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Abstract. Theileria annulata is an intracellular parasite that infects
and transforms bovine leukocytes, inducing continuous proliferation
of its host cell both in vivo and in vitro. Theileria-infected cells can
easily be propagated in the laboratory and serve as a good model for
laser ablation studies. Using single pulses from an amplified ultrashort
pulse laser system, we developed a technique to introduce submi-
crometer holes in the plasma membrane of the intracellular schizont
stage of Theileria annulata. This was achieved without compromising
either the viability of the organisms or that of the host cell that harbors
the parasite in its cytoplasm. Multiphoton microscopy was used to
generate image stacks of the parasite before and after ablation. The
high axial resolution allowed precise selection of the region of the
membrane that was ablated. It also allowed observation of the size of
the holes generated �in fixed, stained cells� and determination of the
structural changes in the parasite resulting from the laser pulses �in
living cells in vitro�. This technique opens a new possibility for the
transfection of Theileria or delivery of molecules to the schizont that
may prove useful in the study of this special host-parasite relationship.
© 2008 Society of Photo-Optical Instrumentation Engineers. �DOI: 10.1117/1.2960524�
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Introduction
ntracelluar protozoan parasites such as Plasmodium and
oxoplasma reside in a parasitophorous vacuole, a membrane-
ound organelle that is often specifically modified to accom-
odate the invading organism. Other parasites such as Theile-

ia or Trypanosoma cruzi are found free in the host cell
ytoplasm, where they interfere directly with the host cell to
nsure their long-term persistence.1

Theileria parasites, in particular T. parva and T. annulata,
ossess the unique capacity to transform the cells they infect,
nducing uncontrolled proliferation of the infected cells,
hich spread rapidly through the body of the infected animal.
hey cause economically important diseases of cattle �called
ast Coast fever and Tropical Theileriosis, respectively� in
ast and Northern Africa, the Middle East, and large areas of
sia.

Theileria-transformed cells take on many properties of tu-
or cells.2 As discussed in two recent reviews,3,4 the direct

ontact with host cell components allows the Theileria sch-
zont to interfere in a unique manner with the host cell’s sig-
aling pathways that regulate host cell proliferation and
urvival,5–7 resulting in continuous proliferation of parasite-
arboring cells and protection against apoptosis.8,9 Despite the
act that considerable progress has been made identifying the
ignaling pathways involved, the molecular interactions

ddress all correspondence to: Prof. Martin Frenz, Institute of Applied Physics,
niversity of Bern, Sidlerstrasse 5, Bern, Switzerland. Tel: +41 31 631 8943;
ax: +41 31 631 3765; E-mail: martin.frenz@iap.unibe.ch.
ournal of Biomedical Optics 044021-
between Theileria and its host cell are still poorly understood
and difficult to study. Being an obligate intracellular organ-
ism, tools are largely lacking that facilitate the entry of mol-
ecules that normally do not cross the parasite membrane such
as resident host cell molecules, molecules that have been
taken up by the host cell, or molecules that were introduced
into the host cells by transfection. Lacking a method to trans-
fect the schizont stage of the parasite, it is difficult to gain
detailed insight into the molecular mechanism by which the
parasite gains control over a host cell. The recent completion
of the genomic sequence of T. parva10 and T. annulata11 fur-
ther highlights the importance of the development of such a
technique.

While transient transfection has been achieved for Theile-
ria sporozoites, these cannot be cultured, and elaborate facili-
ties to house both infected calves and the ticks that transmit
the parasite are required to produce them.12 The schizont stage
of Theileria, on the other hand, resides in the continuously
proliferating host cells and can be propagated indefinitely by
in vitro culture. Conventional methods for transfection, such
as electroporation, and also microinjection have not yet been
successful in the schizont. Ultrashort pulse laser ablation to
generate small holes in the membrane has recently been used
successfully to transfect cells.13,14 If applicable to schizont
membranes, this technique could pave the way for the devel-
opment of a novel method to transfect Theileria. This method
can be combined with multiphoton microscopy to enable

1083-3668/2008/13�4�/044021/12/$25.00 © 2008 SPIE
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recise selection of the regions of the sample that are ablated
nd to image structural changes in the parasite and in the cell
n three dimensions.

Multiphoton fluorescence microscopy is a powerful
ethod to obtain three-dimensional �3-D� images of biologi-

al samples and has found growing use in biophysics and
iology laboratories around the world.15,16 In a multiphoton
icroscope, a high-intensity laser beam is tightly focused

nto the sample and is raster-scanned with respect to the
ample to generate an image. Because the two- �three-� pho-
on fluorescence signal varies as the square �cube� of the
aser intensity, it is confined to the focus. This provides im-
ges with high axial resolution—comparable to confocal
icroscopy—but without the need for a confocal pinhole and
ith significantly reduced photobleaching. The near-infrared

NIR� excitation wavelengths generally used for such scans
lso penetrate deeper into biological samples and allow imag-
ng at greater depths. In order to achieve the high peak inten-
ities necessary to observe multiphoton effects and to do so
hile avoiding damage to the sample, ultrashort pulse laser
scillators are used. When focused through a high-numerical-
perture �NA� microscope objective, these lasers provide high
eak intensities and at the same time deposit very little energy
er pulse into the sample.

By increasing the pulse energy, it is possible to use the
ame laser to ablate small regions of a sample with a size
omparable to or smaller than the resolution of multiphoton
icroscopy images.17 Ultrashort pulse laser ablation can be

chieved both using single amplified laser pulses and using a
rain of pulses directly from a high-repetition-rate oscillator.
he ablation threshold in the former case is about ten times
igher than for the latter, and the physical mechanisms re-
ponsible are very different.18 Ultrashort pulse laser ablation
as been used, for example, to make submicrometer cuts in
hromosomes17 and in nervous tissue,19,20 to disrupt or-
anelles in a living cell,21,22 and to study embryo dynamics.23

In this work, we seek to determine whether ultrashort pulse
aser ablation can be used to generate small holes in the mem-
rane of the intracellular parasite T. annulata without compro-

Fig. 1 Sketch of the experimen
ournal of Biomedical Optics 044021-
mising the viability of the parasite or the cell. Since conven-
tional epi-fluorescence imaging does not have a high enough
axial resolution to permit precise determination of the location
of the parasite membrane with respect to the focused laser
spot—the parasite is only of the order of a few micrometers in
size—we turn to multiphoton microscopy to accurately focus
the laser on specific sections of parasite membrane. Changes
in the intracellular parasite in response to laser ablation are
also difficult to see without a 3-D imaging technique. We first
demonstrate the capabilities of this combined technique to
generate and visualize submicrometer holes in the parasite
membrane in fixed, stained samples. We determine the thresh-
old for visible ablation using single pulses and measure the
extent of damage axially and laterally as a function of the
pulse energy. We then focus on ablation in living Theileria
infected macrophages, which express green fluorescent pro-
tein, in order to observe the resulting 3-D changes in the
structure and organization of the parasite and determine the
viability of the treated cells.

2 Experiment
2.1 Microscope Setup
The experimental setup is illustrated in Fig. 1. The laser sys-
tem used consisted of a Coherent Mira ultrashort pulse laser
oscillator and a Coherent RegA regenerative amplifier �Coher-
ent, Inc., Santa Clara, California�. The Mira was operated at a
wavelength of 800 nm with a repetition rate of 76 MHz and a
pulse energy of �10 nJ. The regenerative amplifier was op-
erated in single-pulse mode; seed pulses from the Mira were
selected and regeneratively amplified to energies of about
4 �J. The Mira and the RegA were pumped by a 6-W and a
10-W Coherent Verdi diode-pumped solid-state laser, respec-
tively. The Mira beam was used to perform multiphoton im-
aging of the samples; the RegA beam was employed to
perform laser ablation.

The beams from the Mira and from the RegA were passed
through power dividers consisting of a zero-order half-wave
plate and a Glan-laser polarizer to allow adjustment of the

p. Refer to the text for details.
tal setu
July/August 2008 � Vol. 13�4�2
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aser power. The beams were overlapped before the micro-
cope and passed through a beam expander and spatial filter
onsisting of two NIR achromatic doublets �f=100 mm and
=150 mm� and a 25-�m-diameter pinhole. The combined
eam was reflected by a dichroic mirror designed for multi-
hoton microscopy �Omega Optical XF2033, Brattleboro,
ermont� onto the entrance port of a two-axis beam-scanning
ystem �GSI Lumonics, Billerica, Massachusetts�. The beam
xiting the scanner then passed through the back aperture of
he microscope objective �Nikon 60� Fluor 1.0 NA water
ipping to image living cells or Nikon 60� Plan Apo 1.2 NA
ater immersion to image fixed cells; Nikon, Tokyo, Japan�

nd was focused onto the sample. The beam scanner allowed
aster scanning of the focused spot in the x-y plane normal to
he optical axis of the objective. The beam diameter was cho-
en to slightly overfill the back aperture of the microscope
bjective in order to achieve tight focusing.24 The objectives
ere mounted above the Zeiss Axiovert 135 inverted micro-

cope �Carl Zeiss AG, Jena, Germany� on a translation stage
sing a custom-built microscope attachment that replaced the
right-field condenser and illumination tower. During scan-
ing laser microscopy using the Mira laser as the excitation
ource, the two-photon fluorescence was collected and colli-
ated using the same objective, passed through the dichroic
irror, and weakly focused onto a photomultiplier tube

Hamamatsu H5783, Hamamatsu Photonics, K. K.,
amamatsu City, Japan�. During laser ablation experiments
sing the RegA, unwanted photobleaching was prevented by
locking the Mira beam.

To locate cells of interest and to bring these cells into the
icinity of the focused laser spot, the microscope was oper-
ted in wide-field, epi-flourescence mode with a Zeiss HBO
00 mercury arc lamp and a fluorescent filter cube with exci-
ation, emission, and dichroic filters designed for the fluoro-
hores used—Alexa488 and green fluorescent protein �GFP�.
Zeiss 40�1.3 NA Plan Neofluar objective was mounted in

he objective turret. It was used for epi-fluorescence micros-
opy and also collected transmitted laser light from the objec-
ive used for beam scanning, allowing rough positioning of
he laser focus onto the sample. A pco.1600 camera �PCO AG,
elheim, Germany� was installed in the camera port above

he eyepieces and used both to view the epi-fluorescence im-
ges and to adjust the focus of the Mira and RegA beams. A
G-38 glass filter was placed in front of the camera to attenu-
te the beams to prevent oversaturation of the camera. BG-39
lass filters �Schott AG, Mainz, Germany� were inserted be-
ore the eyepieces to completely block the impinging laser
eam.

The sample was mounted on a 3-D piezoelectric transla-
ion stage �Physik Instrumente GmbH Model P-562.3CL,
arlsruhe, Germany�, which allowed scanning in the axial �z�
irection and precise lateral �x-y� positioning of the sample. A
abview program �National Instruments Corporation, Austin,
exas� was developed to interface with a National Instruments
I-DAQ 6259 USB analog-to-digital and digital-to-analog
evice used for scan signal generation and data collection.
he program coordinated the motion of the beam scanner and

he piezoelectric stage and collected the photomultiplier tube
ignal in order to obtain 3-D image stacks. The Labview pro-
ram also allowed triggering of single shots from the RegA
ournal of Biomedical Optics 044021-
during laser ablation experiments. The location of the shot
was specified by selecting the appropriate location in the mul-
tiphoton fluorescence image. The Labview program converted
the location of the selected point in the image to commands
for the beam scanner to move the focus of the laser beam to
this position and triggered the RegA to produce a single am-
plified shot. Three-dimensional image stacks were obtained
with an axial step-size of 250 nm and with a lateral step-size
of 100 nm and 83 nm for the 1.0 NA objective and the
1.2 NA objective, respectively �to ensure a sampling spatial
frequency above the Nyquist frequency�. Pixel scan rates of
between 5,000 and 200,000 samples per second were used.
Single two-dimensional �2-D� x-y images were also obtained;
these were typically performed at the lower scan rates to ob-
tain improved signal-to-noise ratio �SNR�.

The peak laser intensity and the laser fluence per pulse in
the focus of the microscope objective at the sample were es-
timated as follows: A Coherent Fieldmaster power meter was
used to measure the average laser power at the output of the
Mira and the RegA; the latter was placed in its continuous
pulsing mode at 250 kHz for mean laser power measure-
ments. The transmission from the laser to a point directly
before the microscope objective was determined using a cali-
brated photovoltaic detector that could be switched in and out
of the beam path. Transmission through the objectives was
estimated by measuring the power before and after the objec-
tives using the photovoltaic detector. The energy of a single
laser pulse was then found by dividing the mean laser power
at the focus by the repetition rate. In the case of the RegA, the
pulse energy increases when the system is operated in single-
pulse mode. The appropriate calibration factor to correct for
this was determined to be 1.42 using a Laser Precision RjP-
735 pyroelectric detector and an Rj-7100 energy meter �Utica,
New York�. Measurement of 68 pulses directly at the RegA
output resulted in a standard deviation in the pulse energy of
7%. Once the pulse energy in the focus has been determined,
information about the temporal width and the spatial distribu-
tion of the laser light is required to calculate the peak laser
intensity and the pulse fluence. The temporal pulse width was
measured routinely directly behind both lasers using a Carpe
autocorrelator �APE GmbH, Berlin, Germany� and found to
be around 180 fs �full-width at half-maximum, FWHM� for
the RegA and 135 fs �FWHM� for the Mira assuming a
Gaussian temporal pulse profile. Since group-velocity disper-
sion in the optics between the laser and the sample can lead to
pulse broadening, the pulse width was also measured directly
at the sample using an external detector supplied with the
Carpe autocorrelator. Pulse broadening due to group velocity
dispersion in the system was found to be negligible for the
RegA; Mira pulses were broadened by about 20%. The peak
intensity and pulse fluence were calculated24 assuming
diffraction-limited focusing of the beam by the overfilled mi-
croscope objectives �1 /e radius=� / ��NA��. The beam di-
ameter at the 1 /e intensity was 510 nm and 420 nm for the
1.0 NA and 1.2 NA objectives, respectively.

2.2 Cell Culture
T. annulata–infected macrophages �cell line TaC12� were cul-
tured at 37°C in Leibovitz 15 medium containing 10% �v/v�
heat inactivated fetal calf serum �FCS�, 20 mM Hepes �pH
July/August 2008 � Vol. 13�4�3
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.1�, L-glutamine �2 mM�, benzylpenicillin �100 units /ml�,
treptomycin sulphate �100 �g /ml�, and 70 �M�-
ercapthoethanol.

.3 Electroporation
lasmid DNA �pmaxGFP containing a GFP variant from Pon-

ellina plumata� was isolated with a HiSpeed Plasmid Maxi
it from Qiagen according to the manufacturer’s protocol.
heileria-infected macrophages were transfected by elec-

roporation with an Easyject Plus from Equibio under the fol-
owing conditions: 300 V, 1650 �F, 1540 � using 30 �g of
lasmid DNA. After transfection, cells were seeded into
5-mm glass-bottom dishes with a 14-mm-diam glass bottom
ith the same thickness as a standard coverglass �Part. No.
35G-1.5-14-C, MatTek Corp., Ashland, Massachusetts�. Liv-

ng cells were analyzed approximately 24 h after transfection.
he transfection efficiency was routinely more than 50%.

.4 Fixed Cells

.5�105 TaC12 cells were seeded on 12-mm glass coverslips
nd allowed to settle down overnight. They were subsequently
xed in 4% paraformaldehyde �prepared in PBS� for 10 min
nd then permeabilized in 0.2% Triton �prepared in PBS� for
min. This and all of the following steps were carried out at

oom temperature. Unspecific binding was blocked with PBS
ontaining 10% heat-inactivated FCS for 10 min. The parasite
urface was stained with rabbit anti-TaSP antibody25 �Dr. J.
hmed, Borstel, Germany� diluted 1:50,000 in PBS contain-

ng 10% heat-inactivated FCS and applied for 1 h. Cells were
hen washed three times with PBS and incubated with the
econdary antibody, Alexa488-conjugated goat a-rabbit Ab
Molecular Probes A-11034� diluted 1:1500 in PBS contain-
ng 10% heat-inactivated FCS for 1 h. Last, the coverslips
ere mounted with AF1 Mountant solution �Citifluor Ltd,
ondon� on 35-mm glass-bottom dishes with a 14-mm-diam
lass bottom with the thickness of standard coverglass �Part.
o. P35G-1.5-14-C, MatTek Corp., Ashland, Massachusetts�.

Results
e performed laser ablation experiments and obtained 3-D
ultiphoton microscopy image stacks before and after laser

anosurgery both in living and in fixed and immunostained
acrophages hosting T. annulata schizonts. Experiments in

he fixed cells were designed to observe the direct effect of
aser ablation with different pulse energies on the immun-
stained parasite membrane and to determine the size of the
blated region quantitatively in three dimensions. The proto-
ol chosen for permeabilization of the host cell membrane to
llow immunostaining of the parasite membrane was selected
o minimize damage to intracellular structures, especially to
he parasite and the host cell nuclear membranes. Nonethe-
ess, changes to properties of the parasite membrane due to
ermeabilization of the host cell, immunolabeling, and fixa-
ion are inevitable. Fixed and immunostained samples serve
s a good model system in which to test laser ablation and to
etermine the extent of damage in a sample that preserves the
ize and the multilobed structure of the parasite but cannot be
ubstituted for measurements in living cells. Measurements
arried out using intracellular parasites in living host cells
ere designed to observe structural changes in both the para-
ournal of Biomedical Optics 044021-
site and the cell subsequent to laser ablation. In these mea-
surements, the intracellular parasite was observed through its
negative contrast against the cytoplasm of the GFP-expressing
host cell. The response of living parasites to ultrashort laser
pulses of different energies at different times after exposure
could be directly determined. The size of the holes generated
in the parasite membrane by the laser shot could not be ob-
served in the living parasites because, depending on the pulse
energy, they either sealed the hole or changed in structure too
rapidly for observation.

Fixed, stained parasites were first imaged using the multi-
photon microscope to obtain a three-dimensional image stack.
Subsequently, a specific plane within the image stack was
chosen for laser ablation experiments. The z position of the
piezoelectric translation stage was adjusted to focus the laser
in this plane. Specific points in this 2-D image plane were
then selected—typically, points lying on the parasite
membrane—and exposed to single pulses of controlled energy
from the RegA. Then, a second 3-D image stack was obtained
using identical scan parameters as the first, allowing direct
comparison of the parasites before and after laser exposure.

Figure 2 gives an example of a parasite exposed to peak
laser intensities of 5.9 TW /cm2 �corresponding to a pulse
energy of 2.1 nJ�. It illustrates that the parasites are composed
of several interconnected lobes enclosed by membranes. The
arrows in the images point to the locations where the parasite
was exposed to laser irradiation. Images are shown at the
axial position where the RegA pulses were focused. A com-
parison of the panel on the left �before laser exposure� and on
the right �after laser exposure� shows that no visible damage
was induced. Figure 3 shows a parasite exposed to laser
pulses with intensities of 18.5 TW /cm2 �corresponding to a
pulse energy of 6.7 nJ�. Of the total of eight regions exposed
to laser irradiation, one may have been located just outside of
the parasite membrane and thus sustained no visible damage;
it is labeled in Fig. 3. Three regions show significant changes;
they are marked in Fig. 3 and are best visible in the central
panels. A magnified view of one such region is shown in the

Fig. 2 Images of a fixed and immunostained Theileria parasite in the
plane normal to the incident laser beam; the scale bar in both images
is 2 �m. The images were obtained at a position of z=0 �m, the
plane where the laser was focused for ablation. The panel on the left
�right� shows the cell before �after� ultrashort pulse laser ablation. The
arrows point to the locations where single, tightly focused ultrashort
pulses irradiated the sample. The peak incident intensity was
5.9 TW/cm2. No noticeable change in the parasite is observed.
July/August 2008 � Vol. 13�4�4
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wo insets, and a cross section through the damaged region
before and after the laser pulse� is also shown. The damaged
one extends from z=1.5 �m above the plane where the laser
ulses were focused to z=0.75 �m below and is thus con-
ned to a volume comparable to the focal volume of the laser
eam. The lateral extent of visible damage is approximately

ig. 3 Selected images of a fixed and immunostained Theileria para-
ite in the plane normal to the incident laser beam; the scale bar in all
mages is 2 �m. From top to bottom, the rows show images at posi-
ions 1 �m above, in, and 1 �m below the plane where the laser was
ocused for ablation. The panels on the left �right� show the cell before
after� ultrashort pulse laser ablation. The arrows point to the locations
here single, tightly focused ultrashort pulses irradiated the sample.
he peak incident intensity was 18.5 TW/cm2, which is above the
blation threshold. Visible changes were generated in the parasite
embrane at some points where the laser was focused; these regions

labeled in the figure� extend above and below the plane where ab-
ation was performed by �1 �m. The inset shows a magnified view of
ne such region and a cross section through an ablated spot; the
idth of the entire inset is 1 �m. One laser shot may have missed the
arasite membrane �indicated�.
ournal of Biomedical Optics 044021-
300 nm. Figure 4 illustrates a parasite exposed to laser pulses
with peak intensities �33 TW /cm2, corresponding to a pulse
energy of 12 nJ� well above the ablation threshold, where the
laser pulses led to complete destruction of parasite lobes. In
this case, damage extends through the entire parasite, from
z=2.25 �m above the plane of laser irradiation to z
=1.25 �m below it; the lateral extent of damage is signifi-
cantly larger than in Fig. 3 but is difficult to determine quan-
titatively because it spreads beyond the immunostained mem-
brane.

We conducted laser ablation experiments on immun-
ostained parasite membranes at several different ultrashort la-
ser pulse intensities. The results are summarized in Table 1.
For pulses with intensities at and below 5.9 TW /cm2 �corre-

Fig. 4 Selected images of a fixed and immunostained Theileria para-
site in the plane normal to the incident laser beam; the scale bar in all
images is 2 �m. From top to bottom, the rows show images at posi-
tions 1 �m above, in, and 1 �m below the plane where the laser was
focused for ablation. The panels in the left �right� column show the
cell before �after� ultrashort pulse laser ablation. The arrows point to
the locations where single, tightly focused ultrashort pulses irradiated
the sample. The peak incident intensity was 33 TW/cm2, which is
well above the ablation threshold. Damage is extensive and extends
axially from the plane where ablation was performed through the en-
tire parasite. The inset shows a magnified view of one damaged region
and a cross section through the ablated spot.
July/August 2008 � Vol. 13�4�5
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ponding pulse energy: 2.1 nJ�, we observed no visible
hange in the parasite membrane �for a total of 68 laser irra-
iated regions�. For pulse with intensities between
.6 TW /cm2 and 18.6 TW /cm2 �corresponding to pulse en-
rgies between 3.5 nJ and 6.7 nJ�, we observed irradiated re-
ions that did not change visibly, irradiated regions where
isible holes in the membrane were generated, and regions
here the two-photon fluorescence signal became weaker but
id not disappear altogether �51 irradiated regions�. At these
ulse intensities, the lateral extent of visible damage at a
iven spot was between about 250 nm and 400 nm, while the
xial extent was between 1 and 2 �m. For pulses with inten-
ities of 23 TW /cm2 up to 61 TW /cm2 �53 irradiated re-
ions; corresponding pulse energies: 8.2 nJ to 22 nJ�, exten-
ive damage to the parasite occurred in all but six cases. At
3 TW /cm2 �corresponding to a pulse energy of 8.2 nJ�, the
ateral �axial� extent of damage increased to as much as
00 nm, and at 27 TW /cm2 �corresponding to a pulse energy
f 9.7 nJ�, to as much as 800 nm. At higher powers, it was
ifficult to measure the size of the damaged spot because the
amaged regions became irregular and would have extended
eyond the parasite.

Subsequent to determining the effect of ultrashort pulse
aser irradiation on immunostained parasites, we determined
he effect of laser ablation on the parasite-host system in liv-
ng cells in vitro. We first performed control measurements to
nsure that the lower peak-power laser light used for multi-
hoton imaging did not itself lead to damage to the sample;
revious studies have reported that this can occur when cells
re exposed to high enough pulse energies from an ultrashort
ulse oscillator for a long enough time, even when no laser-
elated damage is immediately visible.26 We found that under
he scan conditions used, Mira pulse energies of up to 40 pJ
id not result in damage during acquisition of multiphoton
mage stacks. An isosurface from such an image stack is
hown in Fig. 5; two orthogonal cuts through the isosurface
llow a view of the interior of the cell. The cell nucleus and

able 1 Table of the results of ultrashort pulse laser ablation experi-
ents in fixed, stained parasites. For each peak intensity range, the
umber of laser shots that resulted in visible damage, in weak bleach-

ng, and in no damage is given. Laser shots that clearly missed the
arasite membrane are not taken into account.

eak laser intensity
sed for ablation

Number
of laser
shots Damage

Weak
bleaching

No
damage

0.1 TW/cm2

6.0 TW/cm2
68 0 0 68

9.5 TW/cm2

19 TW/cm2
51 4 11 36

22 TW/cm2

38 TW/cm2
42 36 0 6

50 TW/cm2

62 TW/cm2
11 11 0 0

otal 172 51 11 110
ournal of Biomedical Optics 044021-
the parasite are both clearly visible within the cell; one can
also observe that the cell spreads out at its base, where it
attaches to the coverslip, and takes on a more rounded form as
it extends upward. The cell is covered by small hair-like struc-
tures �filopodia� that are especially clearly visible at the
rounded top surface and are well-resolved by the multiphoton
microscopy technique.

Using conventional epi-fluorescence microscopy, we lo-
cated those macrophage host cells that had both been success-
fully transfected with a plasmid coding for GFP and contained
a Theileria parasite. Each selected cell was then imaged to
produce a 3-D image stack. Points at the border between the
parasite �dark, because of the absence of GFP� and the host
cell cytoplasm �bright because of the strong multiphoton fluo-
rescence signal from GFP expressed by the cell� in a 2-D slice
through the cell were selected for laser irradiation. Points near
the center or the top of parasite lobes were also chosen for
laser irradiation. The parasite membrane sometimes runs par-
allel to the host cell membrane; the points exposed to the laser
were chosen to avoid ablating near the membrane of the host
cell. Immediately after laser irradiation, a second image stack
of the parasite was acquired, a process that required several
minutes to complete �each individual image in the stack re-
quires several seconds to acquire�. In some cases, subsequent
image stacks were also obtained after time intervals of min-
utes to hours, in order to determine whether there were de-
layed effects. Figure 6 illustrates the results of an experiment
where the laser pulses �11 TW /cm2; corresponding pulse en-
ergy: 3.9 nJ� did not result in visible changes. The images on
the left �right� show the parasite before �after� exposure to the
laser at the depth at which the RegA shots were focused.

Fig. 5 Isosurface through the 3-D image stack obtained from a multi-
photon scan of a living macrophage containing a Theileria parasite.
The host cell has been transfected with a plasmid coding for GFP. Two
orthogonal slices through the cell are shown. The dark lobes of the
parasite and the larger, but less dark, kidney-shaped nucleus can be
seen.
July/August 2008 � Vol. 13�4�6



F
w
d
u
p
T
t
c
t
p
l
c
t
c
t
a
F
l
u
�
t
w
c
i
s
p
b
t
a
o
t
e
fi
t
s
b
o
s
h

F
t
p
a
a
u
w
T
e

Stoller et al.: Multiphoton imaging of ultrashort pulse laser ablation…

J

igure 7 shows a cell before �after� exposure to laser pulses
ith an intensity around the threshold necessary to produce
amage in the parasite membranes of fixed, stained cells �we
sed 13 TW /cm2; corresponding pulse energy: 4.7 nJ�. The
arasite lobes appear rounder and less dark after ablation.
his can be clearly seen in the inset plot of a cross section

hrough the 2-D image and indicates that a signal from GFP
an now be detected from within the parasite. Comparing the
wo central panels in Fig. 7, one observes that no significant
hotobleaching occurred between the two images; the parasite
obes do not appear brighter simply because of a reduction in
ontrast. The damage is not necessarily localized exactly to
he spot where the laser was focused, as the parasite may
hange its long-range structure in reaction to laser ablation. In
he case of living parasites and host cells, the degree of dam-
ge varied significantly from cell to cell. This is illustrated in
igs. 8 and 9, which present seven additional examples of

aser-irradiated parasites into which GFP entered. In each fig-
re, the panels on the left �right� show the parasite before
after� laser treatment. For each set of images, a cross section
hrough the image that cuts across the parasite near a location
here the laser was focused is given in the center panel. This

ross section illustrates more quantitatively the flow of GFP
nto the parasite lobes. The parasites in Fig. 8 show only
ubtle changes following laser irradiation. Only individual
arasite lobes near the location of one of the laser shots have
een filled with GFP. Points along the cross sections through
he images that are darker after laser irradiation than before
re due to small shifts in the location of the parasite lobes �or
f the entire cell� between images; such shifts could some-
imes also be observed in cells that were not irradiated. In the
xamples given in Fig. 9, neighboring parasite lobes are also
lled with GFP after laser irradiation. A significant change in

he organization of the parasite lobes after laser irradiation is
een in Fig. 9�a�. In Fig. 9�c�, some of the parasite lobes also
ecome smaller and rounder. A typical pattern seen as a result
f laser treatment included the disappearance of single para-
ite lobes near the location exposed to the laser. These may
ave been destroyed or may have been filled with enough

ig. 6 Images of a live Theileria parasite and its macrophage host cell;
he scale bar in both images is 2 �m. The images are taken in the
lane normal to the incident laser beam. The images were obtained at
position of z=0 �m, the plane where the laser was focused for

blation. The panel on the left �right� shows the cell before �after�
ltrashort pulse laser ablation. The arrows point to the locations
here single, tightly focused ultrashort pulses irradiated the sample.
he peak incident intensity was 11 TW/cm2. No noticeable change in
ither the parasite or the cell is observed.
ournal of Biomedical Optics 044021-
GFP to render them indistinguishable from the surrounding
host cell cytoplasm �refer, for example, to Fig. 9�c��.

Of a total of 22 cells exposed to peak laser intensities
between 8.8 TW /cm2 and 25 TW /cm2 �chosen based on the
the experiments with fixed parasites�, 10 parasites were suc-
cessfully filled with GFP. In some cells, laser intensities as
low as 14 TW /cm2 �corresponding to a pulse energy of
5.0 nJ� led to cell death, while others remained viable even
after exposure to intensities as high as 25 TW /cm2 �corre-
sponding to a pulse energy of 8.9 nJ�. Intensities lower than

Fig. 7 Images of a live Theileria parasite within its macrophage host
cell; the scale bar in all images is 2 �m. The images are taken in the
plane normal to the incident laser beam. From top to bottom, the rows
show images at positions 1 �m above, in, and 1 �m below the plane
where the laser was focused for ablation. The panels in the left �right�
column show the cell before �after� ultrashort pulse laser ablation. The
arrows point to the locations where single, tightly focused ultrashort
pulses irradiated the sample. The peak incident intensity was
13 TW/cm2. The cell shows no large structural changes, but the para-
site is significantly altered. Certain parasite lobes have disappeared,
and others have changed in shape, becoming rounder. Many lobes
have also become less dark, suggesting that they may have filled with
GFP present in the surrounding cytoplasm. The inset in the central
panel shows a cross section through the image along the white line
shown.
July/August 2008 � Vol. 13�4�7
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bout 12 TW /cm2 did not result in cell death in any of the
xperiments. These results are summarized in Table 2, which
ives the number of cells that died as a result of laser treat-
ent for different pulse energy ranges, as well as the number

f cells in which the parasite was filled.
We confirmed the viability of the cells up to �5 h �the

aximum time the cells were observed� after laser irradiation
oth by reimaging selected cells using multiphoton micros-
opy and—since determination of cell viability does not

ig. 8 Images of live Theileria parasites within their macrophage h
erformed separately for each image �black corresponds to no signal
aken in the plane normal to the incident laser beam in which the laser
efore �after� ultrashort pulse laser ablation. The arrows point to the lo
he panels in the center column show a plot of a cross section throug
re plotted along the white lines indicated in the images. The cross-se
ither plot, and the curves can be compared directly �black=before,
ltered in each case; single parasite lobes have filled with GFP. The
.6 TW/cm2. These peak intensities correspond to pulse energies of:
ournal of Biomedical Optics 044021-
require high axial resolution—by observing them using con-
ventional epi-fluorescence microscopy, which allows rapid
observation of multiple cells. We used the presence or absence
of an intact nucleus and parasite to gauge the viability of the
cells.27 Specifically, we found that of 21 cells exposed to laser
irradiation without it resulting in an immediately visible
change, 20 survived for at least �5 h after the exposure; we
could not determine the viability of 1 cell �the nucleus re-
tained its shape, but the parasite was no longer visible�. For

ls; the scale bar in all images is 2 �m. The grayscale shading was
hite to the maximum signal recorded in that image�. The images are
cused for ablation. The panels in the left �right� column show the cells
s where single, tightly focused ultrashort pulses irradiated the sample.
orresponding images in the left and right columns. The cross sections
lots are both normalized to the maximum signal strength observed in
after�. The cell shows no large structural changes, but the parasite is
laser intensity used was: �a� 8.8 TW/cm2, �b� 19 TW/cm2, and �c�
nJ, �b� 6.8 nJ, and �c� 3.1 nJ.
ost cel
and w
was fo
cation
h the c
ction p
gray=
peak

�a� 3.2
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he 18 cells that showed an immediately visible change, we
bserved the following: 5 cells survived for at least �5 h, 7
ells died, and in 6 cases, it was not possible to determine
onclusively whether the cell survived using our criteria.

Discussion
e used ultrashort pulse laser ablation to generate small holes

n the membrane of an intracellular parasite inside its host cell

ig. 9 Images of live Theileria parasites within their macrophage h
erformed separately for each image �black corresponds to no signal
aken in the plane normal to the incident laser beam in which the laser
efore �after� ultrashort pulse laser ablation. The arrows point to the lo
he panels in the center column show a plot of a cross-section throug
re plotted along the white lines indicated in the images. The cross-se
ither plot, and the curves can be compared directly �black=before,
ignificantly altered in each case; GFP has entered not only the paras
aser intensity used was: �a� 25 TW/cm2, �b� 19 TW/cm2, �c� 13 TW/c
f: �a� 8.9 nJ, �b� 6.8 nJ, �c� 4.6 nJ, and �d� 4.6 nJ.
ournal of Biomedical Optics 044021-
in living cells as well as in fixed and immunostained cells.
Multiphoton microscopy allowed precise 3-D localization of
the part of the parasite membrane that was irradiated. It also
permitted imaging of resulting structural changes in three
dimensions.

In fixed cells in which the parasite membrane had been
immunolabeled using Alexa488-conjugated antibodies, we

ls; the scale bar in all images is 2 �m. The grayscale shading was
hite to the maximum signal recorded in that image�. The images are
cused for ablation. The panels in the left �right� column show the cells
s where single, tightly focused ultrashort pulses irradiated the sample.
orresponding images in the left and right columns. The cross sections
lots are both normalized to the maximum signal strength observed in
after�. The cell shows no large structural changes, but the parasite is

that was exposed to the laser, but also neighboring lobes. The peak
d �d� 13 TW/cm2. These peak intensities correspond to pulse energies
ost cel
and w
was fo
cation
h the c
ction p
gray=
ite lobe
m2, an
July/August 2008 � Vol. 13�4�9
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bserved three distinct intensity regimes with respect to laser
blation. At low enough intensities, the sample was not vis-
bly changed. At intensities between about 9.5 and
9 TW /cm2, the degree of damage varied: In some cases,
nly weak photobleaching of the labeled membrane was ob-
erved, while in other cases a visible hole, comparable in size
o the focal spot, was generated �no fluorescent signal left at
ll�. In a previous study, it was demonstrated that weak pho-
obleaching of the sample occurs at a laser intensity level
pproximately 20% below that at which material ablation ob-
ervable by transmission electron microscopy occurs, and that
t laser intensities where the fluorescence is eliminated, ma-
erial ablation always occurs.28 The variability in the threshold
hat we observed was in all likelihood due to the fact that the
hreshold depends on the amount of light scattered out of the
aser beam before it reached the focus, which varies from
oint to point in the sample;29 the �7% variation in the shot-
o-shot pulse energy is too small to account for it. The dye
oncentration can also influence the threshold in ultrashort
ulse laser ablation experiments, but this is more likely to
lay a role at high-repetition rates ��1 MHz� and lower pulse
nergies, where accumulated photochemical effects, rather
han thermoelastic effects, are responsible for ablation.18 At
ven higher intensities, damage to the parasite membrane al-
ays occurred and was no longer confined to the focal spot.
he threshold intensity ranges we have determined are in
ood agreement with previous measurements and with
umerical simulation of ultrashort pulse laser ablation.18

The experiments in the fixed cells allowed us to determine
he initial extent of ablation in the parasite membrane, without
omplicating factors such as the parasite’s and the cell’s re-
ponse to laser-induced damage. We performed measurements
n living Theileria parasites inside the host cell in order to
lucidate the reaction to laser irradiation and membrane abla-
ion. Laser irradiation at intensities in the same range as that
ecessary to ablate holes in the fixed, immunostained samples
9.5 to 18 TW /cm2; see Table 1� could lead: �1� to no sig-
ificant visible changes in the parasite, �2� to a less dark ap-
earance of the parasite lobes against the cytoplasm, �3� to
omplete destruction of individual lobes of the parasite, and
4� to structural changes—a pronounced change from ellipsoi-
al to spherical shape—throughout the parasite, including in

able 2 Table of the results of ultrashort pulse laser ablation experi-
ents in living cells. For each peak intensity range, the total number
f cells exposed, the number of cells that died, and the number of
ells in which the parasite was successfully filled with GFP is pro-
ided. Note that the last column in the table does not include cells
here the cell died in the process of the parasite being filled with
FP.

eak laser
ntensity used
or ablation

Number of cells
exposed to

laser irradiation
Number of cells

that died

Number of cells
where the

parasite was
filled with GFP

12 TW/cm2 12 0 2

12 TW/cm2 11 3 8

otal 23 3 10
ournal of Biomedical Optics 044021-1
lobes that were not directly affected by laser irradiation.
Changes in the contrast between a parasite lobe and the sur-
rounding cytoplasm, where GFP is present, were due to the
flow of GFP into the parasite when a hole was ablated in the
membrane, since photobleaching of the GFP in the
cytoplasm—which could also potentially explain such a
change in contrast—was found to be negligible. The fact that
the parasite lobe appears brighter can only be explained by
the presence of GFP that has been transported through the
membrane.

Laser intensities in the range of �9.5 TW /cm2, generally
insufficient to produce ablation in the fixed, stained parasites
�refer back to Table 1�, also did not result in significant
changes in the parasite or in cell death �as seen in Table 2�.
Laser intensities above about 12 TW /cm2—which can be
sufficient to perforate the parasite membrane—could also re-
sult in death of the parasite and its host cell. Although large
variability was observed from cell to cell, increased pulse
energy was correlated with an increased likelihood of cell
death. Peak intensities above about 50 TW /cm2 always led to
immediate cell death. Thus, there is a limited range of laser
intensities that can be used to allow the movement of GFP
from the host cell into the parasite. However, staying near the
lower end of the range where perforation of the parasite is
possible �say, 12 TW /cm2 to 15 TW /cm2� and gradually in-
creasing the intensity if no effect is initially seen allows per-
foration of the parasite membrane while minimizing the risk
of parasite and host cell death. While there is always some
risk of cell death when peak intensities sufficiently high to
allow GFP to enter the parasite are used, the large majority of
cells survive when such a technique is employed.

Structural changes in the parasite were usually visible
within seconds after laser irradiation, suggesting that the para-
site lobes are tightly interlinked and do not function indepen-
dently of one another. In some respects, the changes in para-
site lobe shape are reminiscent of the fission of lipid vesicles:
an elongated lipid vesicle �or, in our case, parasite lobe� un-
dergoes ingression until it finally separates into two more
spherical vesicles.30 Even those parasites of which individual
lobes were destroyed, or for which all of the lobes acquired a
more spherical shape, remained viable during the several
hours they were observed. Longer-term studies of parasite and
host cell viability would be very useful but are difficult be-
cause the parasitized leukocytes move across the glass cover-
slip and must be tracked during the entire period of study.
Modifications of the experimental setup that allow such track-
ing under optimal cell culture conditions are currently
planned.

Our results show that it is possible to generate small holes
in the plasma membrane of Theileria schizonts residing inside
the leukocyte cytoplasm and that both the parasite and the
host cell remain viable after laser treatment. This technology
may open up new possibilities for transfection of the schizont
stage of Theileria—something that has not yet been achieved
using the currently available methods. Using ultrashort pulse
laser ablation, different plasmid constructs designed to ex-
press GFP under the control of a parasite-specific promoter,
could be tested. Transfection is of fundamental importance to
research focused on understanding the mechanisms by which
this parasite interacts with its host cell, altering its phenotypic
behavior and resulting in uncontrolled proliferation. Although
July/August 2008 � Vol. 13�4�0



u
o
c
T
F
e
n
t
v
b
l
c
t
t
o
m
t
r
h
I
l
a
t

s
t
b
T
c
o
m
T
t
i

A
W
T
N

R

Stoller et al.: Multiphoton imaging of ultrashort pulse laser ablation…

J

ltrashort pulse laser transfection has been successfully dem-
nstrated in mammalian cells13 and shown to have an effi-
iency of approximately 50%,14 the goal of transfecting
heileria presents a number of additional new challenges.
irst, as the half-life of foreign DNA in the cytoplasm is gen-
rally only on the order of hours,31 the plasmid DNA would
eed to be introduced into the host cells immediately prior to
he laser treatment. This may require microinjection of indi-
idual cells after they have attached to the bottom of a glass-
ottom dish. Electroporation, a less time-consuming, less
abor-intensive, and more efficient technique, requires that the
ells be in solution; thus, during the time required for the cells
o attach to the glass-bottom dishes ��24 h� before laser
reatment, the DNA in the cytoplasm may be destroyed. Sec-
nd, the actin cytoskelton of the cell, which hinders move-
ent of large DNA plasmids ��500 kbp�, presents an addi-

ional major challenge.32 Even if the laser ablates a small
egion of the parasite membrane, DNA introduced into the
ost cell cytoplasm may not diffuse efficiently to this region.
t remains to be determined whether treatment with Cytocha-
asin D could be used to depolymerize the actin cytoskeleton,
llowing more efficient delivery of plasmid DNA—or poten-
ially also regulatory RNA fragments—into the schizont.

Last, in several cases, the delivery of bioactive compounds
uch as plant toxins to cells depends on the successful binding
o the surface of the cell of a docking subunit, which is left
ehind when the enzymatically active subunit enters the cell.
he absence of the docking subunit inside the host cell pre-
ludes the delivery of the bioactive subunit to the cytoplasm
f the Theileria schizont, but ultrashort pulse laser ablation
ay now allow such compounds to be delivered to Theileria.
his, in turn, could be of help to broaden the spectrum of

ools available to analyze metobolic and regulatory pathways
n the schizont.
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