of live worms, we were also able to
achieve single-pulse laser ablation with high spatial precision. The bottom panel of Figure 1B
shows the selective ablation of a single 500 nm-diameter bead in close proximity (~ 300nm)
to other beads with a single ~3ns laser pulse at 355nm.

Figure 2A shows in more detail the microfluidic channel design (worm corral) that we used,
which contained a tapered region in which worms at the desired developmental stage were
trapped because they were unable to pass the tapered and constricted channel except at extreme
pressures. In more detail, this worm-corral design has a two-stage taper. In the first stage, the
corral has a wide opening to encourage the flow of worm-bearing buffer into the inlets. In the
second stage, the channels have a shallow taper that linearly decreases from a width of 100
μm to a narrow passage of 8μm over a distance of 0.5 mm. The shallow taper helped prevent
the worm from moving against the flow.

Figure 2B shows a representative series of images of the early development of the HSNL motor
neuron in a L4 stage specimen over ~1.5 hours. Here, the punctuate spots representing the
trafficking of synaptic proteins are visualized with the GFP::RAB-3 fusion protein. In this time
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sequence, the neuron can be seen to extend several pre-assembled punctuate spots containing
GFP::RAB-3. After traveling out toward the region of interest, several of the spots fade in a
manner consistent with early organizing events of the wild type (WT) synapses.

One possible concern in such long-term immobilization and imaging experiments is the effects
spatial confinement has on the worms. Previous studies using a similar microfluidic trapping
system showed that C. elegans tolerates these conditions well, where survival of worms was
reported to be 100 % for up to 9 days (Hulme et al., 2007). We found that after being confined
to the trapped region for a time (minutes) then being pushed through the narrow orifice (which
is elastomeric, and stretched to allow the worm to pass), the worms appeared stiff and
maintained a straight posture for a few minutes after being freed (data not shown). It seems
possible that the normal muscle actions of locomotion are inhibited during close confinement,
which may contribute to the high survivability.

In our long-term fluorescence imaging experiments, we observed that in most cases, the worms
responded dramatically to illumination with 488 nm (blue) light. Under strong illumination
with white light, the worm would be stable for hours, but with intermittent sub-milliwatt blue
illumination, the worm ‘panicked’ and struggled in the microfluidic channel. This makes time
lapse imaging more challenging in this mode. Several small changes helped to offset this effect.
First, by using a higher magnification objective and a smaller field of view, we were able to
limit the area of illumination to a select region of the worm. Although the response was often
still present, it seemed less prevalent. Additionally, the shallow taper of the corral limited the
ability of the worm to move in its struggles. Finally, simultaneous illumination with 633 nm
light seemed to reduce the response.

Normal development of the HSNL motor neuron
To follow the early stages of synaptogenesis that the HSNL neuron undergoes, we selected
worms at the L4 development stage. Here, we take advantage of the ability to label a single
neuron and its synapses by fusing GFP to the desired synapse-specific proteins (Schaefer et
al., 2000). Figure 2B shows a representative series of time lapse images, which show some
pre-synaptic dynamic localization of GFP::RAB-3 puncta. The series shows some of the
dynamic trafficking events prior to the subtractive processes shown in previous studies (Ding
et al., 2007).

Additionally, the specimen observed from the young adult (YA) stage into early maturity over
the course of 4 hours (Figure 3) showed continuous dynamic changes even after the mature
pattern of synaptic puncta were established. These results seem to indicate that even after the
mature pattern is formed (the morphology is consistent with the adult pattern at 55 minutes)
the synapses continue to rearrange in a dynamic manner within the region of the WT puncta.
In particular, between 136 to 220 minutes a single punctum appears at the ventral side of the
features and is arranged toward the anterior as is shown by arrows in Figure 3.

In previous static snapshots of the developing HSNL neuron taken at various discrete time
points, ectopic HSNL synapses anterior of the vulva are frequently seen in L4 staged WT
worms but rarely observed in WT, YA animals. In syg-1 and syg-2 mutant animals, anterior
ectopic punta are observed in all stages (Ding et al., 2007). It is plausible that anterior ectopic
puncta also exist in WT, YA animals, but are quickly eliminated. Our time lapse experiments
suggest continual adjustment of the active synapses, but ectopic synapses do not appear even
transiently in this YA animal.
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Effects of synapse ablation on the development of the HSNL neuron
Next, we studied the effect of disrupting the synapse at the crucial point of its development
where it becomes committed to its target. We tested the hypothesis that proper synaptic
targeting occurred at the L4-YA transition and that it occurred between the presynapse and
cells in its immediate vicinity. After ablating the HSNL synapses and allowing time for further
development of the HSNL neuron, some 35 % of the worms at L4 stage of development
subjected to ablation showed ectopic synapses compared to only 4 % of the control group (YA)
subjected to the same procedure after complete development of the neuron.

Figure 4A shows a typical morphology of a YA prior to ablation (frames 1–3 are bright field,
bright field with fluorescence, and fluorescence only images, respectively). Figure 4A shows
the ablation process in frames 3–13. Frame 14 shows the cell body (which is at a different focal
plane than the synapses) after ablation, and frame 15 is the bright-field image after ablation.
Frame 16 shows the re-appearance of the synapses (small arrows) at the normal synaptic
location 2–3 hours after ablation; here, we observed no ectopic synapses at the location
indicated (big arrow). Figure 4B and 4C show the pre- and post-ablation of another, younger
worm at the L4 development stage. Figure 4D shows the ectopic synapses that formed after
ablation of the original synapses (indicated with an arrow), which contrasts with the result
observed with YA worms.

Although the precise character of the damage caused by the UV laser pulse is not known,
proteins present at the focal region are known to degrade and take on inactive forms upon
intense laser irradiation (Kaehr et al., 2004). It is therefore reasonable to assume that the damage
to the ablated region was severe and certainly was sufficient to disrupt the signaling molecules
at the synapse.

In these experiments, we chose individuals without ectopic synapses for ablation, but after
ablation ectopic synapses appeared over the ensuing hours. The high frequency of this outcome
in L4 stage worms relative to the YA cases is evidently due to the timing of the event. At the
YA stage, the deterministic interactions that commit the synapses to their proper targets have
already occurred and the worm no longer seeks to form more synapses that could end up in
aberrant locations. Those events occur near to the chosen time at which we ablated the synapses
in the L4 animals. From this, we believe that ablation just before the events of interest produced
the cases where ectopic synapses were observed. Consistent with this observation, SYG-2
expression peaks in the L4 stage and is down-regulated in adults (Shen et al., 2004). The
observation of ectopic synapses in these circumstances (showing the evident lack of subtractive
processes) supports the hypothesis that competition between developing synapses during a
defined time window shapes the final synaptic pattern.

Conclusions
This paper demonstrates a new technique to probe the development and remodeling of synaptic
connections in live C. elegans. The results with respect to the HSNL motor neuron support the
view presented by recent findings (Ding et al., 2007) that the neuron develops synapses through
a subtractive process wherein a set of potential synapses are generated, and the subset of proper
synapses are carried into the mature individual while others are eliminated in a dynamic
process. The synapse elimination process takes place when signaling events involving SYG-1
and SYG-2 occur between target and presynaptic cells (Ding et al., 2007). When the site of
these events is disrupted before the event is complete, synapses are found later in ectopic areas.
We made observations of events in this process over a period of several hours and confirmed
observations of apparent dynamic processes in which multiple possible clusters of synaptic
vesicle proteins are observed initially, but only appropriate synapses are retained into the later
parts of the developmental cycle. Additionally, longer observations of the synapse in its final,
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determined location showed continuing dynamic activity including the generation of new,
properly located synapses. The synaptic ablation experiments directly showed that there was
competition between the synapses formed at the normal location and the synapses formed at
the ectopic locations. The difference in the plasticity (taken as the ability to recover proper or
form new synapses) after laser ablation at L4 and YA stage suggest that the competition occurs
during the L4-YA transition.

Synaptic ablation and long-term imaging yield direct information that is not accessible from
composite analysis of the development of many individuals. This technique does not
distinguish, for example, between the possibility of the HSNL motor neuron targeting apparatus
being on the neuron or the muscle side of the synapse; it only localizes it to a region in space
and time. Nonetheless, approach allows one to study directly the cause-and-effect relationship
between the structure and function of the neuronal network, which we believe complements
the inferences drawn from the powerful genetic and biochemical techniques currently in use
for studying the neural network of C. elegans.
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Figure 1.
Overview of the experimental design. (A) Schematic illustrating the arrangement of the optical
setup and microfluidic chip. Buffer flow is from left to right in the direction of the taper, such
that worms are push towards the channel constrictions. Two laser sources, a blue (488 nm,
CW) and an ultraviolet (355 nm, ~ 3ns pulse), are reflected from a dichroic mirror into the
back aperture of a microscope objective lens and directed into the sample for fluorescence
excitation and ablation, respectively. Fluorescence is collected and imaged with a CCD camera.
(B) Top image: an illustration showing the details of the microfluidic system and the captured
worm. The channels narrow to a final width of 8μm while maintaining a constant height of ~
30μm. As a result, the worms tend to be rotated onto their side, as shown. Middle image: A
bright-field image showing a worm trapped in the narrow region of the tapered channel. Bottom
images: A before and after picture showing the selective ablation of a single 500 nm bead
(indicated by arrow) in close proximity to other beads. The scale bar in the left image represents
3 μm.
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Figure 2.
Details of the worm corral and sample data. (A) A CAD drawing of the photomask used to
generate the master for the microfluidic chip. The inlet and outlet regions have circular posts
(white dots) to prevent the elastomeric chip from collapsing. Inset below the CAD drawing
shows details of the dimensions of the finely tapered region. (B) A series of fluorescence images
from a time-lapse series showing the early development of the HSNL motor neuron expressing
GFP::RAB-3 in a L4 stage worm immobilized in the microchannel. The animal was rotated
onto its side in this image so the bend in the axon was along the Z axis. The scale bar in the 0
min frame represents 3 μm.
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Figure 3.
A series of fluorescence time-lapse images showing the development of the HSNL motor
neuron expressing GFP::RAB-3 in a YA worm. The series shows the established morphology
typical at the end of the L4 stage progress to a mature synapse pattern. In the full animated
sequence, movement of material between the puncta is visible and no ectopic synapses can be
seen to develop. The scale bar in the 0 min frame represents 6 μm.
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Figure 4.
The results of the ablation experiments. (A) A sequence of images showing the ablation of a
mature synapse made by the HSNL neuron. Because the size of this synapse was much larger
than the focal spot of the UV laser, we typically had to use more than ten pulses to ablate the
entire synapse. Frame 1 is a bright-field image and frame 2 is a merged bright-field and
fluorescence image prior to the ablation of the synapse. Frames 3–13 show the synapse during
ablation. Frame 14 shows the cell body, which was out of focus in frames 3–13. Frame 15 is
a bright-field image of the region where the ablated synapse was, which showed no overt
damage to the specimen. Frame 16 shows the same specimen as in frame 13 and 15, but after
development for several hours, during which the synapses reappeared (small arrows). The large
arrow points to the region where an ectopic synapse would have formed, which in this case did
not. (B) shows another specimen at an earlier stage of development in bright field (top panel)
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and fluorescence (bottom panel) prior to ablation (the arrow indicates synaptic puncta). (C)
shows the same specimen as in (B) after ablation in bright field (top panel) and fluorescence
(bottom panel); the cell body can be seen in the fluorescence image and no overt damage is
seen in the bright-field image (the arrow points to the cell body). (D) shows the same specimen
as in (B) and (C) but after ablation and growth for several hours, after which an ectopic synapse
had developed (arrow). (E) summarizes the results of 53 such experiments, which indicate
ectopic synapses appear in worms in early developmental stage (L4) but not in YA worms. All
scale bars represent 6 μm.
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