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Abstract. Two-photon microscopy has been used to perform high spatial resolution imaging of spine plasticity in
the intact neocortex of living mice. Multiphoton absorption has also been used as a tool for the selective disruption of cellular structures in living cells and simple organisms. In this work, we exploit the spatial localization of
multiphoton excitation to perform selective lesions on the
neuronal processes of cortical neurons in living mice expressing fluorescent proteins. Neurons are irradiated with
a focused, controlled dose of femtosecond laser energy
delivered through cranial optical windows. The morphological consequences are then characterized with time
lapse 3-D two-photon imaging over a period of minutes to
days after the procedure. This methodology is applied to
dissect single dendrites with submicrometric precision
without causing any visible collateral damage to the surrounding neuronal structures. The spatial precision of this
method is demonstrated by ablating individual dendritic
spines, while sparing the adjacent spines and the structural integrity of the dendrite. The combination of multiphoton nanosurgery and in vivo imaging in mammals represents a promising tool for neurobiology and
neuropharmacology research. © 2007 Society of Photo-Optical Instrumentation Engineers. 关DOI: 10.1117/1.2798723兴
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The nonlinear nature of two-photon fluorescence provides
an absorption volume spatially confined to the focal region.
The localization of the excitation is maintained even in
strongly scattering tissues, allowing deep high-resolution microscopy. In combination with fluorescent protein expression
techniques, two-photon microscopy has become an indispensable tool to image cortical plasticity in living mice.1 In parallel to its application in imaging, multiphoton absorption has
also been used as a tool for the selective disruption of intracellular structures.2,3 A similar approach has also been applied

in vivo, where two-photon imaging and laser-induced lesions
have been combined.4,5
Other groups have taken advantage of multiphoton absorption to ablate or dissect individual neurons. Multiphoton
nanosurgery has been performed in worms to study axon
regeneration6 and dissect the role of specific neurons in
behavior.7 Nevertheless, the potential of this technique has not
been fully explored in the mammalian central nervous system.
We demonstrate a method for performing multiphoton nanosurgery in the central nervous system of mice, and discuss the
widespread applications in neurobiology research.
We exploited the spatial localization and deep penetration
of multiphoton excitation to perform selective lesions on the
neuronal processes of cortical neurons in mice expressing
fluorescent proteins 共thy1-YFP-H and thy1-GFP-M transgenic
lines8兲. Neurons were irradiated with a focused, controlled
dose of femtosecond laser energy delivered through a permanent cranial optical window. Transgenic mice aged 3 to 5
months were used in all experiments unless otherwise stated.
Mice were deeply anaesthetized with an intraperitoneal injection of ketamine 共0.13 mg per g body weight兲 and xylazine
共0.01 mg· g−1兲. A craniotomy was performed and a 25-mm2
region of the skull was removed, exposing the brain. An optical chamber was then constructed by covering the intact
dura with physiological solution and a cover glass, and sealed
with dental acrylic and cyanoacrylate glue. In experiments
examining the specificity of the laser dissection, astrocytes
were labeled with the red fluorescent dye sulforhodamine 101
共SR101兲 by a brief application of a 500-nM solution before
placing the optical window.9 The morphological changes were
then analyzed with time lapse 3-D two-photon imaging over a
period of minutes to days after the procedure. The two-photon
imaging and nanosurgery were performed using a custommade, upright, scanning microscope. A mode-locked Ti:sapphire Chameleon laser 共Coherent Incorporated, Santa Clara,
CA兲 provided the excitation light, which comprised 120-fs
width pulses at a 90-MHz repetition rate. The scanning head
comprised two closed-loop feedback galvanometer mirrors
VM500 共GSI Lumonics, Billerica, MA兲. The laser was focused onto the specimen by the objective lens XLUM 20⫻,
NA 0.95, WD 2 mm 共Olympus, Tokyo, Japan兲. A closed-loop
piezoelectric stage P-721 共Physik Instrumente, Karlsruhe/
Palmbach, Germany兲 allowed axial displacements of the objective up to 100 m with nanometric precision. The excitation wavelengths used were 935 nm 共GFP-YFP兲 and 850 nm
共sulforhodamine 101兲. The anaesthetized mouse was fixed
onto the microscope stage using a miniaturized stereotaxic
adapter 共Stoelting, Wood Dale, IL兲. During imaging and nanosurgery, the body temperature was maintained at 37° C using
a thermostatic blanket system. First, a z stack was acquired
with two-photon microscopy to obtain a 3-D reconstruction of
the dendritic structure and select an x, y , and z coordinate for
our desired lesion site. Second, laser dissection was carried
out by parking the laser beam at the chosen point and increasing the power from 30 to 170 mW 共measured after the objective lens兲. The dose of laser energy was set by opening the
shutter for 200 ms. Finally, the laser power was decreased
back to 30 mW, and a 3-D image of the neuron was acquired
to visualize the effect of laser irradiation. These experimental
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Fig. 2 Spine density following dendritic dissection. 共a兲 Time-lapse images of an irradiated dendrite 共at ⬇200 m depth; YFP-H mouse兲. The
arrowheads highlight the stability of the dendritic spines in the remaining part of the severed dendrite. Scale bar, 8 m. 共b兲 Long-term
morphological changes of dendritic spines in an irradiated dendrite
共at ⬇150 m depth; YFP-H P30 mouse兲. Arrowheads: yellow, no
change; green, morphological changes; red, new spine. Scale bar,
7 m. 共c兲 Percent variation of the number of spines 共Ns兲 several days
after laser dissection in 10 young mice 共P30; YFP-H兲. The analysis was
performed in the remaining portions 共10 to 50 m兲 of the irradiated
dendrites.

Fig. 1 Laser-induced lesion of a single dendrite. 共a兲 Time-lapse images
of an irradiated dendrite 共at ⬇100 m depth兲 in a GFP-M transgenic
mouse. The dendrite was irradiated 共as indicated by the tip of the red
lightning兲 just after the acquisition of the first image. Each image is a
maximum-intensity projection of a set of optical sections acquired at a
1-m z steps. Yellow numbers refer to the time from irradiation. Scale
bar, 25 m. 共b兲 Maximum-intensity z projection 共from 500 to 100 m
depth兲 of a layer-5 pyramidal neuron before and 24 h after dendritic
dissection 共GFP-M line兲. The last panel shows an overlay of the neuron before 共red兲 and after 共green兲 laser dissection. This merge shows
the integrity of the remaining structure after dissection. Scale bar,
60 m. 共c兲 The specificity of the laser dissection is demonstrated in
two-color imaging experiments with labeled astrocytes. The laser
nanosurgery is shown to disrupt only the GFP expressing dendrite
共green兲, while the surrounding astrocytes 共red兲 loaded with an intravital morphological dye 共sulforhodamine 101兲 remain unaffected.
Scale bar, 25 m.

parameters were extrapolated from our previous investigations in cultured cells.3
In a first series of experiments, this methodology was applied to irradiate a single dendrite in the somatosensory cortex. Briefly, we found that the morphological consequences of
irradiating a single dendrite can be grouped into two categories of biological response: 1. transient swelling with recovery, and 2. complete dendritic dissection. In the former case,
we observed a swelling of the dendrite extending 5 to 25 m
from the point of irradiation along the dendrite in both directions. The spines present on the irradiated dendrite temporarily disappeared with the swelling 共data not shown兲, but
returned after a period of minutes to hours with the original
Journal of Biomedical Optics

Fig. 3 Spatial resolution: single dendritic spine ablation. 共a兲 Timelapse images of a dendrite 共in GFP-M line兲 where, as indicated by the
tip of the red lightning, the laser beam was parked at ⬇0.5 m from
the edge of the dendrite. This experiment was performed at ⬇100 m
depth. Scale bar, 25 m. 共b兲 Time-lapse images of a section of the
dendrite where several spines are present 共GFP-M兲. The single spine
indicated by the red lightning symbol was irradiated just after the
acquisition of the first image. The yellow arrowheads highlight the
stability of the surrounding dendritic spines. The last panel shows an
overlay of a pair of images from the sequence. The first image 共t
= 0⬘兲 is shown in red and the last one 共t = 40⬘兲 in green. This panel
emphasizes the spine stability and the absence of any swelling in the
dendrite. Scale bar, 15 m.
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shape of the dendrite. In the latter class of responses, the
dendrite was completely severed. As shown in Fig. 1共a兲, after
laser irradiation, the terminal end of the dendrite distal to the
dissection point followed a sequence of swelling, degeneration, and disappearance. We can clearly observe 关Fig. 1共b兲兴
that the portion of dendrite no longer attached to the soma
disappears. As shown in Fig. 1共a兲, the laser dissection can be
performed with submicrometric precision and without any
visible collateral damage to the surrounding neuronal structures. In addition, no damage or morphological changes were
observed in astrocytes around the lesion site 关see Fig. 1共c兲兴.
The dendrite proximal to the dissection point and still connected to the soma regained its original shape and spine density 关Fig. 2共a兲兴. Several days after dendritic dissection, we did
not observe any changes in the remaining dendrite and surrounding area. On the other hand, we observed morphological
changes in the dendritic spines on the remaining part of the
severed dendrite 关Fig. 2共b兲兴. As shown in Fig. 2共c兲, the number of spines 关Ns in Fig. 2共c兲兴 changed in the days following
the nanosurgery. The continued expression of fluorescent proteins shows that the neuron is alive and, further, the remodeling of spines following the lesion demonstrated that the neuron is morphofunctionally active.
The underlying physical mechanisms of laser nanosurgery
are not easily understood. In general, we must consider three
potential mechanisms for the production of damage in the
target structure: 1. thermal and chemical processes due to
multiphoton absorption; 2. generation of large thermoelastic
stresses; and 3. thermal, mechanical, and chemical processes
emanating from optical breakdown 共plasma formation兲 produced by a combination of multiphoton and cascade ionization processes.10
A full characterization of this nonlinear process is not feasible in vivo; therefore, we have focused our attention on providing practical guidelines for making use of this phenomenon. We found that the efficiency of laser dissection strongly
depended on the level of fluorescent protein expression in the
neuronal structure. Considering the maximum laser power
available at the objective lens of our system 共⬇170 mW兲, we
were able to perform laser-induced dendrite dissection at a
maximum depth of 200 to 300 m in neurons with highly
fluorescent dendrites. The spatial precision and the specificity
of this method were demonstrated by irradiating an area very
near the dendrite 共1 to 0.5 m兲 with no fluorescent features.
As shown in Fig. 3共a兲, in this case we did not induce any
visible alteration to the dendrite. This showed the high specificity and submicrometric precision of the laser dissection
method. Commensurate with our previous findings,3 we were
only able to ablate or dissect structures expressing fluorescent
proteins. The spatial localization of multiphoton nanosurgery
was maximally demonstrated by the ablation of individual
dendritic spines 关Fig. 3共b兲兴. As clearly shown in Fig. 3共b兲, we
were able to remove a single dendritic spine without causing
any visible collateral damage to the adjacent spines or parent
dendrite.
The use of nonlinear optical methods in biology is continually undergoing developments and refinements.11 Two-photon
microscopy is particularly useful in neuroscience where in
vivo imaging has shown great potential in studying the structural correlates of learning and memory.12 The combination of
multiphoton nanosurgery and in vivo imaging represents a
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promising tool for probing and disrupting neuronal circuits.
The potential of using this precise optical method to perturb
individual synapses cannot be overstated. Using multiphoton
nanosurgery, the synaptic organization of the brain can now
be teased apart in vivo to understand the microcircuitry of
neuronal networks. We also envisage that this technique will
provide insights in the mechanisms and dynamics of morphological remodeling in the brain following focal ischemic lesions. In addition, the response of the surrounding cells to this
specific perturbation can be studied as a model of the reactive
and degenerative changes in microstructure observed in certain neurodegenerative diseases. Finally, the combination of
nanosurgery and in vivo imaging is an exciting tool for neuropharmacology research, because it can be used to evaluate
the efficacy of systemic drugs on focal damage to the nervous
system in vivo.
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