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We report on the manipulation of intracellular filaments
using a nanosurgery system based on a subnanosecond
pulsed UV laser optimized for the localized severing of
biological polymers. By inducing artificial catastrophe of
selected microtubules (MTs), we perform shrinkage-rate
measurements in interphase Ptk-2 cells throughout the
entire cell. We quantify the impact of two labeling meth-
ods and three fluorescent markers, showing a 25% faster
depolymerization with Alexa-488 tubulin compared with
Rhodamine and yellow fluorescent protein (YFP) tubulins
and a 20% higher variability induced by microinjection
compared with stable transfection. Using EB3-GFP as a
tip marker, we establish a new protocol to measure
shrinkage rate, growth rate and rescue frequency simuilta-
neously with high temporal and spatial specificity in live
cells. As our analysis shows, laser-induced MT dynamics
are physiologically relevant. The high statistical efficiency
that the method offers in terms of numbers of measured
events and therefore reduced standard deviations repre-
sents an important quantitative improvement in the meas-
urement of dynamic instability parameters in vivo. We
extend the application of the method by demonstrating
induced dynamic behavior of actin-stress fibers after
severing. This new method enables the quantitative inves-
tigation of cytoskeleton dynamics in a local confinement.
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The investigation of the biophysical properties of the
cytoskeleton is a prerequisite to understanding a variety
of biological processes and helps to validate predictions
from models of dynamic cytoskeleton behavior. The organ-
ized behavior of the cytoskeleton in general and the
microtubule (MT) network in particular are fundamental

*These authors contributed equally to this work.

biological activities (1) involved in the generation of cell
shape, polarity, movement, morphogenesis, cell division
and intracellular transport. Defects in cytoskeletal functions
have been implicated in vascular diseases (2), neuronal
degeneration (3,4) and cancer (5,6). The concept of
dynamic instability (7) describes MTs as being in a perma-
nent stochastic state of growth and shrinkage. This process
seems to be vital, and therefore, polymerization dynamics
of MTs (8) have been extensively investigated both in vivo
and in vitro. Only a limited number of studies (9) success-
fully characterized the dynamic instability parameters in
living cells. The main limitation has been the inability to
resolve single MTs in fluorescence microscopy throughout
the entire cell extent. The small number of MTs studied and
the confinement of the field of view to the cell’s border
region have lead to inconsistent and sparse data.

The need for in vivo methods results in an effort to push MT
studies in a physiologically relevant cellular context. Various
invasive techniques have been applied to perturb and study
MTs, for instance, chemically with nocodazole or colchi-
cines (10) to induce depolymerization in cells. Such techni-
ques induce a dramatic perturbation of the cell shape and
compromise the integrity and functionality of the cytoskele-
ton as well as the cell viability. In contrast, intracellular laser
surgery proves to be a powerful tool when manipulating
cellular content. Perturbation of MTs with ultraviolet (UV)
rays has helped to characterize forces involved in spindle
mechanisms and to show MTs behavior in vivo (11-16).
Recent publications have reported great surgical accuracies
in vivo using infrared or visible laser photodisruption to
damage MT bundles (17-19), organelles (20), chromosomes
(21) or neurons (22), but, as yet, no study has successfully
applied pulsed UV lasers to quantify cytoskeleton dynamics.

We implemented a laser nanosurgery microscope (23),
designed to severe biological materials in vivo with high
precision. The mechanism of severing likely involves non-
linear absorption of highly focused laser pulses which
results in confined ionization and ultimately forms plasma
(discussed in 24).

In this study, we performed laser ablation of MTs in inter-
phase Ptk-2 cells and characterized the severing of MTs
induced by UV irradiation (UVI). We demonstrate variations
in the dynamics of MTs as a consequence of three different
labeling techniques. Using the MT GFP-EB3-tip marker (25),
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we show that parameters of dynamic instability can be stud-
ied in vivo at specific time and space points without com-
promising the original cell shape and long-term viability. \We
exclude artifacts induced during the laser surgery by compar-
ison with measurements in unperturbed cells using total
internal reflection fluorescence (TIRF) microscopy and con-
clude that laser-induced catastrophe is physiological. \We dis-
cuss our results in the light of the dynamic instability model
and further demonstrate that the method can be efficiently
applied to study other cytoskeletal components like actin.
We propose this technigue as a new method for the localized
quantification of biological polymer dynamics in vivo.

Results

Intracellular laser nanosurgery of microtubules does
not compromise cell viability

To investigate the effects of pulsed UVI on cell viability, we
locally severed MTs in Ptk-2 cells stably transfected with a
yellow fluorescent protein (YFP)-a-tubulin  construct.
Ultraviolet laser pulses induced artificial catastrophe of
MTs and their subsequent shrinkage (Figure 1 and
Supplementary Video 1 available as part fo the online
article from http://www.traffic.dk/suppmat/6_11.asp). We
observe shrinkage only from the newly generated plus
end towards the centrosome of the cell and can thereby
determine the polarity of MTs. To estimate the conse-
quences of such a perturbation of the MT cytoskeleton on
the cell viability, we monitored the division fate of cells
treated with UVI by time-lapse recordings over a period of
24 h. Thirty percent of the total number of cells present
throughout the field of view underwent mitosis (6/20 cells)
within 24 h of observation, while 50% (2/4 cells) of the UVI-
treated cells divided within the same period (Figure S1 and
Supplementary Video 2 available as part of the online article
from http://www.traffic.dk/suppmat/6_11.asp).

Laser-induced MT-shrinkage rates depend on the
labeling method

To assess the impact of three different tubulin-labeling
methods on MT-shrinkage rates in mammalian interphase
Ptk-2 cells in vivo (Figure 2), rhodamine tubulin and Alexa-
488 tubulin were microinjected (26). We dissected MTs
between 2 and 6 h after injection. Because of the high
speed of line cutting (up to 1000 pulses per second, see
Methods), MTs are considered to be dissected simultan-
eously in between two camera frames. The shrinkage
rate of bulk MTs was analyzed by plotting the intensity
changes along a line region of interest perpendicular to
the cut, over time (Figure 1B). The rate of contrast change
over time due to vanishing tubulin fluorescence is obtained
by a linear manual fit of the contrast edge in the resulting
kymograph image (Figure 1E), which is achieved with an
accuracy of 5% on average. We measured average UVI-
induced shrinkage velocities of 20.9 + 5.5 um/min
(n =136) and 25.4 + 5.4 um/min (n = 131) for rhodamine-
and Alexa-488-labeled MTs, respectively (Figure 2A,B),
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while in stably transfected YFP tubulin Ptk-2 cells
(Figure 2C), the average shrinkage rate observed after UVI
was 19.5 + 3.9 um/min (n = 106). In a parallel set of
experiments, we determined MT-shrinkage rates in unper-
turbed cells using TIRF microscopy on stably transfected
YFP tubulin cells to be 22.5 4 10.2 um/min (n = 273,
Figure 4G). Laser-induced shrinkage was therefore measur-
able with high repeatability, and data collected over a large
number of samples (373 MTs in 100 cells) show that the
rates depend on the labeling method.

Laser-induced MT-shrinkage rates do not depend on
the relative position of UVI in the cell

Ultraviolet irradiation was applied at different positions
inside the cytoplasm of cells containing MTs labeled with
different dyes (Figure 2D-F). The number of measure-
ments at the relative site is plotted as a function of distance
from the centrosome (Figure 2E). The histogram shows
that results can be obtained for more than two-thirds of
the distance that separates the cell edge from the centro-
some, as reported in Figure 2(E). Measurements closer to
the centrosome were not possible due to high background
in this region in the widefield microscope. Microtubule
shrinkage after laser-induced catastrophe was observable
along the segments of MTs ranging from 2 to 10 um
(Figure 2F) and could be measured with high repeatability
over a large number of samples (n = 373). We did not find
any correlation between the subcellular position of the
perturbation and the shrinkage rate (data not shown).

MTs rescue and regrowth after laser dissection
Transfected GFP-EB3 in Ptk-2 cells stably expressing tubu-
lin YFP (Figure 3) allowed us to visualize the growing MT
tips. Cells were visualized with a unique GFP filter set for a
maximal recording speed. Cells were selected on the
basis of the relative fluorescence level between the tips
and the MT body to exclude cells that suffer from stabil-
ization artifacts induced by overexpression. Only cells
expressing fluorescence at higher levels at the tips than
along the MT bodies and showing relatively short EB3
comets were processed in our experiments. After UVI,
MT shrinkage occurred, and new tips appeared with
time, highlighted by EB3-GFP (Figure 3B). Regrowth of
MTs was observed throughout the entire region of irradi-
ation (Figures 3C,D, see also Supplementary Video 3
available as part of the online article from http://www.traf-
fic.dk/suppmat/6_11.asp). Regrowth could be instanta-
neous or delayed from the moment when the new tip
appeared, as shown in Figure 3(E). We measured the
growth rate of unmodified GFP-EB3 tips outside the area
of irradiation (Figure 4D, inset) as well as regrowth rates
of dissected MTs (Figure 4D). Preirradiated and postirra-
diated MT tips grow at similar speeds of 8.7 + 3.7 um/
min (n = 72) and 7.5 4+ 3.9 um/min (n = 88), respectively,
while the growth rate of unperturbed YFP-labeled MTs is
8.1 + 3.8 um/min (n = 240, Figure 4H) as measured in
TIRF experiments.
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Estimation of the rescue frequency after laser-induced
catastrophe

Rescue of MTs after dissection was observed using GFP-
EB3 as a marker localizing at new growing tips (see
above). If Ty is the time elapsing from the UVI procedure
until the appearance of a new tip, we define for each new
tip the frequency of rescue as Fgr = 1/Tg, which describes
the rate at which MTs undergo rescue after laser-induced
catastrophe. Figure 4(E) shows the distribution of values
retrieved from 25 cells. Fr was measured to be
0.125 4+ 0.083 events/second (n = 357 tips). The meas-
urement was done manually by monitoring the number of
frames separating UVI and each rescue event, with an
uncertainty of +/- one frame (<0.5 seconds).

How to distinguish the severing of different cellular
components

Because UV laser nanosurgery is not specific to MTs, we
visually checked for the integrity of a variety of membranous
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Figure 1: Ultraviolet laser irradi-
ation induces microtubule cat-
astrophe and depolymerization.
A) Fluorescent micrograph of a Ptk-2
cell stably transfected with yellow
fluorescent protein (YFP)-o-tubulin
recorded on an inverted epi-fluores-
cence microscope. The dashed
square indicates the enlarged area
shown in (B-D). B-D) Sequences of
a microtubule shrinkage. The laser
target path is indicated as a full
white line in (B). C-D) show the
same region 5.7 and 17 seconds
after cutting. E) Kymograph obtained
by plotting the intensity changes
along the dashed line in (B) for each
image of the sequence. The white
arrowheads in (C-E) mark corres-
ponding microtubule (MT) plus end
positions in the kymograph and in
the image sequence. The shrinkage
process is linear with time, and its
velocity can be measured with a sim-
ple linear slope fitted to the kymo-
graph. Scale bars: 10 um in (A),
5 um horizontal and 5 seconds verti-
cal in (E). See also Supplementary
Video 1 available as part of the online
article from http://www.traffic.dk/
suppmat/6_11.asp.

compartments in vivo after UVI using standard labeling
procedures. The endoplasmic reticulum, Golgi apparatus
and plasma membrane did not show any evident dynamic
behavior after irradiation at the same experimental para-
meters used with MTs severing. The overall cell shape
was unchanged for at least 5 min after UVI (data not
shown). Mitochondria were apparently disrupted by UVI,
as previously shown with different systems using femtose-
cond (20) or nanosecond (27) lasers. The actin cytoskeleton
demonstrated an observable dynamic response. We trans-
fected a green fluorescent protein (GFP)-actin construct into
Ptk-2 cells, which allowed us to see the actin fibers or
‘stress’ fibers that assemble close to the lower plasma
membrane. Performing UVI with the same experimental
parameters as previously described for MTs, we demon-
strated that severing stress fibers without damaging the
plasma membrane can be efficiently achieved (Figure S2
and Supplementary Video 4 available as part of the online
article  from http://www traffic.dk/suppmat/6_11.asp).
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Actin fibers were clearly dissected, as the UV-irradiated cell
shows bundles of GFP-actin retracting from the spline cut
and along the axis of the fibers. This phenomenon was also
observed when performing MTs dynamics measurement.
The non-linear retraction of actin fibers could influence the
position of MTs, thereby preventing a good linear fit of MT
shrinkage on kymographs. Cells showing simultaneous
actin retraction and MT shrinkage were not considered for
our MT dynamics study.

Discussion
Dynamic instability (7,8) has been extensively studied in
vitro in the past decades. It defines MTs in a stochastic

succession of growth and shrinkage phases with
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Figure 2: The in vivo rate of
microtubule shrinkage depends
on the labeling method. A-C) /In
vivo microtubule (MT) shrinkage
rates for three different labeling
methods: microinjection of rhoda-

mine tubulin (A) or Alexa-488 tubu-
—l lin (B) or with stably transfected
yellow fluorescent protein (YFP)
tubulin (C). In each histogram, the
shrinkage rate is reported together
with the total number of studied
MT bundles and the number of
cells used in the data evaluation.
D) Cell schematic representing
the relative position of the ultravio-
let irradiation (UVI) target line in
red. L1 is the distance from the
centrosome to the UVI and L2 the
distance from the centrosome to
the cell edge. E) Histogram of the
L1/L2 ratio for 373 shrinking MTs
in 100 cells. F) Distribution of the
length along which shrinkage was
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transition states called rescue, from shrinkage to growth,
and catastrophe, from growth to shrinkage. However, in
vivo studies by time-resolved imaging, using either differ-
ential interference contrast (28) microscopy or fluores-
cently labeled polymers (29), have encountered severe
practical limits. A major problem was the ability to resolve
single fluorescent MTs, which was possible only at the
thin cell edge (28,29). In consequence, because the spatial
confinement of the events reduced the probability of per-
forming a measurement, the number of evaluated events
was not sufficient (Table 1), to derive relevant statistics
and consistent values. One way to partially overcome
these limits could be to use fluorescence speckle micro-
scopy (30), and even though the evaluation of speckle data
to obtain values for filament growth and shrinkage in vivo
should be possible, such data has not been published until
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now. We used TIRF (31) to estimate shrinkage and growth
in unperturbed cells. Other works reported a partial descrip-
tion of dynamic instability by using MT tips GFP labels (32)
or fluorescence recovery after photobleaching (FRAP) to
remove the fluorescent background in the cell center (33)
and to allow single MT tracking. However, those techni-
ques allow only the measurement of at most two para-
meters at a time, excluding rescue and catastrophe
frequencies, and are not selective in time and space.

Pulsed UV laser nanosurgery is a new method for the
measurement of selected MT dynamic instability para-
meters in vivo. After severing MTs, we were able to
analyze their shrinkage, growth and rescue rates with
high resolution and specificity in time and space, providing
the basis for a rigorous quantification analysis, which is in
contrast to the classical imaging techniques that are lim-
ited by the few number of natural events, occurring ran-
domly in the cell volume and during the cell cycle.

We measured the shrinkage rate throughout the entire
cytoplasm extent (Figure 2E) of interphase Ptk-2 cells

with three different labeling methods and observe 25%
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Figure 3: Microtubule (MIT) rescue
and regrowth after laser-induced
shrinkage. A) Fluorescence micro-
graph of a Ptk-2 cell stably trans-
fected with vyellow fluorescent
protein (YFP)-a-tubulin and transi-
ently transfected with GFP-EBS3.
The dashed square indicates the
enlarged area shown in (B-D).
B-D) Sequences of MT rescue
and growth. The laser 12 um long
target path is indicated (full white
line) and was performed by 47
pulses at 200 nJ. B) Maximum
intensity projection during 11 sec-
onds prior to ultraviolet irradiation
(UVI) (B) directly following the UVI
(C) and during 16 seconds after
UVl (D). E) Kymograph plotting
the intensity along the MT axis
(dashed line) versus time. Black
arrowheads show the linear shrink-
age of the YFP MT body, and
white arrowheads indicate the
MT-tip regrowth after UVI. On the
right, a scheme shows the line
tracks used to measure the growth
and shrinkage rates along the spa-
tial (x) and temporal (t) axes. See
also Supplementary Video 3 avail-
able as part of the online article
from  http://www.traffic.dk/supp-
mat/6_11.asp. Scale bars: 5 pum
(horizontal) and 5 seconds (vertical
in E).

faster shrinkage of Alexa-488-labeled tubulin as compared
with rhodamine and YFP, which shrink at the same rate.
This is the first direct measurement of Alexa-488-labeled
MT shrinkage rate. While our results with rhodamine and
YFP tubulins correlate with previous measurements (29)
(Table 1) with identical rates, the hydrophilic nature of
Alexa-488 seems to have an effect on MT dynamics,
which has not been investigated yet. The large number
of shrinkage events measured in this study allowed us to
observe that in the case of microinjection the standard
deviations show a 40% higher variability than in stably
transfected cells which is, we believe, a consequence of
the microinjection technique and suggests that stable
transfection is a more appropriate labeling method,
because it is less perturbing for the MTs dynamics. To
further judge the accuracy of the technique in retrieving
physiological standard deviations, one can compare the
accuracy of a shrinkage rate measurement, i.e. the error
on the kymograph linear fitting of about 5% (see Results),
and the resulting standard deviations of shrinkage rates,
which vary from 18 to 26%. The variability of shrinkage
rates inside a single cell, where measurements could be
performed in up to 10 different sites throughout the
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Figure 4: Three parameters of dynamic instability can be measured in vivo. A-C) Schematic sequence describing the measurement
of shrinkage, rescue and regrowth after laser ultraviolet irradiation (UVI) from Figure 3. Green dots indicate the unaffected growing GFP-
EBS3 tips and orange dots the positions of the new tips growing after rescue. Orange arrows show the direction of microtubules (MTs)
shrinkage and regrowth. D) Histogram of the yellow fluorescent protein (YFP)-tubulin MT shrinkage rate on the epi-fluorescence laser
nanosurgery set up. E) Rescue frequency Fg distribution measured with all new tips appearance after UVI. Fy is calculated by taking the
inverse of the time from the UVI to the tip appearing for each MT tip, i.e. from the artificial catastrophe to the rescue event. F) Growth rate
of new GFP-EB3 tips. Histogram in the inset shows the distribution of the growth rate for unaffected MT tips outside the laser UVI area
for comparison. G) Histogram of the YFP-tubulin MT shrinkage rate by total internal reflection fluorescence (TIRF) in unaffected cells. H)
Histogram of the YFP-tubulin MT polymerization by TIRF in unaffected cells.

cytoplasm, is comparable with the variability between
cells. This demonstrates that the values in Table 1 for
Ptk-2 cells are representative for the phenomenon of
shrinkage at any time point of the interphase stage and
in any location throughout the cytoplasm.

Using a specific tip marker (GFP-EB3), we have been able
to measure not only shrinkage but also, and simultan-
eously, two other parameters of dynamic instability, i.e.

1098

growth rate and rescue frequency (Table 1). Growth rates
of growing MT tips after UVI dissection are consistent
with unperturbed growing EB3 tips with an about 17%
slower growth after UVI and similar standard deviations. In
contrast to the classical approach of rescue frequency
measurement in vitro (7) or in vivo (28), which consists
of averaging rescue events along the same MT in time,
our approach consisted of following a single MT tip rescue
event for a high number of MTs (n = 357) after an induced
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catastrophe event. Both procedures should be statistically
equivalent, provided that the number of measurements is
high, and the values retrieved in this study are similar to
results from previous study in mammalian interphase cells
(Table 1).

To confirm that the parameters of dynamic instability
retrieved by laser nanosurgery do correspond to physio-
logical values and do not reflect an artifact introduced by
the UVI procedure, we performed growth and shrinkage
analyses by the use of TIRF with Ptk-2 cells stably trans-
fected with YFP tubulin. Compared with the growth rate
of GFP-EBS3-labeled tips after UVI, the polymerization rate
of unperturbed MTs as measured by TIRF is slightly lower,
with a difference of only about 6% in mean value and with
comparable variances. The shrinkage rate of non-irradiated
YFP MTs is 156% higher than their laser-induced counter-
parts (see Discussion below). Both of these values are in
good agreement with values measured in interphase newt
lung cells (28) (Table 1). The measurement of catastrophe
frequency was not performed in this study, even though it
is technically possible to follow a full cycle of dynamic
instability from the laser-induced catastrophe through the
phases of shrinkage, rescue and growth up to the next
catastrophe. Reasons for this are given by experimental
evidences (33) showing a persistent growth phase of
nascent MTs from the centrosome to the cell margin
without catastrophe event, suggesting that a catastrophe
measurement following rescue after laser UVI would be
biased by the position of the cut.

In the context of the dynamic instability model (7,8), our
results can be closely related to the GTP-cap model and
the MT rescue. In our experiments, it is reasonable to
assume that artificial catastrophes were induced relatively
far away from the MT tips. As shown in Figure 3, the
number of rescued MTs after UVI is much higher than
the number of present growing tips prior to UVI. We
therefore induced catastrophes mainly in a GDP tubulin
lattice. Such a break in the MT lattice leads to a depoly-
merization of the MT plus end due to the unstable ‘curved’
conformation of GDP tubulin dimers, and to a more stable
minus end. The GTP-cap model introduced by dynamic
instability (7,8) can explain the shrinkage phenomenon
after induced catastrophe due to a GDP protofilament
curling up. However, it is somehow harder to interpret
the observed rescue events of our experiments, per-
formed away from the tip, i.e. away from a GTP cap. A
recent theoretical study (34) proposed a purely structural
model for MT capping and interpreted rescue events as a
result of random thermal fluctuations relaxing the GDP MT
lattice. Our measurements of rescue events performed in
the middle of the GDP MT lattice could be an experimental
evidence of the random nature of MT rescue. Their theor-
etical model also discusses structural reasons for the
existence of a 'third state’ in which MTs are neither grow-
ing nor shrinking, but rather rest in pause phase. In
Figure 3(E), this phenomenon was actually observed.
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Rescue occurs before regrowth starts, and both phenom-
ena can be delayed. The experimental procedure consist-
ing of inducing artificial catastrophes on MTs therefore
provides quantitative evidences that seem to support
modern theories of structural MT dynamics.

Another important aspect of our results is that the
dynamic instability model does not explain the discre-
pancy between the laser-induced shrinkage measure-
ments and their TIRF counterparts. By carefully
comparing the shrinkage rate after UVI (Figure 2C) and
the one observed in the TIRF experiments (Figure 4G)
using the same YFP tubulin fusion cells, one can observe
a striking difference. Both measurements give rise to a
main peak at about 20 um/min, while unperturbed cells
show additional and up to twice as fast shrinkage rates.
We estimate that in the unperturbed experiment, about
25% of the measured shrinkage events were faster than
the average, i.e. generating side peaks above 30 um/min
in Figure 4(G). The laser-induced measurements were per-
formed all throughout the axial extent of the cell and do
not show this behavior. We observe, therefore, that the
unperturbed measurements performed with TIRF through
a 100 nm axial extent from the glass substrate point at a
faster shrinkage for a subset of MTs located at, or assem-
bling close to, the plasma membrane. We propose two
interpretations for this. First, such a discrepancy could be
artificially induced by the limited depth of field which does
not allow one to fully discriminate between MT shrinkage
and the effect of a MT moving out of the plane of detec-
tion. Second, a subset of MTs could show different
depolymerization dynamics in the membrane vicinity. It is
reasonable to say that such different behavior would be
hardly visible in the laser nanosurgery experiments, as
they are performed in widefield through a cytoplasmic
axial extent of about 1-3 um, therefore, in a volume at
least one order of magnitude larger. We are in favor of the
second interpretation suggesting that MT assembly and
dynamics could be influenced by the vicinity of the plasma
membrane, as discussed in a recent review (35).

It has been reported earlier that MTs can be dissected in
eukaryote cells by pulsed UV-B (36) and visible (17) laser
radiation and undergo regrowth after irradiation (36), but a
statistically relevant quantification of the reaction of MTs
to UV laser irradiation was never achieved. Moreover,
previous applications of intracellular laser surgery have
assessed cellular viability only over a short time scale. In
contrast, we were able to measure the parameters of MT
dynamics with unprecedented accuracy, while the viability
of the cells is not altered even 24 h after UVI. This demon-
stration addresses traditional concerns shared by many
cell biologists that laser UV intracellular surgery could
induce non-specific damage control mechanism such as
activation of the p53 pathway (37).

We have introduced UVI nanosurgery as a robust and non-
invasive technique that provides rigorous protocols to
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study the interphase cytoskeleton from a quantitative
point of view, in contrast to the classical qualitative MTs
studies. Moreover, our instrument (23) is cost effective, in
contrast to ultrashort pulsed lasers systems used recently
in intracellular surgery (17,18,20-22) which represent a
major financial investment for a research group, while a
pulsed UV laser comes at a price that is five to 10 times
lower.

Our study demonstrates that pulsed UV laser nanosurgery
can be applied to the local investigation of intracellular
dynamic polymers. Being able to investigate biopolymers
in a spatiotemporally confined manner provides means for
the analysis of the entire cytoskeleton during specific
phases of cellular events such as migration and division.
In particular, the confined measurement of the dynamic
instability parameters will be an important feature when
studying the regulation of specific MT-interacting proteins
(MAPs) and their stabilizing or destabilizing functions dur-
ing the interphase.

Materials and Methods

Optical set-up and laser nanosurgery

Microtubule and actin severing by plasma-induced ablation can be achieved
with a frequency tripled Nd:YAG-pulsed laser (JDSUniphase, Grenoble,
France), at a wavelength of 355 nm and a theoretical pulse duration of
less than 500 ps. The beam was coupled through the epifluorescence port
of a conventional Zeiss inverted microscope (Carl Zeiss, Gottingen,
Germany) to allow simultaneous UVI and imaging and was focused with
a high numerical aperture objective lens, a Zeiss C-Apochromat 63x/1.2
Water immersion. The efficient volume inside which laser damage
occurred was estimated in glass to be about 5.2 times the extent of the
focal volume (23) with a lateral extent of about to 450 nm. All irradiations
were performed along a manually defined spline-line laser target, defined
interactively on the image with a graphical mouse interface, along which
laser pulses were distributed. Pulse density along the line was set such
that the optical intensity is approximately constant. This was achieved by
placing the maxima of two neighboring pulses at a distance equal to the
diffraction limit beam half-width. Consequently, the spatial pulse pitch was
180 nm, and the distribution is described by a linear density of 5.5 pulses
per um at a speed of 100-1000 pulses per second. In this study, MT and
actin severing was successful with single spline irradiation with energy in
the range of 50-200 nJ per pulse, corresponding to a central peak power
density ranging from 133 to 530 GW/cm?.

Measurements and live imaging

Simultaneous irradiation and live imaging of cells was performed on a Zeiss
Axiovert 200M microscope with a Hamamatsu ORCA CCD camera
(Hamamatsu Photonics KK, Hamamatsu City, Japan), which allowed low-
light-level fluorescence imaging with a frame rate up to four frames per
second. Microtubule polymerization dynamics with nanosurgery and TIRF
experiments were measured with kymographs (http:/Avww.embl.de/eamnet/
) by plotting the intensity distribution along the MT axis versus time. Constant
velocities appeared as a linear contrast difference, which can then be fitted by
a line whose slope gives the rate of polymerization or depolymerization.

TIRF imaging, i.e. the selective illumination of a thin sheet of the cell close
to the lower surface (31), was performed on an Olympus Biosystems Cell-
R-automated microscope set-up (Olympus Biosystems, Munich, Germany)
equipped with a 488 nm Coherent Sapphire Diode laser (Coherent, Santa
Clara, CA, USA), using an Olympus 1.45 NA PlanApo ‘TIRF’ Objective lens.
The depth of field was about 100 nm.
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Cell temperature was controlled using a Zeiss heating stage insert set at
37 °C. Epifluorescence and laser UVI experiments were performed using
cells in imaging medium (DMEM, 10% fetal calf serum, 25 mm Hepes
pH 7.4, 2 mm L-Glutamine) and imaged for not more than 45 min for
each sample, whereas TIRF experiments were performed without chan-
ging the incubation medium (Red Phenol).

Cell lines, microinjection and transfection

Wild-type Ptk2 cells were grown in DMEM supplemented with 10% fetal
bovine serum under standard tissue culture conditions. All cell-culture
media and sera were obtained from Invitrogen (Carlsbad, CA, USA). Ptk2
cells stably expressing tagged tubulin-YFP were maintained in the pre-
sence of 0.45 mg/mL G-418 sulfate. Cells were plated onto glass bottom
dishes (MatTek, Ashland, MA, USA). Purified Alexa-488 tubulin or rhoda-
mine tubulin were prepared in HKCI microinjection buffer (10 mm HEPES,
140 mm KClI, pH 7.4) and microinjected into the cytoplasm at 5 pg/mL with
back-loaded glass capillaries using an Eppendorf micromaniplulator and
transjector, typically followed by 1 h recovery time in an incubator.
During microinjection, cells were maintained at room temperature in CO,-
independent medium (MEM without phenol red but containing 30 mm
Hepes, Gibco-BRL, Karlsruhe, Germany), and between 100 and 200 cells
were injected per cover slip.

Actin-GFP and EB3-GFP expression constructs (0.6 ug each) were trans-
fected using 2.6 pL of FuGene 6 Transfection Reagent (Roche, Indianapolis,
IN, USA) per dish. In all our experiments, only low expressing cells were
considered for dynamical study.
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