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Abstract. Since the birth of “Dolly” as the first mammal cloned from
a differentiated cell, somatic cell cloning has been successful in sev-
eral mammalian species, albeit at low success rates. The highly inva-
sive mechanical enucleation step of a cloning protocol requires so-
phisticated, expensive equipment and considerable micro-
manipulation skill. We present a novel noninvasive method for com-
bined oocyte imaging and automated functional enucleation using
femtosecond �fs� laser pulses. After three-dimensional imaging of
Hoechst-labeled porcine oocytes by multiphoton microscopy, our
self-developed software automatically identified the metaphase plate.
Subsequent irradiation of the metaphase chromosomes with the very
same laser at higher pulse energies in the low-density-plasma regime
was used for metaphase plate ablation �functional enucleation�. We
show that fs laser-based functional enucleation of porcine oocytes
completely inhibited the parthenogenetic development without affect-
ing the oocyte morphology. In contrast, nonirradiated oocytes were
able to develop parthenogenetically to the blastocyst stage without
significant differences to controls. Our results indicate that fs laser
systems have great potential for oocyte imaging and functional
enucleation and may improve the efficiency of somatic cell cloning.
© 2010 Society of Photo-Optical Instrumentation Engineers. �DOI: 10.1117/1.3463012�
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Introduction
ince the birth of “Dolly” in 1996 as the first clone of an adult
ammal by somatic cell nuclear transfer �SCNT�,1 this tech-

ique has been successfully applied to a variety of mamma-
ian species, including cattle,2 mice,3 goats,4 pigs,5 rabbits,6

nd horses.7 When combined with genetically modified donor
ells, mammalian cloning offers the possibility to produce
ransgenic offspring for applications in agriculture and
iomedicine.8 To overcome the shortage of human organ do-
ors, transgenic pigs are considered to be best suitable as
onors of xenografts.9,10

The production of cloned animals by SCNT involves mul-
iple steps.11,12 At first, the maternal deoxyribonucleic acid
DNA� is usually removed from the recipient oocyte by aspi-
ation of the metaphase II �MII�-spindle and the adjacent first
olar body. This procedure is called enucleation. Because of
he high amount of lipids in oocytes of farm animals, the

etaphase plate must be visualized by staining with Hoechst
ye under UV illumination. In less opaque mouse and rhesus
onkey oocytes, the spindle can be visualized using polariza-

ion microscopy without previous Hoechst staining.13,14 In a

ddress all correspondence to: Kai Kuetemeyer, Laser Zentrum Hannover e.V.,
ollerithallee 8, 30419 Hannover, Germany. Tel: 49-511-2788-361, fax: 49-
11-2788-100; E-mail: k.kuetemeyer@lzh.de
ournal of Biomedical Optics 046006-
second step, a single donor cell is inserted under the zona
pellucida as close as possible to the oocyte membrane. Both
cells are then electrically fused and the inserted donor cell
nucleus is epigenetically reprogrammed to a pluripotent state.
Finally, the reconstructed embryo is artificially activated to
initiate the embryonic development.

Despite intense research over the past decade, the number
of viable offspring compared to the number of reconstructed
embryos transferred into surrogate mothers has remained low.
Species-dependent success rates between 0.1 and 15% have
been reported.8 The influencing factors can be divided into
biological and technical aspects. Biological factors include the
characteristics of oocytes and somatic cells and their epige-
netic reprogramming after electrofusion.15 The removal of
maternal DNA during enucleation belongs to the technical
aspects. The highly invasive mechanical enucleation requires
sophisticated, expensive equipment and considerable micro-
manipulation skill.16 To penetrate the oocyte plasma mem-
brane without lysis, oocytes must be pretreated with the mi-
crofilament inhibitor cytochalasin B,15 which is associated
with dramatic changes of the cytoskeleton.17,18 DNA staining
is usually done with the DNA-specific fluorochrome Hoechst
33342. For localization of the metaphase plate before its as-
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iration, the oocytes are exposed to UV light for a short time.
lthough viable offspring have been produced by this tech-
ique, it has been suggested that UV irradiation causes dam-
ge to the oocyte cytoplasm, especially the mitochondrial
NA.19 Therefore, possible long-term damaging effects can-
ot be ruled out.20 During aspiration of the metaphase plate,
mall amounts of cytoplasm next to the DNA, containing ma-
rix proteins, are inevitably removed, which has detrimental
ffects on the embryonic development.21 To avoid these prob-
ems, novel noninvasive methods for oocyte imaging and ma-
ipulation must be developed and evaluated.

Over the past four decades, laser pulses have been used in
evelopmental biology for several applications.22–26 Success-
ul laser inactivation �functional enucleation� of metaphase
hromosomes was first demonstrated by McKinnell et al. in
eopard frog eggs using microsecond pulses.27 Recently, Kar-

enyan et al. used picosecond pulses for functional enucle-
tion of mouse oocytes by targeted irradiation of the
etaphase plate.28 However, these protocols had several ma-

or drawbacks. The interaction of microsecond laser pulses
ith biological tissue is dominated by thermal effects. De-
ending on the thermal relaxation time, significant thermal
amage may occur to the adjacent cytoplasm.29 Karmenyan et
l. used conventional UV illumination in combination with
oechst staining to visualize the metaphase plate in mouse
ocytes, which had significant detrimental effects on their de-
elopmental potential.28 The metaphase plate was also manu-
lly moved into the laser focus prior to manipulation. This
ime-consuming step significantly slowed down the whole
rocess. Because of targeted irradiation of the metaphase
late, several chromosomes or large chromosome fragments
ost likely remained in the cytoplasm. The resulting aneup-

oid embryos after SCNT would still contain residual maternal
NA, which may impede the development to term.4 As a

onsequence of these drawbacks, current methods do not al-
ow for automation of the enucleation procedure.

Femtosecond �fs� laser are an excellent minimally invasive
ool for imaging and precise manipulation of single cells.
ompared to continuous UV illumination, the interaction with
iological tissue is based on nonlinear absorption. This en-
bles higher penetration depths and impedes out-of-focus ab-
orption and photodamage.30 Because of these advantages,
ultiphoton microscopy allows long-term imaging of whole

mbryos without compromising cell viability.31 Above a cer-
ain pulse intensity threshold, a so-called low-density plasma
s produced in the focal volume of the laser beam. It is as-
umed that these low-density plasmas mediate intracellular
issection by cumulative free-electron-mediated chemical
ffects.32 In this regime, no significant heat or mechanical
nergy transfer to surrounding regions occurs.32 On this basis,
he ablation of single-cell organelles, such as microtubules or

itochondria, without damaging surrounding structures and
ther organelles has been successfully accomplished.33–36

oreover, using the very same fs laser system for both three-
imensional imaging and manipulation of single cells facili-
ates the automation of the ablation procedure.

In this paper, we show that fs laser pulses offer great po-
ential for combined multiphoton imaging and automated
unctional enucleation of porcine oocytes. Efficient functional
nucleation was achieved by three-dimensional ablation of the
etaphase plate in the low-density-plasma regime. Subse-
ournal of Biomedical Optics 046006-
quent artificial activation of enucleated oocytes was done to
determine their developmental potential in comparison to sev-
eral control groups.

2 Materials and Methods
2.1 Laser System and Microscope
The laser system used in this study was a tunable Ti:sapphire
laser �Chameleon Ultra II, Coherent, Santa Clara, California�,
which generates ultrashort pulses of 140 fs at a repetition rate
of 80 MHz with a M2�1.1 beam quality. The accessible
wavelength ranges from 680 to 1080 nm. For imaging and
manipulation of oocytes, the central wavelength was set to
720 nm corresponding to the two-photon absorption maxi-
mum of the Hoechst 33342 dye in this range.37 At this wave-
length, the maximum pulse energy at the laser output is 30 nJ.
An acousto-optical pulse picker �Pulse Select, APE GmbH,
Berlin, Germany� was applied to regulate the pulse frequency
for the manipulation of oocytes by selecting pulses of the
laser beam with a division ratio between 1:20 and 1:5000
�corresponding to 4 MHz and 16 kHz�. These pulses are dif-
fracted into the first order with a diffraction angle of
�3.5 deg. The diffracted and initial laser beam were used for
oocyte manipulation and multiphoton microscopy, respec-
tively �see manipulation and imaging beam in Fig. 1�.

Both laser beams were guided through a mechanical shut-
ter and an attenuator, consisting of a half-wave plate and a
polarizing beamsplitter cube, before being superimposed. Af-
ter entering the tubus of an inverted microscope �Axiovert
100, Carl Zeiss AG, Oberkochen, Germany� via a dichroic
mirror, they were focused into the sample by a 0.8-NA water-
immersion objective �C-Achroplan NIR, Carl Zeiss AG�. At a
central wavelength of 720 nm, this results in a theoretical
diffraction-limited spot diameter of �1080 nm. Because of
dispersion in the optics, the pulse duration in the sample was
�275 fs determined with the autocorrelator “CARPE” �APE
GmbH�. Laser beam scanning in the x-y plane was achieved
by a pair of high-speed galvanometer mirrors �Cambridge
Technology, Lexington, Massachusetts�. A piezoelectric
objective-lens positioning system �nanoMIPOS 400, Piezo-
system Jena GmbH, Jena, Germany� was used to move the

Fig. 1 Schematic setup for multiphoton imaging and manipulation of
single oocytes.
July/August 2010 � Vol. 15�4�2
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aser focus along the z-axis. The fluorescence induced by mul-
iphoton excitation at low pulse energies around 0.1 nJ passed
he objective and the dichroic mirror in the backward direc-
ion and was detected by a photomultiplier tube �R6357,
amamatsu Photonics, Hamamatsu, Japan�. A micropipette
ith an inner diameter of �50 �m was attached to the mi-

roscope to hold single oocytes in position by applying a
light low pressure.

.2 Fs Laser-Based Functional Enucleation of Porcine
Oocytes

he procedures and media used to obtain matured porcine
etaphase II �MII�-oocytes have recently been described.38

II-oocytes were incubated in groups of five in TL-Hepes
96 medium supplemented with 5 �g /ml Hoechst 33342 �In-
itrogen, Carlsbad, California� for 10 min at 37 °C. They
ere washed once and placed in a drop of TL-Hepes 296
edium on a glass bottom dish with a thickness of 170 �m

MatTek Corporation, Ashland, Massachusetts� at room tem-
erature. Individual oocytes were rotated by alternately apply-
ng low and high pressure until the first polar body and the

etaphase plate could be identified in the equatorial plane by
ultiphoton microscopy. Oocytes were divided into three

roups: laser enucleation, sham enucleation, and nonirradia-
ion.

Fs laser-based functional enucleation of porcine oocytes
omprised three steps. At first, a three-dimensional stack of
ultiphoton microscopy images containing the metaphase

late was generated. Subsequent image postprocessing by our
elf-developed LabView-based software automatically deter-
ined the exact position and shape of the metaphase plate in

ach plane, based on the contrast between bright Hoechst
uorescence and background. Thereafter, the manipulation
eam was solely scanned over the marked areas with higher
ulse energy and lower scan speed. The distance between two
can lines in each plane and the distance between two planes
ere set to 0.5 and 1.5 �m, respectively, corresponding to the
iffraction-limited focal volume of the laser beam. Finally, the
ame three-dimensional stack as before was generated to
erify the success of the metaphase plate ablation. The whole
rocedure lasted �30 s.

To examine the mitochondrial distribution and morphology
efore and after metaphase plate ablation, oocytes were incu-
ated in TL-Hepes 296 medium supplemented with 0.5 �M
itoTracker Orange �Invitrogen� for 20 min prior to Hoechst

taining. Two-photon excitation of MitoTracker Orange was
one at a wavelength of 900 nm. The manipulated oocytes
ere restained with Hoechst 33342 and the double-stranded
NA-specific dye SYBR Green I �1:1000 of the original
0,000x stock solution, Invitrogen� to discriminate pho-
obleaching and ablation. For sham enucleation, an arbitrarily
elected area in the cytoplasm close to the metaphase plate
ith a similar volume was irradiated using the same param-

ters. Nonirradiated oocytes underwent the same procedure as
aser-enucleated oocytes except for the metaphase plate abla-
ion. One control group remained in the incubator during the
nucleation procedure to determine possible negative side ef-
ects due to multiphoton microscopy and other work steps. To
ave a direct comparison to conventional methods, mechani-
al enucleation was done as described in Hoelker et al.38
ournal of Biomedical Optics 046006-
2.3 Embryo Culture and Quality Assessment
To verify the success of the fs laser-based functional enucle-
ation of porcine oocytes, all five experimental groups �laser
enucleation, sham enucleation, nonirradiation, mechanical
enucleation, and control� were parthenogenetically activated.
Parthenogenesis is defined as an embryo development without
fertilization by a male gamete and can be artificially induced
in mammalian oocytes by different methods.11,39 In nuclear
transfer protocols, the development of parthenogenetic em-
bryos generally serves as an indicator of oocyte quality and
culture conditions.12 Successful metaphase plate ablation
�functional enucleation� should inactivate the DNA and arrest
the parthenogenetic development directly at the MII-stage
with minimal damage to the cytoplasm and other organelles.
In our study, we used electrostimulation for parthenogenetic
activation as described in Hoelker et al.38 Parthenogenetic em-
bryos were cultivated in NCSU 23 medium supplemented
with 0.4 mg /ml BSA for seven days at 38.5 °C in 5% CO2
in humidified air.

The in vitro development of the parthenogenetically acti-
vated embryos was evaluated 19 or 168 h after activation. To
assess successful pronucleus formation after 19 h, the em-
bryos were fixed for 24 h in a solution of ethanol and acetic
acid �3:1 ratio�, stained with lacmoid, and analyzed using
phase contrast microscopy. Rates of pronucleus formation
were defined as the number of embryos with at least one
pronucleus divided by the total number of activated oocytes.
Morphological criteria, including cell shape and blastocoele
formation, were used to determine the successful development
up to the blastocyst stage after 168 h. Quality of the embryos
was assessed by 5 �g /ml Hoechst 33342 staining for 10 min
and subsequent counting of the total number of cell nuclei in
each embryo under a conventional fluorescence microscope.
Embryos with more than one nucleus were classified as
cleaved. Blastocyst and cleavage rates were defined as the
number of blastocysts and cleaved embryos divided by the
total number of activated oocytes, respectively.

The statistical significance of the rates of pronuclear and
blastocyst formation, intact morphology, and cleavage was
evaluated by the �-squared test. Differences between experi-
mental groups were considered significant at P�0.05.

3 Results
To demonstrate the suitability of multiphoton microscopy
�MPM� for imaging of porcine MII-oocytes, a three-
dimensional reconstruction from a stack of multiphoton im-
ages is shown in Fig. 2. In this representation, the autofluo-
rescence of the cytoplasm �levels of gray� and the Hoechst
fluorescence of the polar body �orange� are visible, whereas
the adjacent metaphase plate is hidden in the cytoplasm. A
sharp decrease of the detected fluorescence signal occurred in
the deepest layers of these oocytes, which had a diameter of
�150 �m �see Fig. 2, at the bottom of the images�. There-
fore, the metaphase plate and polar body were placed in the
equatorial plane before metaphase plate ablation in further
experiments.

The first set of experiments was made to identify optimal
laser parameters for efficient metaphase plate ablation with
minimal collateral damage to the cytoplasm. To this end, the
repetition rate, scan speed, and pulse energy of the manipula-
July/August 2010 � Vol. 15�4�3
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ion beam were varied. At a constant spatial pulse overlap, the
blation efficiency was independent of the laser repetition
ate. Therefore, a high repetition rate of 1 MHz was selected
o minimize the duration for the whole procedure and to ex-
lude possible temperature accumulation effects at the same
ime.32 Figure 3 shows the metaphase plate and polar body
oth before and after manipulation at 1 MHz repetition rate,
.5 nJ pulse energy, and 100 �m /s scan speed. Following
etaphase plate irradiation, the Hoechst fluorescence com-

letely vanished in this area �see Fig. 3�c��. In contrast, the
earby fluorescence of the polar body remained unaffected.
estaining of the oocyte with Hoechst 33342 and SYBR
reen I did not result in any detectable fluorescence recovery
f the metaphase plate �data not shown�. Therefore, the fluo-
escence decrease after irradiation could be attributed to abla-
ion and not to photobleaching. Numerous repetitions of this
xperiment at the same parameters resulted in a high ablation
fficiency and intact oocyte morphology over at least 3 h. In
ddition, no changes in the mitochondrial distribution and
orphology were observed within this period �see Fig. 4�.
arying the laser pulse energy at 100 �m /s scan speed and
-MHz repetition rate exhibited two other regimes. Whereas
esidual Hoechst fluorescence was detected below 2.5 nJ, gas
ubble formation in the irradiated area occurred above this
alue indicating severe cell damage �data not shown�.32 Con-
equently, a pulse energy of 2.5 nJ was used in further experi-
ents.
The next step involved the evaluation of the early devel-

pment after parthenogenetic activation of all five experimen-
al groups: laser enucleation, sham enucleation, nonirradia-
ion, mechanical enucleation, and control. All experimental
roups, including laser-enucleated oocytes, maintained intact
orphology ��95%� over 19 h. The efficiency of functional

ocyte enucleation was 96%, pronucleus formation occurred
n only 2 of 50 oocytes �see Table 1�, compared to 100%
fficiency after mechanical enucleation. Small chromosome
ragments were found in �10% of laser-enucleated oocytes
see Fig. 5�a��, whereas none of them continued the partheno-
enetic development and underwent cleavage. After seven
ays of in vitro culture, cytoplasmic fragmentation without
etectable DNA in these fragments was observed in �35% of
aser-enucleated oocytes �see Fig. 5�b��. The same observation
as made after conventional mechanical enucleation �data not

ig. 2 Three-dimensional reconstruction of a porcine MII oocyte from
stack of multiphoton microscopy images shown at two different

ngles. The autofluorescence of the cytoplasm and the fluorescence of
he polar body �PB� stained with Hoechst 33342 are marked in levels
f gray and orange, respectively. The metaphase plate is hidden in the
ytoplasm. �Color online only.�
ournal of Biomedical Optics 046006-
shown�. Sham-enucleated oocytes, whose cytoplasm was irra-
diated at the same parameters, cleaved and developed to the
blastocyst stage with no significant differences in comparison
with nonirradiated and control oocytes.

4 Discussion and Conclusion
The presented results demonstrated the successful combina-
tion of three-dimensional imaging and automated functional
oocyte enucleation using fs laser pulses. Compared to previ-
ous laser-based functional enucleation protocols, this method
had several major advantages.

The generated three-dimensional reconstruction of a
Hoechst-stained porcine MII-oocyte showed the feasibility of
MPM for three-dimensional oocyte imaging. However, a
sharp decrease of the detected fluorescence intensity occurred
in the deepest layers of these oocytes �see Fig. 2�. Although
the use of near-infrared �NIR� wavelengths generally im-
proves the imaging depth of fluorescence microscopy,30 a
slightly different behavior is observed in porcine oocytes
probably attributed to its high cytoplasmic lipid content.
Transmission drops �30% from 300 to 500 nm followed by
a constant increase up to the initial value at 1000 nm.40

Therefore, longer NIR wavelengths combined with other
DNA stains such as Sybr14 are promising to further optimize
the imaging depth.19

Using MPM and Hoechst staining for metaphase plate vi-
sualization prior to manipulation did not affect the viability
and developmental potential of oocytes after parthenogenetic
activation with no significant difference to controls �see Table
1�. These findings are consistent with the work done by Squir-
rell et al., indicating the great potential of multiphoton mi-
croscopy for noninvasive long-term imaging of whole

Fig. 3 Multiphoton microscopy images from various depths �a� before
and �c� directly after metaphase plate ablation of a porcine MII oocyte
stained with Hoechst 33342 at 1 MHz laser repetition rate, 2.5 nJ
pulse energy, and 100 �m/s scan speed �MP: metaphase plate, PB:
polar body�. The manipulation beam was solely scanned over the
metaphase plate along the white lines in �b� whose shape was auto-
matically determined by our software.
July/August 2010 � Vol. 15�4�4
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mbryos.31 The great advantage of using fs laser pulses is the
egligible multiphoton absorption outside the focal volume
nd hence reduced damage to adjacent structures including
embranes.30 Moreover, no incubation with the microfila-
ent inhibitor cytochalasin B was required prior to metaphase

late ablation �functional enucleation� in contrast to conven-
ional mechanical enucleation. This may positively influence
he embryonic developmental potential after nuclear
ransfer.41

To the best of our knowledge, this is the first time that the
ocalization, shape acquisition, and subsequent three-
imensional ablation of a cell organelle were fully automated
y means of MPM images. This automation of the whole
rocedure with our self-developed software significantly in-
reased the throughput. Further optimization of the entire ex-
erimental protocol allowed for processing 20–25 oocytes per
our. Compared to conventional enucleation methods, this
as about two times slower. However, the presented noncon-

act and noninvasive method using fs laser pulses offers the
otential for automation of the enucleation procedure since
very step can be done by a microfluidic technique.42

Our experiments determined for the first time the optimal
arameters for efficient metaphase plate ablation of porcine
II-oocytes. At a pulse energy of 2.5 nJ, the bright fluores-

Table 1 Early development in parthenogenetical
laser- and mechanically enucleated porcine MII
were evaluated 19 h after activation, whereas cle

Experimental
group

After 19 h

Intact
morphology

Pronuc
forma

Control 64/64 �100%�* 61/6

Nonirradiation 51/51 �100%�* 50/5

Sham enucleation Not measured Not m

Laser enucleation 48/50 �96%�* 2/50

Mechanical
enucleation

42/42 �100%�* 0/42

Within columns, different symbols indicate that values a

ig. 4 Mitochondrial distribution and morphology of porcine MII ooc
he metaphase plate position in �a� is indicated by the red dashed
bserved within this period. �Color online only.�
ournal of Biomedical Optics 046006-
cence of the metaphase plate completely vanished �see Fig.
3�. Even after restaining with different nucleic acid stains, no
fluorescence recovery was observed above the background
noise. Because our parameters are �20% above the pho-
tobleaching threshold,43 we can be sure of metaphase plate
ablation.35 However, it is still possible that very small DNA
fragments remain that are likely not able to recruit sufficient
dye molecules. To disprove this assumption, we scanned a
weakly focused amplified Ti:Sa fs laser beam over a small
droplet with 100 ng /�l linearized plasmid DNA �pEGFP-C1,
Clontech, Mountain View, California� at the same laser flu-
ences. The plasmid encodes a wild-type GFP and has a length
of 4.7 kbp, which roughly corresponds to the average gene
length.44 Gel electrophoresis revealed that the intensity of the
4.7 kbp band decreased with increasing pulse energy until it
completely disappeared. However, no fragments with detect-
able fluorescence intensity were observed in the range of
4.7 kbp to 20 bp by both agarose and polyacrylamid gels.45

Therefore, we assume that possible DNA fragments produced
by metaphase plate ablation were smaller than genes or trans-
posons whose lengths are �100 bp.44 In addition, they were
much smaller than the residual chromosomes or large chro-
mosome fragments after previous laser-based functional

ated control and nonirradiated as well as sham-,
s. Pronucleus formation and oocyte morphology
and blastocyst rates were examined after 168 h.

After 168 h

Cleavage rate Blastocyst rate

�* 102/119 �86%�* 36/119 �30%�*

�* 55/66 �83%�* 17/66 �26%�*

d 62/85 �73%�* 17/85 �20%�*

0/60 �0%�† 0/60 �0%�†

0/80 �0%�† 0/80 �0%�†

ficantly different �P�0.05�.

� before, �b� directly after and �c� 3 h after metaphase plate ablation.
e. No changes in mitochondrial distribution and morphology were
ly activ
oocyte
avage

leus
tion

4 �95%

1 �98%

easure

�4%�†

�0%�†

re signi
ytes �a
ellips
July/August 2010 � Vol. 15�4�5
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nucleation protocols. As the cytotoxicity increases with the
olecular weight of macromolecules,46 our method should be

ess cytotoxic and may thus improve the embryonic develop-
ent.
Using the obtained laser parameters for efficient metaphase

late ablation, functional enucleation was achieved in 96% of
ocytes with simultaneous maintenance of intact morphology
ver a long period �see Table 1�. This behavior was compa-
able to that observed after conventional mechanical enucle-
tion. None of the laser-enucleated oocytes underwent cleav-
ge and continued the parthenogenetic development. In
triking contrast, UV-C irradiation of the metaphase plate
oes not block but only delays the first cleavage by �48 h.47

he significantly higher peak intensity of fs laser pulses
auses frequent simultaneous multiphoton absorption above
he ionization threshold of DNA molecules.48 We assume that
ubsequent free electron and free radical formation induce
urther severe DNA fragmentation and base modifications.49

inor damage by continuous UV-C irradiation is most likely,
t least partially, repaired by DNA repair mechanisms.50

Following fs laser-based functional enucleation, no
hanges in the mitochondrial distribution and morphology
ere observed within 3 h �see Fig. 4�. As mitochondrial DNA

mtDNA� damage and apoptosis are associated with rapid
hanges in mitochondrial morphology,51 we assume that the

ig. 5 Phase contrast and light-microscopy images of porcine embr
hromosome fragments, indicated by the black dashed ellipse in �a�,
ocytes. Control oocytes predominantly �a� formed a pronucleus �PN
oechst 33342 �blue�. �Color online only.�
ournal of Biomedical Optics 046006-
laser treatment did not damage the mtDNA. Irradiation of the
oocyte cytoplasm at the same parameters �sham enucleation�
did not compromise the developmental potential compared to
controls �see cleavage and blastocyst rates in Table 1�. In
previous studies using nanosecond, picosecond, and fs laser
pulses, subcellular ablation without damaging surrounding or-
ganelles or cytoskeletal structures was demonstrated.36,52,53

Therefore, our results suggest that the metaphase plate abla-
tion did not affect the oocyte cytoplasm and organelles.

In �10% of fs laser-enucleated oocytes, small chromo-
some fragments were observed after 19 h �see Fig. 5�a��. A
detailed analysis of the MPM images after metaphase plate
ablation and restaining revealed that about the same percent-
age was incompletely ablated, leaving small fluorescently la-
beled DNA fragments in the cytoplasm �data not shown�. To
avoid these fragments in every oocyte, all laser parameters for
metaphase plate ablation have to be further optimized. After
seven days of in vitro culture, �35% of laser-enucleated oo-
cytes showed cytoplasmic fragmentation without detectable
DNA in these fragments �see Fig. 5�b��. Because this behavior
was also observed in mechanically enucleated oocytes54 cyto-
plasmic fragmentation is unlikely caused by fs laser irradia-
tion of the metaphase plate.

19 h and �b� 7 days after parthenogenetic activation, respectively.
toplasmic fragmentation �b� were observed in some laser-enucleated
b� developed to the blastocyst stage. Embryos in �b� are stained with
yos �a�
and cy
� and �
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Compared to the aspiration of the maternal DNA during
echanical enucleation, DNA fragments and free radical-

nduced DNA base modifications remained in the oocyte cy-
oplasm after fs laser-based functional enucleation. It has been
hown that fs laser irradiation of cell nuclei causes accumu-
ation of several DNA repair factors and proteins at the irra-
iation sites.55,56 Furthermore, this accumulation results in
ell-cycle checkpoint activation and significant delay of mi-
otic cleavage.57 For this reason, further studies have to inves-
igate potential negative consequences of DNA repair mecha-
isms on embryonic cleavage after fs laser-based metaphase
late ablation and subsequent nuclear transfer.

In conclusion, we demonstrated the suitability of fs laser as
novel tool for oocyte enucleation. The use of ultrashort

ulses with NIR wavelengths instead of UV illumination for
maging and metaphase plate localization improved the oo-
yte viability and developmental potential. The high func-
ional enucleation efficiency of �95% combined with a high
hroughput �20–25 oocytes per hour� is promising for the ap-
lication of fs laser systems as a fast, easy-to-use, and reliable
nucleation tool. Compared to conventional mechanical
nucleation, it may improve the efficiency of somatic cell
lone production. Further advancement of the presented
ethod combined with microfluidic technique offers the pos-

ibility to automate oocyte enucleation and to significantly
ncrease the speed of this step of the cloning protocol.
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