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Abstract: Femtosecond laser pulses can be used to selectively disrupt and
dissect intracellular organelles. We report on disruption of mitochondriain
living HeL a cells using a femtosecond laser oscillator with a repetition rate
of 76 MHz. We studied the laser parameters used for disruption. The long-
term viability of the cells after disruption of a single mitochondrion was
confirmed by the observation of cell division, indicating that intracellular
disruption of organelles using a femtosecond laser oscillator can be
performed without compromising the long-term cell viability.
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1. Introduction

The study of cell dynamics, such as mitosis, metabolism, and apoptosis, is of great importance
to understand the biological and developmental properties of cells [1]. Lasers have been used
for imaging cellular structures noninvasively, as well as for manipulating intact organellesin
living cells. For example, optical tweezers have been used for manipulation of cells and
subcellular organelles in three dimensions [2].

Another application of lasers is intracellular surgery, whereby a focused laser beam
allows the function of organellesto be controlled without physically touching them. This laser
surgery technique has been applied to disruption and dissection of intracellular structures.
The light sources typically used for laser surgery are continuous (CW) lasers, nanosecond
pulsed lasers, and picosecond pulsed lasers in the ultraviolet (UV) and visible regions [3-9].
UV lasers have some disadvantages, namely, their low light penetration depth, collateral
damage outside the focal volume, the risk of photo-damage to living cells due to absorption,
and the induction of oxidative stress leading to apoptosis. A focused nanosecond-pulse laser
beam causes thermal damage and denaturation of the protein molecules around the laser focus.
The main disadvantage of using UV and visible lasers is that the viability of the cells after
laser irradiation isrelatively low.

To overcome these problems, near-infrared femtosecond lasers have recently attracted
much attention. Femtosecond lasers can be used to image subcellular structures using multi-
photon excitation microscopy [10] without compromising viability [11-14]. Femtosecond
lasers can also be used to perform laser nanosurgery at higher energies. Because there are
virtually no efficient cellular absorbers in the 700-1100 nm spectral region, there is no photo-
damage outside the focal volume. Additionally, a femtosecond laser pulse can produce
localized energy absorption because the pulse width is shorter than the time required for heat
to diffuse out of the focal volume [15] and ablation occurs only in and around the focal
volume. Thus, femtosecond laser surgery has become an important tool for disruption or
dissection of organelles on a scale of hundreds of nanometers to micrometers.

Femtosecond laser surgery has been demonstrated by use of both low-repetition-rate (1
kHz to 250 kHz) amplified Ti:sapphire laser systems and high-repetition-rate Ti:sapphire
oscillators (~80 MHz). Amplified systems can provide high pulse energy and cause less
thermal damage due to the low repetition rate. Several groups have recently reported
femtosecond laser surgery using regenerative amplifiers with pulse energies of a few
nanojoules to a few tens of nanojoules, disruption of mitochondria in living cells [16,17],
dissection of actin fiber bundles [17], ablation of nuclei in fixed endothelia cells, ablation of
single microtubulesin living cells [ 18], and dissection of axons[19].

Although amplified Ti:sapphire laser systems produce high energy laser pulses, they are
complex and expensive. In contrast, femtosecond oscillators are more compact and less
expensive. A femtosecond oscillator can contribute to the construction of integrated systems
with dua outputs for nonlinear imaging, including multiphoton microscopy and higher
harmonic generation microscopy, as well as laser surgery. In particular, the use of a
femtosecond oscillator enables laser surgery with low pulse energy in the sub-nanojoule
region. For these reasons, several researchers have adopted femtosecond laser oscillators for
nanosurgery of cells and cellular organelles [20-24]. Examples include knocking out single
organelles in living cells [22], ablation in Drosophila embryos to induce modulation of
specific movements [23], and the combination of two-photon microscopy and nanosurgery of
fluorescent structures within yeast mitotic spindles [24]. Of particular interest is laser surgery
of mitochondria because mitochondria play key roles in energy production, cell death
processes (apotosis), and subcellular homeostasis. For example, knocking-out of a
mitochondrion using a femtosecond laser oscillator has been reported [20]. However, laser
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parameters for disruption have not been investigated in detail, nor has the loss of long-term
viability after disruption been reported.

In this paper, we report on the disruption of mitochondria in living HelLa cells by
focusing femtosecond laser pulses produced by a Ti:sapphire laser oscillator. Laser
parameters for disruption of the mitochondria are investigated. The long-term viability of the
cells is confirmed by the observation of cell division after disruption of individual
mitochondria.

2. Experimental setup

Figure 1 shows a schematic diagram of the setup used for the disruption of fluorescence-
labeled organelles in living cells using a femtosecond laser oscillator. Details of the confocal
laser-scanning microscope used here to visualize organelles in the living cells were reported in
Ref. 16. The laser scanning microscope was adapted from an Olympus FV300 scanning unit
combined with an Olympus | X71 inverted microscope. A collimated CW laser beam of aHe-
Ne laser (wavelength 543 nm) or an Ar-ion laser (wavelength 488 nm) was reflected by
dichroic mirrors DM1 and DM2 and then focused into the cells through an oil-immersion
objective lens (OB; Olympus Corporation, PlanApo60xQil, NA 1.4). The back-propagated
one-photon fluorescence was collected using the same objective lens and detected with
photomultiplier tubes (PMT1 and PMT2; Hamamatsu Photonics, R928P). Bandpass filters
BPL1 (transmission wavelength: 510 nm - 540 nm) and BP2 (transmission wavelength: 560 nm
- 600 nm) were placed before PMT1 and PMT2. Two-dimensional confocal cross-sectional
images were obtained by scanning the focused laser beams in the xy plane with a pair of high-
speed galvanometer mirrors (GM; Cambridge, 6210) inside the laser-scanning microscope.
Scanning in the depth direction (z direction) was achieved by moving the objective lens with a
stepping motor to obtain three-dimensional confocal images.

Irradiation with femtosecond laser pulses was performed using a mode-locked
Ti:sapphire laser oscillator with a wavelength of 800 nm and a repetition rate of 76 MHz
(Coherent, Mira). The laser pulses passed through a Faraday isolator (FI) to block reflections
from the optical components. The laser pulses then passed through a series of SF10 prisms
(P1, P2) to compensate for the dispersion of the optical components in the light path and the
microscope. To fill the aperture of the objective lens (OB), the beam was reduced to 2 mm in
diameter with a pair of lenses (L1, L2), and it was then directed onto a pair of GM via DM1
and DM2. Femtosecond laser pulses were focused into the cells through the oil-immersion
objective. To determine the pulse width of the femtosecond laser pulses at the sample, two-
photon absorption (TPA) autocorrelation was employed [25]. A Michelson interferometer (not
shown in Fig.1) was placed before DM 1. The reflected laser beam via M3 was directed into
the Michelson interferometer and the beam was split into two beams with a beam splitter. The
combined beam returning from the interferometer was fed into the laser scanning microscope.
Two beams were focused into 3 mM solutions of Rhodamine 6G (Molecular Probes)
dissolved in ethanol by the objective lens instead of a biological sample. The returning two-
photon fluorescence was epi-detected by the PMT1 after passing through afilter BP1 to block
the excitation wavelength of the Ti:sapphire laser pulses. Changing the path length in one arm
of the interferometer allowed determination of the second-order autocorrelation of the pulses.
From the TPA interferometric autocorrelation function, the pulse duration measured at the
specimen through the microscope was 145 fs (full width at half maximum), assuming a
Gaussian pulse.
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Fig. 1. Schematic diagram of the experimental setup. FI, Faraday isolator; P, SF10 prism; M
mirror; L, lens; ND, neutral density filter; DM, dichroic mirror; OB, objective lens, GM, pair of
galvanometer mirrors; PM T, photomultiplier tube

Hel.a human carcinoma cells were cultured and maintained as previously reported [16,
26]. For visudization of the chromosomes, the HelLa cells were transfected by pEGFP-
Cl/histone H1.2 using LipofectAMINE plus reagent (Invitrogen). Cell cycle synchronization
was performed by incubating the cells with 2.5 mM thymidine for 20 h. Cells were then
washed three times and incubated in fresh media without thymidine.

3. Disruption of mitochondria

We now show the disruption of individual mitochondria in living HeLa cells using the
femtosecond laser oscillator system described above. The cells expressed the enhanced yellow
fluorescent protein (EYFP) in the mitochondria. Stacked three-dimensional confocal images
of cells were observed by excitation with the Ar* laser, as shown in Fig. 2(a). To produce a
stacked 3D image, nine confocal cross-sectional images were obtained by trandating the
objective lensby 2 um in the depth (2) direction in steps of 250 nm. Figure 2(c) shows a series
of confocal cross-sections obtained along the depth direction. The images are magnified views
of the mitochondria around the focal spot. A train of femtosecond laser pulses with an energy
of 0.39 nJ/pulse was focused and the shutter was open for an exposure time of 32 ms, which
corresponded to 2.4x10° pulses. The time duration necessary to obtain two stacked confocal
images before and after femtosecond laser irradiation was 30 seconds. Figure 2(b) shows the
stacked confocal image obtained after femtosecond laser irradiation, and Fig. 2(d) shows a
series of magnified cross-sections of the mitochondria. Figures 2 shows that fluorescence
from a 5-um-long single mitochondrion disappeared. Displacement of the mitochondria
outside the focal region between the before and after images was attributed to cytoplasmic
streaming, which indicated the viability of the cells.
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Fig. 2. Stacked three-dimensional confocal images (a) before and (b) after femtosecond laser
irradiation with 0.39 nJ/pulse (exposure time: 32 ms). Stacked images were obtained by
translating the objective lens by 1 um in the depth direction in steps of 250 nm. Yellow
fluorescence shows mitochondria of Hel a cells visualized by EY FP. A target mitochondrion is
indicated by ared arrow. Scale bar: 10 um. Confocal cross-sectional images at different depths
(c) before and (d) after irradiation of the femtosecond laser pulses. The femtosecond laser
pulses were focused at a depth of z= 0. Scale bar: 3 um.

To confirm that disappearance of fluorescence after focusing femtosecond laser pulsesis
due to disruption, rather than bleaching of the fluorophore, restaining and transmission
electron microscopy (TEM) are generally used. TEM analysis is useful for fixed cdls;
however, it cannot be directly applied to living cells [18]. On the other hand, the restaining
method is feasible for living cells [16,19]. We examined the effectiveness of the restaining
method in combination with fluorescence recovery after photobleaching (FRAP) analysis.
Here, we used the enhanced green fluorescent protein (EGFP) labeled nucleus. An EGFP
labeled nuclear region of 1.5x1.5 um? in a living HelLa cell was irradiated while varying the
femtosecond laser energy (0.21, 0.26, and 0.39 nJpulse) a a wavelength of 925 nm. We used
the wavelength of 925 nm because the efficiency of two-photon absorption at this longer
wavelength is higher than that at 800 nm. An exposure time of 1.1 sfor scanning the nuclear
region of 1.5x1.5 um?® was used to clearly discern disruption or bleaching. Time-lapse images
of the nucleus were acquired by excitation with the Ar* laser before and after femtosecond
laser irradiation. At the energies of 0.21 and 0.26 nJ/pulse, the fluorophore was bleached, and
subsequent recovery of fluorescence in the bleached region occurred due to inward diffusion
of unbleached fluorophore molecules. The time required for 50% recovery of fluorescence
was 20 s. At the energy of 0.39 nJpulse, fluorescence in the focal region disappeared,;
however, fluorescence recovery was not observed in this case. After femtosecond laser
irradiation, we restained the same cell with a blue fluorophore (Hoechest 33342). Because
nuclei normally became suitably stained 40 min after the addition of Hoechest 33342, we
obtained fluorescence images after 45 minutes. When the bleaching occurred, fluorescence
was also observed from both EGFP and Hoechest 33342. When disruption of the nucleus
occurred, no fluorescence was observed from EGFP or Hoechest 33342 in the laser-irradiated
region. These results demongtrate that observation of fluorescence recovery is an indicator of
the disruption of organellesin living cells.

We confirmed disruption of the mitochondrion in the case shown in Fig. 2 using the
previously reported restaining method [16]. The EYFP in the mitochondria onto which the
femtosecond laser pulses were focused was not restained with MitoTracker Red. Previous

#9175 - $15.00 USD Received 18 October 2005; revised 16 November 2005; accepted 17 November 2005
(C) 2005 OSA 28 November 2005/ Vol. 13, No. 24/ OPTICS EXPRESS 9874



FRAP experiments on mitochondria showed that the time required for 50% recovery of
fluorescence was a few seconds [27]. We could not directly measure the threshold energy for
bleaching and disruption when targeting mitochondria because the time duration between the
two images before and after irradiation was 10 s in our system. Since the mitochondria
irradiated by the femtosecond laser pulses in our experiments did not exhibit fluorescence
recovery after 30 s, the mechanism must be different from bleaching. We have therefore
shown that disruption and bleaching are distinguishable using FRAP analysis and the
restaining method.

When laser pulses with higher energy were focused into the mitochondria, changes in the
mitochondrial morphology were observed. After irradiating the matrix of a single
mitochondrion using a pulse energy of 0.53 nJpulse (exposure time: 32 ms), tubular
mitochondria became fragmented into punctiform. Figure 3 shows an example of
mitochondrial fragmentation. Figures 3(8) and (b) show the stacked three-dimensiona
confocal images obtained before and after femtosecond laser irradiation. In addition to the
target mitochondrion, peripheral mitochondria were also disrupted and the morphology of the
mitochondria changed. Tubular mitochondria became 1-um-long fragmented mitochondria
500 s after irradiation [Fig. 3(c)]. Therefore, the higher energies are not suitable for selective
disruption of targeted mitochondria.

t=100s 200 s 300 s 400 s 500 s

Fig. 3. Mitochondrial fragmentation in HelLa cells induced by femtosecond laser pulses.
Stacked three-dimensional confocal images obtained (a) before and (b) after irradiation with
0.53 nJ/pulse (exposure time: 32 ms). The red arrow indicates the irradiation point. Scale bar:
10 um. (c) Time-lapse confocal images after irradiation. Scale bar: 5 um.

In femtosecond laser surgery of organellesin living cells, it is important to use the optimal
laser parameters. To this end, we investigated how the efficiency of mitochondrion disruption
depended on the pulse energy and the irradiation time. We compared the fluorescence images
before and after femtosecond laser irradiation. The time duration between the two images was
10 s. We performed all the experiments in Fig. 4 at the energies of 0.32 nJ, 0.37 nJ, 0.42 nJ,
0.47 nJ, 0.53 nJ, 0.66 nJ, and 0.79 nJ. Ten measurements were performed at each pulse energy
and irradiation time. The experimental results presented in Figs. 4(a) to (c¢) were performed
with EYFP-mitochondria. Figure 4(a) shows the rate of disruption and fragmentation of
mitochondria for an irradiation time of 32 ms at various laser energies. When the pulse
energy was 0.40 + 0.14 nJpulse, the single target mitochondrion was disrupted without
affecting neighboring mitochondria. The energy variance was attributed to cell activity in
living cells. Above 0.5 nJ/pulse, fragmentation of mitochondria occurred. Figures 4(b) and (c)
show the rates of disruption and fragmentation of mitochondria for irradiation times of 16 ms
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and 8 ms, respectively. The energies for disruption of the mitochondria were 0.46 + 0.14
nJ/pulse for the irradiation time of 16 ms and 0.63 + 0.3 nJ/pulse for the irradiation time of 8
ms. Experiments showed that a shorter irradiation time required higher disruption energy.
Next, we investigated the rate of disruption of mitochondria stained with MitoTracker Red at
the irradiation time of 32 ms. The energy for disruption of mitochondria stained with
MitoTracker Red was 0.46 + 0.14 nJ/pulse [Fig. 4 (d)].

1-05 EYFP: 32 ms
0.8
0.6
0.4
0.2 H
0.0 ” : : : :
0.3 04 05 0.6 0.7 0.8

0.2

104 EYFP: 16 ms
08]
0.6]
0.4]
0.0] ul : : : :
05 06 07 08

0.2 0.3 0.4

LY EYFP:8ms
08

0.6
0.4]
0.2] H

0.0 : : :

0.2 0.3 04 05 06 0.7 0.8

Rate of disruption or fragmentation

1'0j Mito Tracker Red: 32 ms
0.8
0.6
0.4
0.2]
0.0, : . : .
0.2 0.3 0.4 0.5 06 0.7 0.8

energy (nJ/pulse) [ disruption
I fragmentation

Fig. 4. Dependence of disruption of mitochondria with EYFP and MitoTracker Red on
femtosecond laser pulse energy and irradiation time. (a-c) The rate of disruption and
fragmentation of the EY FP-mitochondria at irradiation times of (a) 32 ms, (b) 16 ms, and (c) 8
ms for various laser energies. (d) The rate of disruption and fragmentation of the mitochondria
stained with MitoTracker Red at an irradiation time of 32 ms for various laser energies. The
number of measurements was 10 for each pulse energy and irradiation time.
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4. Viability of Cells after femtosecond laser surgery

It is important in laser surgery not to compromise the viability of cells. Several researchers
reported that entry into mitosis was guarded by a checkpoint that could be activated by a
variety of insults, including chromosomal damage and disrupting microtubules using UV laser
light or drugs [28,29]. We investigated the viability of the cells after disruption of a
mitochondrion by observing cell division.

In our primary experiment, we identified interphase cells. In this experiment,
mitochondria in the HelLa cells were visualized by EYFP without synchronization and
incubated at 37°C in a temperature-controlled incubator (Tokken) on the microscope stage.
Figure 5 shows cell division after disruption of a mitochondrion. Figures 5(a) and (b) show
the disruption of atargeted mitochondrion before and after irradiation with femtosecond laser
pulses a an energy of 0.39 nJ /pulse (exposure time: 32 ms). The cell was alive because
cytoplasmic streaming in the cell was continuously observed. The process of cell division
finished successfully 12 h after laser irradiation [Fig. 5(c)]. Moreover, the migration of
daughter cells was observed from 12 to 16.5 h after laser irradiation [Figs. 5(c) to (b)].

B y ' AN

Fig. 5. Cell division after femtosecond laser disruption of a mitochondrion labeled with EY FP.
Confocal images (a) before and (b) after femtosecond laser irradiation with 0.39 nJ/pulse
(exposure time: 32 ms). The red arrow indicates the irradiation point. (c-f) Time-lapse confocal
images. The process of cell division finished successfully 12 h after laser irradiation (c-d). The
migration of daughter cells was observed from 12 to 16.5 h after laser irradiation (f). Scale bar:
10 um.
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Fig. 6. Mitotic events of cell division after disruption of mitochondriain the histone EGFP-H1
expressed cell. The disruption of a single mitochondrion by femtosecond laser irradiation had
no influence on cell division or cell activity. The cell nuclel and mitotic chromosomes in HelL.a
cells were visualized using histone EGFP-H1. Mitochondria were stained with MitoTracker
Red. Confocal fluorescence image and transmission image (a) before and (b) after femtosecond
laser irradiation with 0.39 nJ/pulse (exposure time: 32 ms). The yellow arrow indicates the
irradiation point. (c)-(f) Time-lapse confocal images and transmission images. The mitotic
events of cell division inthe irradiated cells proceeded normally. Scale bar: 20 um.
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To confirm whether or not mitotic events of the cell division proceed normally after laser
irradiation, we performed disruption of mitochondria in a histone EGFP-H1 expressed cell.
Mitochondria in the HeLa cell were stained with MitoTracker Red. Femtosecond laser pulses
a an energy of 0.39 nJpulse (exposure time: 32 ms) were irradiated into a single
mitochondrion in the synchronized HelL a cell at the prometaphase when mitotic chromosomes
start to condense. Figures 6(a) and (b) show the confocal fluorescence image and one-photon
transmission image obtained using the Ar® laser before and after irradiation. After
femtosecond laser irradiation, we performed long-term observation of the cell at intervals of 5
minutes. At anaphase, the chromosomes split into two sister chromatids and then separated to
opposite poles [Fig. 6(c)]. At telophase, the nuclear envelope reformed and a cleavage furrow
appeared [Fig. 6(d)]. At cytokinesis, constriction occurred between two separated cells [Fig.
6(e)]. Finaly, the cell division completed and two daughter cells were flattened again [Fig.
6(f)]. Our time-lapse observation of irradiated cells revealed that the mitotic events of cell
division proceeded normally. Normal cell locomotion was also observed, suggesting that the
disruption of a single mitochondrion by femtosecond laser irradiation had no influence on cell
activity or cell division. However, the duration of cell division of the irradiated cell was
around 3 h, whereas that of normal cells is around 1 h. We have therefore demonstrated the
feasibility of femtosecond laser disruption of a mitochondrion without compromising cell
viability.

5. Discussion

Although numerous femtosecond-laser-based surgical techniques on biological tissue and
subcellular organelles have been demonstrated, the physical mechanisms involved have not
been studied in detail. Figure 4 showed that the disruption energy of the labeled mitochondria
depends on the fluorescence label. The energy required to disrupt mitochondria labeled with
EYFP was smaller than that to disrupt mitochondria labeled with MitoTracker Red; however,
the maximum wavelength of two-photon excitation and the two-photon cross section when
using EY FP and MitoTracker Red were different [30,31]. The dependence of the dissection of
yeast mitotic spindles on laser wavelength has also been reported [24]. The dependence of
disruption on the wavelength is still unclear, however, and will be the subject of future work.

In the low-repetition-rate regime (1 kHz), material modification is produced by a single
pulse due to the formation of a high-density plasma [15,32]. The free electrons generated by
tunnel ionization and multiphoton ionization act as seeds for avalanche ionization, which
exponentialy increases the free carrier density. The free electrons absorb energy from the
electromagnetic field of the laser pulse, leading to laser-induced optical breakdown, the
generation of a plasma, and damage to the organelles. In contrast, in a high-repetition-rate
femtosecond laser system (typically megahertz order), focusing femtosecond laser pulsesin a
cell results in an increase in temperature in a localized region surrounding the focal spot
through heat accumulation, and material modification occurs due to the formation of a low-
density plasma and a cumulative effect [9,33]. As the number of pulses increases, the
threshold energy for disruption decreases due to the incubation effect, as seen in Fig. 4.
Thermal effects could account for the decreased threshold energy for disruption more
effectively than the use of kilohertz pulses.

In multi-photon excitation microscopy, the heating does not play a destructive role [34],
and long-term cell viability has been reported [11-14]; however, the energy required for
disruption is higher than that for multiphoton-excitation microscopy, and the resulting heat
accumulation becomes important. Irradiation with 80-MHz femtosecond laser pulses at higher
energy was found to cause impaired cell division, generation of giant cells, and apoptosis-like
death [35,36]. However, in the present study, after disruption of a mitochondrion with 76-
MHz laser pulses, the irradiated cells did not show loss of viability. Our experiments
demonstrated, therefore, that the femtosecond laser oscillator is useful for laser nanosurgery
of subcellular organelles without compromising the long-term viability of cells.
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The cells divided properly after laser irradiation, athough it took longer than normal cell
division. These results suggest that the cells can survive after disruption of mitochondria. It
has been reported that when microtubules are damaged and cannot associate with
kinetochores, spindle checkpoint prevents cell cycle progression [37]. Once the microtubule
damage is repaired, the cell enters the anaphase. In our current study, anaphase onset delay
was observed after the laser irradiation, suggesting that microtubules adjacent to mitochondria
might be damaged by laser irradiation, and cell cycle delay at metaphase was caused by
activation of spindle checkpoint. Although it took longer than normal cell division, irradiated
cells divided properly. Thus, the disruption of subcellular organelles by femtosecond laser
irradiation does not cause cell death. Moreover, irradiated cells preserve their basic function,
such as damage repair, energy production, and proliferation.

We also observed mitochondrial fragmentation when the laser pulses were irradiated onto
the endoplasmic reticulum (ER). In contrast, we could not detect any morphologica change of
mitochondria when the laser pulses were irradiated onto the nucleus. Since a common
function of the mitochondria and the ER is the storage of calcium (Ca?*), we hypothesize that
Ca®* plays an important role in inducing mitochondrial fragmentation. A release of
cytochrome C and mitochondrial fragmentation are found at almost the same time in the early
stage of apoptosis. Recently, it has been reported that the initial leakage of a dynamin-like
GTPase, OPAL, with the release of cytocrome C leads to structural aternation of the
mitochondria and an increase in the fragmentation by blocking mitochondrial fusion [38]. It is
possible that the laser irradiation promotes the release of OPA1 from the mitochondria. Asthe
irradiation time increased at a given energy, the rate of fragmentation increased. Because
megahertz pulse trains were applied, thermal effects may play an important role in
mitochondrial fragmentation. In addition, we aso observed fragmentation of mitochondria
when using kilohertz pulses. The precise physical mechanism responsible for mitochondrial
fragmentation is still under investigation.

6. Conclusion

We have demonstrated that focused femtosecond laser pulses from a Ti:sapphire oscillator can
selectively disrupt a targeted mitochondrion. The long-term viability of the cells after
femtosecond laser irradiation was verified by the observation of cell division and by the
presence of cytoplasmic streaming. These experiments demonstrate that a femtosecond laser
oscillator can be used to remove a specific organelle from living cells without compromising
the long-term viability. Therefore, the femtosecond-laser-based disruption technique has the
potential to elucidate functional interactions between organelles. We believe that this
technique will find numerous applications in the study of cellular and organelle function.
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