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Abstract Femtosecond laser ablation selectively dissects
subcellular components of the C. elegans neuronal circuit
with submicrometer precision for studying the neuronal origins of behavior. We describe the theoretical basis for the
high precision of femtosecond laser ablation in the target
bulk. Next, we present the experimental setup and a worm
rotation technique to facilitate imaging and surgery. We describe the damage caused by different pulse energies on cell
bodies and neuronal fibers. Finally, we discuss the regrowth
of neuronal fibers after surgery and its impact on behavioral
study.
PACS 42.62.Be · 87.19.L- · 87.64.Mn · 87.80.Fe

1 Introduction
The nematode worm Caenorhabditis elegans is an extremely useful model organism for studying the neuronal
origins of behavior [1]. The worm nervous system is composed of merely 302 neurons, is mostly invariant among individuals, and completely specifies worm behavior [2]. Similar to reverse engineering of electrical circuits, elimination
of specific neuronal cells or components yield behavioral
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deficits which illuminate the role of the lesioned structures
in generating behavior. While powerful genetic techniques
can perturb the neuronal circuit, the transparency and small
diameter of C. elegans also permits laser ablation within the
worm. For decades, researchers have ablated entire cell bodies with nanosecond and picosecond conventional lasers to
identify the neuronal functions; however, the resolution of
conventional laser ablation is insufficient to selectively dissect subcellular parts [3]. The submicrometer precision of
femtosecond laser ablation in the bulk [4] opens the door
to subcellular neuronal dissections and a subcellular understanding of the origins of behavior. In this paper, we first
describe a simplified model behind the bulk precision of
femtosecond laser ablation. Second, we present the experimental setup and a method to hold worms in a fixed position
for imaging and surgery. Third, we state the pulse energy dependence of damage for cell body and neurite (i.e., neuronal
fiber) ablation. Finally, we describe post-surgery axonal regrowth that may restore neuronal functions that contribute
to behavior.

2 Theoretical background on surgical precision
While the physics of laser ablation is well understood [5, 6],
femtosecond laser-induced breakdown remains an active research field [7]. Most of the early femtosecond laser ablation research studied the breakdown [8], damage, and
micromachining [9] of simple transparent materials, such
as glass [10, 11] and water [12]. These studies uncovered
unique characteristics of femtosecond laser ablation, such
as ablation thresholds, sub-diffraction-limited damage volumes, and localized damage in the material bulk. Ablation
of transparent biological media is similar to ablation of in-
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organic media because the same absorption processes are
involved.
To perform surgery, the target material must absorb incident light energy. The manner in which absorption occurs
partially determines the magnitude and spatial distribution
of damage. Two primary absorption mechanisms involved
in femtosecond laser ablation are nonlinear multiphoton absorption and avalanche ionization: typically, avalanche ionization absorbs most of the pulse energy but nonlinear absorption determines where that energy is absorbed [13].
In the remainder of this section we describe the intensity
threshold for nonlinear absorption, its contribution to damage localization, and the effect of laser repetition rate on ablation precision.
Intensity threshold
In conventional laser ablation using lasers of ultraviolet
(UV) to near-infrared wavelengths, a pulse of light impinging on a material can be absorbed if the photon energy is
large enough to ionize valence electrons. Single photons of
short wavelengths, such as those in the UV, can bridge the
energy gap of transparent materials and be absorbed. Visible or near-infrared photons, which have longer wavelengths
and do not bridge the energy gap, can still be absorbed when
multiple photons are absorbed simultaneously (Fig. 1a). Absorption depends on the optical intensity,
I=

E
,
Aτ

(1)

where E is the pulse energy, A is the beam cross-sectional
area, and τ is the pulse duration. The intensity is directly
proportional to photon flux as well as the probability of finding a photon at a given place and time. Figure 1b shows the
dependence of absorption, α, on intensity for the three absorption scenarios in Fig. 1a. If a single photon can bridge
the energy gap, the amount of absorption depends only on
the number of incident photons; thus, absorption is linearly
related to intensity. If k photons are required to bridge the
energy gap, k photons must be simultaneously present at the
same location, an event with probability proportional to I k .
Thus, the absorption is proportional to I k , a nonlinear dependence on intensity. The light from two-photon microscopes is absorbed under the k = 2 condition. At 800 nm,
a typical wavelength for femtosecond lasers, 5 photons are
required to ionize water, the primary component of biological media.
As the order of the absorption increases, the intensity dependence of the absorption approaches a threshold condition for nonlinear absorption, I > I th (Fig. 1c). The intensity
threshold is a convenient approximation for determining the
spatial extent of absorption. While some absorption occurs
below the threshold, the tight focusing conditions normally

Fig. 1 Intensity dependence of the nonlinear absorption. (a) At different wavelengths, different numbers of photons are absorbed simultaneously to ionize electrons. (b) Absorption at a given wavelength is
proportional to the kth power of the intensity, where k is the number of
photons absorbed simultaneously. (c) The intensity dependence of the
nonlinear absorption approaches a threshold condition as k increases

employed for surgery produce a sudden, rapid increase in
intensity near the focus minimizing the space where subthreshold absorption occurs.
Localization of absorption and damage
Figure 2 shows a microscope objective focusing laser light
toward the right. The solid lines demarcate the cross section
of the beam, and the corresponding intensity for the beam
profile is plotted below the diagram. Following from (1) the
intensity peaks at the focus where the cross-sectional area
is minimized. Many conventional laser ablation techniques
rely on linear absorption, which is proportional to intensity.
In those techniques, linear absorption and damage (red shading in Fig. 2a) occur throughout the beam path. In contrast,
femtosecond laser ablation relies on nonlinear absorption,
which depends on the intensity threshold. Only at the focus
is the intensity sufficient to cause absorption. Thus, absorption and damage are localized to the focal volume (see shading in Fig. 2b). Note the lack of absorption to the right and
left of the focal volume even though the laser beam passes
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Table 1 Laser ablation regimes
Laser type

Fig. 2 Confinement of absorption and damage along the intensity profile of a focused laser beam due to intensity threshold. (a) Linear absorption is proportional to intensity and leads to absorption and damage
(red shading) all throughout the beam path. (b) Nonlinear absorption
depends on intensity threshold and leads to localization of absorption
and damage

through that space. Even the surgeries that rely on subthreshold nonlinear absorption (see the following text) exhibit localized absorption at the intensity maximum because of the
strongly nonlinear dependence of absorption.
The pulse energy must be minimized in order to limit
damage to the space where optical absorption occurs. Excess energy spreads outward as heat and shock waves, which
raise temperature, break chemical bonds, and disrupt tissue. As indicated by (1), the pulse energy can be minimized
while maintaining I = Ith by tight focusing (small A) and
by making the pulse ultrashort (small τ ). Femtosecond laser
pulses of only 2–3 nJ focused with 1.4 numerical aperture
(NA) objective already exceed the intensity threshold at the
focus, but the damage caused by these pulses is limited to a
submicrometer range [14].
There are three important practical points to note about
femtosecond laser ablation in a sample. First, the sample’s
linear absorption at the laser wavelength must be zero (i.e.,
the sample must be transparent) as linear absorption typically dominates nonlinear absorption. Second, the target volume must be within the working distance of the microscope
objective or lens focusing the laser pulses. Third, any optically accessible location in a transparent sample can be damaged because energy deposition no longer depends on linear
absorption of the target at the laser wavelength.
Repetition rate
The preceding paragraphs described the damage caused by
absorption of an individual pulse; however, the laser repetition rate also affects the magnitude and spatial distribution

Repetition rate

Absorption

Damage

mechanism

mechanism

Oscillator

10–100 MHz

Subthreshold

Cumulative

Amplified

1–100 kHz

Above threshold

Single-shot

of damage [15]. Ablation caused by femtosecond lasers can
be divided into two regimes depending on the laser repetition rate: megahertz and kilohertz (Table 1). Femtosecond
oscillators typically operate in the megahertz range while
amplified systems typically operate in the kilohertz range.
The boundary between the two regimes (around 1 MHz) is
set by the time required for heat to diffuse out of the focal
volume, about 1 µs for a 1 µm3 volume [16]. At megahertz
repetition rates successive pulses arrive faster than the deposited energy can diffuse out of the focal region leading to
heat accumulation and further damage around the focus. In
contrast, at kilohertz repetition rates the energy from each
pulse diffuses out of the focal region before the next pulse
arrives, so each single shot is a temporally isolated event. As
such, damage remains confined to the focal volume regardless of the number of pulses.
The precise damage mechanisms for the two regimes
are still being investigated. Previous papers established that
damage in the megahertz range is thermally induced [5, 17];
however, recent theoretical work suggests that the cumulative temperature rise in the focal volume might be as low
as 1–10°C [6]. If this calculation is confirmed experimentally, chemical effects, such as free-electron-induced bond
breaking, could be the dominant damage mechanism in the
megahertz regime [6]. Damage in the kilohertz range is created by small explosions of submicrosecond duration which
are thermoelastically generated [6, 18].
The choice of laser repetition rate for surgery depends
on the application. Surgeries in the megahertz range have
higher spatial resolution due to the higher precision of the
damage mechanism and lower subthreshold pulse energies.
However, if the damage mechanism is thermal, collateral
damage could extend beyond the focal volume and might
be difficult to detect. Surgeries in the kilohertz range deliver less total energy to the sample due to the decreased
repetition rate. While the spatial resolution is lower, damage
is unlikely to extend beyond the focal volume because the
laser pulse energy diffuses away between pulses and does
not accumulate. Thus, megahertz-regime ablations (oscillators) might be desirable for processing nonliving biomaterials or fixed samples while kilohertz-regime ablations (amplified systems) might be better suited for surgeries on living
samples, which are more sensitive to chemical damage and
fluctuations in temperature.
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3 Experimental setup
Figure 3a shows the femtosecond laser ablation setup [14]
which consists of a femtosecond laser integrated into an epifluorescence microscope. Light from a mercury-arc lamp
excites worm green fluorescent protein (GFP) whose fluorescence is captured by a CCD camera for imaging.
A regeneratively-amplified titanium:sapphire laser system
produces 100-fs pulses at 1–10 kHz for ablation. The
1.4-NA oil-immersion objective tightly focuses laser pulses
into the worm, which is mounted on a positioning stage with
nanometer resolution. To maintain optical alignment, all the
optics remain fixed in position; we move the stage to position the worm for ablation.
Because the energy at the focus is experimentally more
accessible than the intensity, we report energy thresholds
rather than intensity thresholds. The two thresholds are related by (1).
During the early stages of larval development, imaging
and ablation can occur anywhere in the worm; however, increasing turbidity and pigmentation limit the imaging depth

Fig. 3 (a) Epifluorescence microscope with integrated femtosecond
laser for surgery. (b) Preparation of worms for imaging and surgery.
Top: worms lying on flat agarose pad are pushed into lateral orientation
by introduction of coverslip. Neuron (green spot) is far from coverslip,
complicating imaging and surgery. Bottom: worms lying in channeled
agarose maintain orientation when coverslip is added keeping neuron
close to coverslip. (c) Bright-field image of vinyl record PDMS mold
used to make channeled agarose
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in the body of the worm to about 50 µm by the young adult
stage. Because the adult worm diameter is about 100 µm,
much of the worm is beyond the imaging depth. Imaging and
ablation is still possible on any target within adult worms by
rotating worms so the target is closest to the coverslip. Unfortunately, when a coverslip is placed onto adult worms on
a flat agarose pad the protruding vulva is pushed to the side
consistently forcing worms into a lateral imaging orientation
(see Fig. 3b, top).
We developed a method to hold worms in any flatlying orientation [19]. We polymerize polydimethylsiloxane
(PDMS) against the grooves of a 12-in long-playing (LP)
vinyl record to create a negative replica mold (see Fig. 3c).
Agarose fabricated against the ridges of the PDMS mold has
channels which hold worms in a fixed orientation even when
the coverslip is added (see Fig. 3b, bottom).

4 Pulse energy dependence of damage
The laser pulse energy strongly influences the precision of
surgery. Pulses of low energy do not reach the intensity
threshold or stimulate ablation while pulses of high energy
produce collateral damage because too much ablation occurs. At 1.4-NA focusing and a pulse duration of 100 fs, the
energy threshold for kilohertz-regime ablation of biological
material is about 1 nJ [4, 20]. The exact energy threshold
depends on the depth of the target (see Sect. 3), and the laser
power output fluctuates slightly, so we typically fix our pulse
energy well above the threshold at 2.5–3.0 nJ for all surgeries. With exposures of 0.1–0.2 s, pulses of these energies
will consistently ablate biological structures if they can be
imaged clearly and targeted. In C. elegans we use femtosecond laser ablation to ablate neuronal fibers (i.e., dendrites
and axons) and cell bodies.
Severing neuronal fibers with femtosecond laser ablation
eliminates specific neuronal connections along the fiber and
their behavioral contribution but spares the rest of the neuron and its function. Figure 4 shows the dependence of neuronal fiber damage on pulse energy in the kilohertz repetition rate regime. Pulses with energies below the ablation
threshold photobleach rather than ablate fibers leaving their
function intact. Photobleached regions regain fluorescence
within seconds as fluorophores diffuse through the intact,
undamaged structures. Pulses with an energy in the range
0.5–1.5 nJ or misaimed pulses of higher energy result in
“pearling”, where the fluid within the fiber collects into
regularly-spaced spheres. Although severed fibers can also
pearl, a pearling state generally indicates an incomplete disruption of a fiber [21]; it is currently unknown if a pearled
neuronal fiber is functional. Accurately-aimed pulses above
the ablation threshold completely and cleanly sever neuronal
fibers, eliminating their function.
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Fig. 4 Pulse-energy dependence of neuronal fiber damage at kilohertz
repetition rate. Top: pulses with energies above the threshold (about
1 nJ) cleanly sever neuronal fibers. Middle: pulses with near-threshold
energies cause “pearling”. Bottom: pulses with subthreshold energies
photobleach rather than ablate. Fiber fluorescence recovers in seconds.
Energy scale is approximate. Scale bar applies to all images

While femtosecond lasers permit the ablation of subcellular components (e.g., neurites) of neurons and the elimination of part of the neuronal function, they can also be used
to ablate whole cell bodies and eliminate the entire neuronal
function. Subcellular laser ablation often yields different behavior from whole cell ablation, and both provide insights
into the functions of the targeted neuron [19]. Furthermore,
as a control, we can compare worm behavior after femtosecond laser ablation of cell bodies to previously-published
descriptions of worm behavior after conventional (i.e., ns
or ps) laser ablation of cell bodies. We ablate cell bodies
by irradiating several times for 0.5 s each time. Typically
the plasma membrane remains intact after ablation confirming localization of damage, and the cell loses fluorescence
and function over a time period of 24 h. Irradiating the cell
body with 10-nJ pulses eliminates cell function within a few
hours of surgery but increases the chance of collateral damage [22]. Pulse energies above 10 nJ lead to cell rupture and
puncture of the cuticle if the cell is superficial.

5 Regrowth of neuronal fibers after surgery
One interesting recent discovery in C. elegans is the regrowth of neuronal fibers after transection by femtosecond
laser ablation [23]. In principle, regrowth can restore neuronal functions previously eliminated by surgery. If the regrown fiber is functional, the post-surgery assay will not detect a behavioral deficit and therefore not identify the contribution of the fiber. Although many neuronal fibers regrow
after transection, thus far, only one publication in C. elegans
has presented evidence of functional regeneration [23]. In
agreement with several publications on C. elegans regeneration [24–26], we find that neurites regrow to varying degrees depending on neuronal type, fiber type (i.e., dendrite
or axon), age of the worm, and ablation location.
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Fig. 5 Regeneration of amphid fibers. Surgery locations marked by arrowheads. Corner arrows show directions (ventral, right, left, anterior)
in images. (a) Amphid dendrites do not regrow after surgery in L1 (top)
or L4 (bottom). Images taken in adult stage. Maximum projection of
GFP fluorescence z-stack overlaid with bright field image. Scale bars
are 20 µm. (b) Amphid axons regrow after surgery in L1. Line drawings show dendrite (dotted line), axon (solid line), and nerve ring (red),
which appears flat because it is viewed along edge. Top: normal axon
in control worm runs ventrally to ring and then anterodorsally up ring.
Middle: regrown axon extends from cell body to nerve ring, turns and
then follows ring posteroventrally. Original axon cut near cell body
and not visible. Bottom: regrown axon sprouts from dendrite and follows ring posteroventrally. Images taken 16 h after surgery. Maximum
projection of GFP fluorescence z-stack. Scale bars are 10 µm

After hatching from the egg, worms develop through
four larval stages (L1–L4) before molting to the adult stage.
Imaging and behavioral assay confirm that amphid dendrites
do not regenerate after severing during the L1, dauer, L4,
or adult life stages [14, 22]. Figure 5a shows amphid dendrite cuts made in L1 (top) and L4 (bottom) persisting into
the adult life stage. In contrast, amphid axons regenerate after severing in the L1, L2, and L4 [22], but not the adult
stage [26]. The morphology of the regrown axon is significantly different from that of the original axon. Amphid axons typically run ventrally from the cell body to the nerve
ring (thick red line) and then proceed anterodorsally up the
ring (see Fig. 5b, top). New axons can grow anterodorsally
from the cell body to the nerve ring and then reverse to proceed down the ring posteroventrally (see Fig. 5b, middle).
New axons can also sprout from a section of the dendrite
close to the ring and follow the ring posteroventrally (see
Fig. 5b, bottom). The functionality of the new axons is currently unknown; however, the latter regeneration scenario is
unlikely to restore full functionality because the axon has
sprouted off the dendrite. Axons can conduct electrical signals proximally and distally, while dendrites only conduct
electrical signals proximally. Thus, the dendrite should be
unable to supply its attached axon with outgoing electrical
signals or participate in behaviors involving outgoing electrical signals.
Motor axons demonstrate the most regeneration capability and diversity; they even regenerate in the adult
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extend dorsally or posteriorly. If the original axon is severed distal to the vulva within the VNC, both the proximal
section and the distal section can sprout new axons (see fluorescence image in Fig. 6b) but ablating the distal section
into smaller segments prevents it from sprouting.

6 Summary
The submicrometer precision of femtosecond laser ablation
in the bulk and the relatively simple and invariant neuronal
circuit of C. elegans offer an opportunity to study the neuronal origins of behavior at a subcellular level. We developed a method for orienting worms so that the targets are
more accessible for imaging and surgery. Pulses with energy above the energy threshold (about 1 nJ for 1.4 NA) result in complete dissection and keeping the energy near the
threshold prevents collateral damage. Post-surgery reimaging is critical when cutting axons because they can regenerate. Finally, post-surgery assay reveals the contribution of
the ablated neuronal part to generating behavior.

Fig. 6 HSN motor axon regenerates after surgery in young adult
stage. Surgery locations marked by arrowheads. Decayed original axon
marked with white dotted line in fluorescence images. Corner arrows
show directions (ventral, left, anterior) in images. Scale bars are 20 µm.
(a) Line drawing: lateral view of HSN neuron. Fluorescence image:
after severing axon proximal to vulva, new axon extends anteriorly
from cell body, turns ventrally, and then reaches the VNC. Image taken
42 h after surgery. (b) Line drawing: dorsal-ventral view of HSN neuron. Fluorescence image: after severing axon distal to vulva, new axon
sprouts from severed tip (see inset) and travels along VNC. Image
taken 19 h after surgery
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to egg laying [28]. Cutting the axon eliminates the neuron’s
contribution to different behaviors depending on the location
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