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Background: Of the few vital DNA and RNA probes, the
SYTO dyes are the most specific for nucleic acids. How-
ever, they show no spectral contrast upon DNA or RNA
binding. We show that fluorescence lifetime imaging us-
ing two-photon excitation of SYTO13 allows differential
and simultaneous imaging of DNA and RNA in living cells,
as well as sequential and repetitive assessment of staining
patterns.

Methods: Two-photon imaging of SYTO13 is combined
with lifetime contrast, using time-gated detection. We
focus on distinguishing DNA and RNA in healthy and
apoptotic Chinese hamster ovary cells.

Results: In healthy cells, SYTO13 has a fluorescence life-
time of 3.4 = 0.2 ns when associated with nuclear DNA.
Bound to RNA, its lifetime is 4.1 = 0.1 ns. After induction

of apoptosis, clusters of SYTO13 with fluorescence life-
time of 3.4 = 0.2 ns become apparent in the cytoplasm.
They are identified as mitochondrial DNA on the basis of
colocalization experiments with the DNA-specific dye,
DRAQS5, and the mitochondrial-specific dye, CMXRos.
Upon progression of apoptosis, the lifetime of SYTO13
attached to DNA shortens significantly, which is indicative
of changes in the molecular environment of the dye.
Conclusions: We have characterized SYTO13 as a vital
lifetime probe, allowing repetitive and differential imaging
of DNA and RNA. Cytometry 47:226-235, 2002.

© 2002 Wiley-Liss, Inc.

Key terms: SYTO13; apoptosis; two-photon microscopy;
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Simultaneous and differential imaging of dynamic proper-
ties of DNA and RNA in various compartments of vital cells
is of interest for a number of reasons. For example, visual-
ization of the compartmentalization of transcriptional activ-
ity in the nucleus of living cells is still difficult with the
nucleic acid probes available (1). These dyes often exhibit
similar affinities for DNA and RNA. In addition, the aggrega-
tion, cleavage, and segregation of DNA in the apoptotic
nucleus (2) cannot be studied properly in living cells in
combination with changes in RNA structure. This is because
no vital imaging probes are available that distinguish nuclear
DNA from nucleolar RNA or from mitochondrial DNA.
Therefore, segregation of nuclear DNA and RNA to the cy-
toplasm is difficult to monitor. Studying the dynamics of
nucleic acid behavior in living cells will benefit greatly from
probes or methods that allow the separate, but simultaneous,
detection of DNA and RNA (3-5).

Spectroscopic or lifetime contrast may be used to dis-
tinguish the binding sites of a fluorescent probe. In spec-
troscopic imaging (6,7) differences in fluorescence inten-
sity at two excitation or various emission wavelengths are
detected. In lifetime imaging (8-14), the typical time
constant of the fluorescence decay processes is used as
the contrast mechanism. Both principles can be applied
for the simultaneous imaging of multiple probes or for a
single probe that exhibits different spectral or lifetime
properties, depending on its binding partner.
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Because only few vital imaging probes are available that
bind exclusively to either DNA or RNA, the use of a single
probe is preferred. Probes of the SYTO family (15,16) are
cell-permeable nucleic acid stains with varying character-
istics, such as cell permeability, fluorescence enhance-
ment upon binding, excitation and emission spectra, and
DNA/RNA binding affinity. However, they exhibit no
spectral contrast in binding to DNA or RNA. Therefore,
the question arises: Do the SYTO probes exhibit lifetime
contrast on binding sites?

The fluorescence lifetime of a probe is independent of
characteristics that do modulate the detected fluores-
cence intensity (e.g., laser intensity fluctuations, photo-
bleaching, probe leakage, out-of-focus movements). On
the other hand, it can be sensitive to chemical parameters
in its environment, like pH (14,17-19) and ion or oxygen
concentrations (12,20 -27). It may yield quantitative infor-
mation about the local chemical environment and state of
the fluorescent molecules in the cell (13,14,28-30) and
therefore offer a tool to discriminate between DNA and
RNA-bound SYTO dyes.

We applied a combination (31) of fluorescence lifetime
imaging and two-photon excitation to study the effect of
binding of DNA and RNA on the properties of one of the
SYTO probes, i.e., SYTO13. Two-photon excitation mi-
croscopy (32) is now used widely in life sciences (33-36).
It not only has an intrinsically high axial resolution (37)
without the need of a confocal pinhole in the detection
path, but its use can also significantly reduce cell damage,
both due to the use of longer wavelength excitation light
(avoiding the use of damaging UV or blue excitation light)
and the reduction of out-of-focus irradiation (38,39). This
makes two-photon fluorescence microscopy very suitable
for the repetitive imaging of cells (35,39), without seri-
ously affecting their vitality. Because two-photon micros-
copy requires the use of femtosecond pulsed lasers (32),
the combination of two-photon and lifetime contrast im-
aging with the application of the time-gated detection
technique (14) is straightforward.

SYTO13 (15) becomes fluorescent when bound to DNA
or RNA. The quantum yields are equal when bound to
RNA and DNA, its excitation spectrum has a maximum at
488 nm, and the emission spectrum peaks at 510 nm.
Also, the binding affinity characteristics for DNA and RNA
are comparable. Finally, SYTO13 labels DNA, both in the
nucleus and in the mitochondria, and RNA in the cyto-
plasm and nucleoli. Our study was carried out in healthy
Chinese hamster ovary (CHO) cells. Based on earlier ob-
servations that some DNA probes show changes in fluo-
rescence lifetime properties upon apoptosis (40 - 42), we
extended the study to cells that were induced to enter
programmed cell death. Where necessary, observations
were verified by dual-labeling experiments with probes of
known labeling properties, i.e., DRAQ5 (a DNA probe; 43)
and CMXRos (a mitochondrial probe; 15,44). Colocaliza-
tion was present when energy transfer, as visualized by
changes in the lifetime of SYTO13 fluorescence, occurred
between both dyes or when structures coincided. We
show that two-photon fluorescence lifetime imaging of

SYTO13 has potential for vital and differential imaging of
DNA and RNA dynamics without damaging effects to the
cells.

MATERIALS AND METHODS
Cell Cultures

CHO cells were grown on coverslips in HAM’s F12
medium (ICN Biomedicals, Costa Mesa, CA) supple-
mented with 10% fetal calf serum (FCS; Gibco Life Tech-
nologies, Paisley, UK) and 2 mM L-glutamine. Cell cultures
were maintained in an incubator at 5% CO, and 37°C.
Prior to apoptosis, cells were maintained overnight in
HAM’s F12 medium supplemented with 1% FCS and 2 mM
L-glutamine. Apoptosis was induced by the addition of
staurosporin (1 pM final concentration, Sigma, Zwijn-
drecht, The Netherlands) 2 h before the imaging experi-
ments started.

Labeling Procedures and Sample Preparation

To determine the lifetime characteristics of SYTO13
interacting with DNA or RNA, independent of its cellular
environment, isolated DNA and tRNA were labeled with
SYTO13 by the addition of the probe to DNA or tRNA in
phosphate-buffered saline (PBS) to a final concentration of
2 uM. Yeast-tRNA (10 mg/ml) was obtained from Roche
Molecular Biochemicals (Basel, Switzerland), whereas
salmon testis DNA (10 mg/ml) was obtained from Sigma.
SYTO13 (in dimethylsulfoxide [DMSO], 5mM) and
CMXRos (in methanol, 5 mM) were obtained from Molec-
ular Probes (Leiden, The Netherlands). DRAQ5 (5 mM in
HCD was a gift from Prof. dr. Paul J. Smith (Department of
Pathology, University of Wales, College of Medicine,
Cardiff, UK).

Healthy and apoptotic cells were labeled by the addi-
tion of SYTO13-DMSO (final concentration 1 puM) to the
cells on coverslips in medium. After 30 min of incubation,
SYTO13 was washed away with probe-free medium and
images were taken. Labeling of CHO cells with SYTO13
and repetitive imaging of the cells did not induce any
morphological changes.

Using the standard labeling procedure (43) for the DNA
probe, DRAQS5, cells die rapidly, presumably by necrosis.
Therefore, an alternative staining procedure was devel-
oped. Healthy and apoptotic cells were stained with
DRAQS5 by the addition of the probe to cells on coverslips
in medium to a final concentration of 1 pM. After only 3
min, the staining medium was removed and replaced by
fresh, probe-free medium. Applying this procedure, cells
exhibited no morphological changes within the time span
of the imaging experiments.

Dual labeling of cells with both SYTO13 and DRAQ5
was carried out by first labeling with SYTO13, followed by
the addition of DRAQS5 according to the procedure de-
scribed above. After only 3 min, the staining medium
containing both SYTO13 and DRAQ5 was removed and
replaced by probe-free medium.

The mitochondria of apoptotic cells were labeled for
1 h by addition of CMXRos (15) to cells on coverslips in
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medium to a final concentration of 0.5 mM, prior to the
addition of staurosporin. In duallabeling experiments of
CMXRos and SYTO13, the latter was added to cells already
labeled with CMXRos prior to observation under the mi-
croscope, using the SYTO13 labeling procedure described
above. Coverslips with either cells or droplets of isolated
DNA/RNA solutions were mounted in a home-built sample
holder and viewed under the microscope.

Two-Photon Lifetime Microscopy

Experiments were carried out on a home-built two-
photon excitation inverted microscope as described in
detail elsewhere (31). In short, the system is equipped
with a mode-locked titanium:sapphire (Ti:Sa) laser (Tsu-
nami, Spectra-Physics, Mountain View, CA) that produces
80-fs pulses at a repetition rate of 82 MHz. After passing a
beam expander and neutral density filters, the excitation
light is directed to a dichroic mirror that is highly reflec-
tive in the near infrared and transparent below 700 nm.
Thus, the excitation light is reflected toward and focused
by a 60X plan-apochromatic water-immersion objective
(NA1.2, Nikon/Uvikon, Bunnik, The Netherlands) and
scanned over the sample. The fluorescence light is col-
lected by the same objective. The optical resolution was
0.27 pm laterally and 0.72 pwm axially at an excitation
wavelength of 800 nm (45). All fluorescence light below
700 nm is transmitted through the dichroic mirror de-
scribed above and collected by a photomultiplier
(Hamamatsu R1894, Toyooka Village, Japan) in photon
counting mode. Additional blocking of excitation light is
achieved by means of a series of 750-nm interference
short pass filters in the imaging path behind the mirror. If
desired, a more narrow emission wavelength range can be
selected by placing additional interference (IF) or long
pass (LP) filters (Optosigma, Santa Anna, CA) in the emis-
sion pathway.

All fluorescence (lifetime) imaging experiments were
carried out at an excitation wavelength of 800 nm. The
fluorescence emission after pulsed excitation can be de-
scribed by an exponential decay with a typical lifetime.
Fluorescence lifetimes of commonly used dyes are typi-
cally on the order of a few nanoseconds. The method used
here to determine the fluorescence lifetime is based on
time-gated detection of the fluorescence. After each exci-
tation pulse, the fluorescence decay is detected in four
time-windows (gates) that are enabled sequentially, mak-
ing the acquired lifetime intrinsically independent of laser
intensity fluctuations. Details of the lifetime module are
given elsewhere (14). The signal from many excitation
pulses is integrated for each pixel. The integrated inten-
sity in the four time gates is fitted to a monoexponential
decay using a nonlinear least square Levenberg-Marquardt
fit algorithm (46). The accumulated intensity of the four
gates yields the fluorescence intensity for each pixel of the
specimen. The fitted lifetime for every pixel results in the
corresponding lifetime image. Error margins (SEM) are
determined from the fit results within an area (10 X 10
pixels) of similar lifetimes. Good quality fluorescence life-
time images of 256 X 256 pixels are recorded in about

30 s. All images shown are single-section images of a cell,
thus utilizing the high axial resolution of two-photon ex-
citation. In general, areas of short lifetime and high inten-
sity are present next to areas of short lifetime and low
intensity. A similar observation is made for long lifetimes.
This indicates that the observed differences in lifetime are
generally not correlated with intensity variations due to
bleaching or differences in local probe concentrations.
Data were processed using home-written programs under
the IDL software package (Creaso B.V., Apeldoorn, The
Netherlands).

Fluorescence Spectra of SYTO13, DRAQS5,
and CMXRos

Two-photon excitation spectra may differ (in shape and
peak wavelengths) from a doubled-wavelength version of
the one-photon excitation spectra because the selection
rules are different (36). Although the one-photon excita-
tion spectra of the probes used here differ significantly
from each other (15,43), all appear to be excitable with
two-photon excitation at 800 nm. For CMXRos and
DRAQS5, the obtained fluorescence intensity is relatively
low.

Fluorophores show the same emission spectrum with
either mode of excitation (36). Figure 1 shows the emis-
sion spectrum of SYTO13-DNA (15), CMXRos-methanol
(15), and DRAQ5-PBS in solutions. Spectral measurements
on DRAQ5 diluted in PBS (1 pwM) were carried out on an
SPF-8100 series 2 fluorometer (SLM-Aminco, Beun de
Ronde, Culemborg, The Netherlands). For determination
of the emission spectrum, the probe was excited at 568
nm. For the excitation spectrum, the emitted fluorescence
was detected at 670 nm. In cells, the emission spectra of
SYTO13, CMXRos, and DRAQ5 were measured using a
spectral microscope (7) with excitation at 488 nm for
SYTO13 and CMXRos and 568 nm for DRAQS5 (spectra not
shown). We found that the emission spectra of SYTO13
and CMXRos are unaltered in cells, whereas the emission
spectrum of DRAQ5 shows a significant red shift of 20 nm,
in agreement with earlier observations (43). Apoptosis did
not have an influence on the shape or peak positions of
the emission spectra for any of the probes.

Autofluorescence of CHO Cells

We determined the intensity, wavelength range, and
the lifetimes of the autofluorescence of healthy and apo-
ptotic cells and compared them with the fluorescence
characteristics of the various probes. Upon two-photon
excitation with 800 nm, both healthy and apoptotic CHO
cells exhibit weak autofluorescence within the wave-
length range of 500-600 nm. No autofluorescence was
detected above 600 nm. No differences in autofluores-
cence distribution and lifetimes between healthy and ap-
optotic cells were seen. Autofluorescence is distributed
homogeneously over the cytoplasm, with occasionally
scattered spots of higher intensity. The lifetime of the
autofluorescence varies: 2.5 = 0.4 ns (diffuse) and 4.0 =
0.5 ns (spots). In an earlier study (34), the value of 2.2 ns
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Fic. 1. Emission spectra of the
probes SYTO13-DNA (#, excitation at
488 nm), CMXRos-methanol (M, exci-
tation at 488 nm), and DRAQ5-PBS (e,
excitation at 568 nm). Also indicated
(-®-) is the position of the 800-nm
excitation pulse in the two-photon
experiments.
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was attributed to the fluorescence of NADH binding to
proteins (e.g., in the mitochondria).

Use of Emission Filters in Single and Double-Probe
Experiments

On the basis of the overlap of the spectral region of
cellular autofluorescence and the emission spectra of
SYTO13 (for the latter, see Fig. 1), the use of an emission
filter AF530 = 60) nm for the suppression of autofluores-
cence relative to SYTO13 fluorescence is not possible.
However, because the autofluorescence is very weak, a
specific set-up configuration could be found (e.g., excita-
tion light intensity, dwell time) in which autofluorescence
did not exceed the detection limit and thus did not con-
tribute to the fluorescence signal of SYTO13. In contrast,
for the weakly fluorescent probes DRAQ5 and CMXRos,
the filters LP650 and IF600 = 30 nm had to be used,
respectively, to suppress the contribution of autofluores-
cence.

In the colocalization experiments, cells were labeled
simultaneously with two probes (SYTO13/DRAQ5 and
SYTO13/CMXRos). In these pairs, the probes have differ-
ent emission characteristics (Fig. 1) and, therefore, the
emission filters given above can be used to separate their
fluorescence. Sequential observation through either of the
filters now allows colocalization of the probes.

RESULTS
Observations on Isolated DNA and tRNA Labeled
with SYTO13

The fluorescence lifetime of SYTO13 bound to isolated
DNA in PBS was 2.8 = 0.1 ns, whereas a lifetime of 4.2 =
0.1 ns was found for SYTO13 bound to isolated tRNA in
PBS. Unlabeled DNA and tRNA did not exhibit autofluo-
rescence, as concluded from the absence of a detectable
fluorescence signal under the microscope.

Distribution of SYTO13 in Healthy Cells

Figure 2 shows the distribution of SYTO13 in healthy
CHO cells as the fluorescence intensity (Fig. 2A) and
lifetime (Fig. 2B) images of a single xy-plane. In the inten-
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sity image, the strong fluorescence of the nucleus and
subnuclear structures, such as the nucleoli, are clearly
discernible from the weaker cytoplasmic fluorescence. It
should be noted that cytoplasmic SYTO13 fluorescence is
much stronger than cellular autofluorescence. In the life-
time image, three lifetime values are found, i.e., 3.4 £ 0.2
ns for the nucleus and small spots in the cytoplasm, 4.1 *
0.1 ns for the cytoplasm, and 3.8 = 0.1 ns for the nucleoli
(Table 1).

On the basis of the known labeling behavior of SYTO13
(15), its lifetime distribution as described above, and the
differences found in lifetime for SYTO13 attached to iso-
lated DNA and tRNA, we attribute the 3.4 * 0.2 ns lifetime
to its interaction with DNA and the 4.1 = 0.2 ns lifetime
to its interaction with RNA. The DNA spots in the cyto-
plasm, which are not seen in the intensity images, most
probably represent mitochondrial DNA. Because nucleoli
contain both RNA and DNA, their lifetime value was found
to be in between that of DNA and RNA, 3.8 = 0.2 ns.

Verification Based on DRAQ5 (Co)labeled
Healthy Cells

To confirm the suggested distribution of SYTO13 in
healthy cells, we performed labeling experiments on cells
with the highly specific DNA probe, DRAQS5. The nucleus
is labeled uniformly, with a homogeneous fluorescence
lifetime of 0.4 £ 0.1 ns (Table 1, images not shown). From
these results it is obvious that DRAQ5 does not signifi-
cantly stain RNA, nor can it interact with mitochondrial
DNA. Although an earlier study (43) suggested weak RNA
labeling, the absence of significant RNA staining here is
probably due to the short labeling procedure used.

Simultaneous labeling of healthy CHO cells with
SYTO13 and DRAQS5 (Fig. 3) resulted in a significant de-
crease of the SYTO13 fluorescence intensity in the nu-
cleus and nucleoli as compared with that in the cytoplasm
(Fig. 3A, through an IF530 filter). The nucleus shows a
significantly shortened SYTO13 lifetime of 1.7 = 0.1 ns,
whereas the nucleoli have a lifetime of 3.0 £ 0.2 ns (Fig.
3B, observation at 530 nm, Table 1). The sites of intensity
decrease and lifetime shortening corresponds to the sites
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Fig. 2. Distribution of SYTO13 in healthy CHO cells (single-section Xy image, 40 X 40 wm). No emission filters are used. A: Intensity image. B: Lifetime
image. The inset shows the distribution of lifetimes as found in various parts of the cell: nucleus (top square), cytoplasm (bottom square), and cytoplasm
plus mitochondria (middle square). See Table 1 for lifetimes. (Color figure can be viewed in the online issue, which is available at www.interscience.
wiley.com.)

of DRAQS5 labeling (Fig. 3C,D, through an LP650 filter). In observations can only be fully understood in the light of

the nucleus, only a uniform DRAQS5 fluorescence with a Forster resonance energy transfer (FRET; 47-52) from
lifetime of 0.4 * 0.1 ns is observed (Table 1). These SYTO13 to DRAQS5. In the nucleus, SYTO13 colocalizes
Table 1
Lifetimes of SYTO13 and DRAQ5 in Healthy and Apoptotic Cells*
Healthy cells Apoptotic cells
SYTO13 DRAQ5 SYTO13 DRAQ5
double-labeled  double-labeled double-labeled  double-labeled
SYTO13 DRAQS cell cell SYTO13 DRAQS cell cell
3.4(0.2) 0.40.1D 1.7 (0.1D)* 0.4 (0.1 Nucleus Early stage 0.4 (0.1 1.8 (0.2)* 0.4 (0.1)
3.4(0.2)
Later stage
2.6 (0.1)P
3.8(0.1D) — 3.0 (0.2)* — Nucleoli 3.8(0.1D) — 2.8 (0.1)* —
4.1 (0.2) — 4.0 (0.2) — Cytoplasm 4.1 (0.2) — 4.0 (0.2) —
3.4 (0.2) — 3.4 (0.2) — Spots in 3.4 (0.1) — 3.4 (0.2)
cytoplasm
— — — — Cluster in Early stage — 2.0-3.4 —

cytoplasm 3.4 (0.2)
Later stage
2.0 (0.1)P

*SEM are indicated in parentheses. “Changes are significant as related to the values observed in single-labeled cells. PChanges are
significant as related to the advancement of apoptosis.
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Fi. 3. Distribution of SYTO13 and DRAQS5 in healthy CHO cells (single-section Xy image, 40 X 40 pwm). A: Intensity image of SYTO13 distribution as
observed through an IF530 filter. B: Lifetime image of SYTO13 distribution as observed through an IF530 filter. C: Intensity image of DRAQS5 distribution
as observed through an LP650 filter. D: Lifetime image of DRAQ5 distribution as observed through an LP650 filter. See Table 1 for lifetimes. (Color figure
can be viewed in the online issue, which is available at www.interscience.wiley.com.)

with DRAQ5 and FRET from SYTO13 to DRAQS5 takes
place. As a result, the fluorescence intensity of SYTO13, as
observed through the IF530 filter, decreases. Further-
more, SYTO13 fluorescence lifetime shortens both in the
nucleus and nucleoli because an extra deactivation chan-
nel is present. One of the prerequisites for FRET to take
place is an overlap of the emission spectrum of the donor
(SYTO13) and the single-photon excitation spectrum of
the acceptor (DRAQ5). Indeed, such an overlap is present
(Fig. 4). Because close proximity of donor and acceptor
probe is another basic prerequisite for FRET, its detection
is proof of colocalization of SYTO13 and DRAQ5 (and thus
DNA) in the nucleus, including nucleoli.

In the cytoplasm, including mitochondria, no DRAQS5 is
found and the intensities and lifetimes of SYTO13 are
unchanged (Table 1).

Distribution of SYTO13 in Apoptotic Cells

To determine the changes in distribution and lifetimes
of SYTO13 fluorescence during the early phases of apo-
ptosis, we labeled CHO cells several hours after the addi-
tion of staurosporin (53). We observed changes in the

cellular morphology in the intensity images (Fig. 5A,C)
that are typical of the early stages of apoptosis (53,54).
These include the condensation of nuclear DNA and bleb-
bing of the plasma membrane. These changes are not
caused by SYTO13 because they are not observed in
healthy SYTO13-labeled control cells. The lifetime images
of apoptotic SYTO13-labeled cells (Fig. 5B,D) confirm the
morphological features, but are also indicative of the pres-
ence of large cytoplasmic clusters of SYTO13 with a flu-
orescence lifetime equal to that of SYTO13 associated
with DNA, i.e., 3.4 *= 0.2 ns. These clusters are not
observed in the intensity image. The lifetime value of
SYTO13 in the nucleus seems to shorten slightly upon
advancement of apoptosis, whereas that associated with
the clusters in the cytoplasm shortens to 2.0 £ 0.2 ns
(Table 1).

Verification Based on DRAQ5 (Co)labeled
Apoptotic Cells

In single DRAQ5-labeling experiments on the apoptotic
cells, a homogeneous labeling of the nucleus with DRAQ5
(not shown), with a lifetime of 0.4 = 0.1 ns, is observed
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(Table 1). The absence of significant fluorescence inten- This was confirmed in the SYTO13/DRAQ5 colocaliza-
sity in the cytoplasm strongly suggests that no DNA of tion experiments, the results of which are shown in Fig-
nuclear origin has dispersed into the apoptotic cytoplasm. ure 6. The relative nuclear fluorescence intensity of

Fic. 5. Distribution of SYTO13 in apoptotic CHO cells (single-section xy image, 40 X 40 pwm). No emission filters were used. Two cells in different
apoptotic stages are shown: left images approximately 2 h after the addition of staurosporin, early stage of apoptosis; right images more than 3 h after the
addition of staurosporin, later stage of apoptosis. A,C: Intensity image. B,D: Lifetime image. Representative lifetimes of the nucleus and clusters in the
cytoplasm in image B are 3.4 (0.2) ns. In image D, the representative lifetimes are 2.6 (0.2) ns (nucleus) and 2.0 (0.2) ns (clusters). see Table 1.
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Fig. 6. Distribution of SYTO13 in apoptotic dual labeled CHO cells
(single-section xy image, 40 X 40 pm). A: Intensity image of SYTO13
distribution as observed through an IF530 filter. B: Lifetime image of
SYTO13 distribution as observed through an IF530 filter. See Table 1.
(Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.)

SYTO13 (IF530 filter, Fig. 6A) compared with that in the
cytoplasm is decreased. In the nucleus, SYTO13 lifetimes
(Fig. 6B, Table 1) are shortened to 1.8 = 0.2 ns (overall
nucleus) and 2.8 = 0.1 ns (nucleoli). The DRAQS5 fluores-
cence passing the LP650 filter (images not shown, Table
1) is only seen in the nucleus, having a lifetime of 0.4 *
0.1 ns. Again, in the nucleus and nucleoli, SYTO13 and
DRAQ5 are colocalized, resulting in FRET from SYTO13 to
DRAQ5.

The lifetime of SYTO13 in the cytoplasm of dual-
labeled cells remains 4.0 ns, with large clusters of
SYTO13 fluorescence having lifetimes of 2.0-3.4 ns.
Again, in the cytoplasm, no DRAQS staining is detected.
We conclude that the large clusters with a short
SYTO13 lifetime in the cytoplasm do not represent
DNA of nuclear origin.

Verification of Mitochondrial Clustering in
Apoptotic Cells With CMXRos and SYTO13

Because these large cytoplasmic clusters of SYTO13
with a short lifetime in apoptotic cells might originate
from the clustering of mitochondria, we labeled apoptotic
cells with the mitochondrial stain, CMXRos (Fig. 7). Mito-
chondrial clusters are recognized in the apoptotic cell
(Fig. 7A). The lifetime of these clusters varies between 4.5
and 5.5 ns (not shown). The most intense clusters are
indicated by numbers 1 to 7. Figure 7B shows the fluores-
cence intensity of SYTO13 of that same cell after the
addition of SYTO13. The nucleus is intensely fluorescent
(lifetime 3.2 = 0.2 ns), whereas the cytoplasm shows a
weak, but significant, fluorescence intensity (lifetime
4.2 = 0.2 ns). In the cytoplasm, clusters with a shorter
lifetime (less than 3.2 ns) are present. Figure 7C highlights
the positions in the CMXRos/SYTO13-labeled cell with a
fluorescence lifetime of SYTO13 below 3.2 ns. The seven
clusters indicated in Figure 7A are clearly present. Note
that there are some extra clusters visible in Figure 7C
compared with Figure 7A. Probably the cell has moved a
little, so that some new mitochondrial clusters come into
focus.

We note that after the addition of SYTO13, no FRET
from SYTO13 to CMXRos is observed. We conclude that
in apoptotic cells, the cytoplasmic clusters with short
lifetimes of SYTO13 do colocalize with the mitochondria,
but that the proximity or relative orientation of CMXRos
and SYTO13 in the mitochondria is such that no FRET can
occur.

DISCUSSION

SYTO13 appears to be a highly specific lifetime probe
that allows simultaneous and differential imaging of DNA
and RNA in living cells. Associated with cellular DNA
(nucleus, mitochondria), SYTO13 has a fluorescence life-
time that differs significantly from that when associated
with cellular RNA (cytoplasm). A similar difference in
lifetimes of SYTO13 is found when attached to isolated
DNA (2.8 = 0.1 ns) and isolated tRNA (4.2 = 0.1 ns). In
the nucleoli, both DNA and RNA are present and an
average lifetime close to that when attached to RNA is
found. Because adequate information about the relative
binding affinities of SYTO13 to DNA and RNA is lacking,
the relative DNA/RNA composition of the nucleoli cannot
yet be determined from the lifetime in the nucleoli. How-
ever, the lifetime being so close to that of SYTO13/RNA
indicates that in the nucleoli high amounts of RNA are
found.

Several hours after initiation of apoptosis, the typical
morphological changes of early apoptosis appear. More-
over, clusters of SYTO13 with shorter lifetime are found in
the cytoplasm. Most probably, these clusters represent
staining of mitochondrial DNA, as concluded from dual-
labeling experiments with DRAQS5 and CMXRos. When
the apoptotic process advances, the lifetime of the clus-
ters shortens significantly, as does the lifetime of SYTO13
attached to DNA in the nucleus. Explanation of this phe-
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Fic. 7. A: Distribution of CMXRos in apoptotic CHO cells (single-section Xy image, 20 X 30 pm) observed through an IF600 filter. Arrows and numbers
indicate clustered mitochondria. B,C: Images of the same cell, now SYTO13/CMXRos labeled and observed through an IF530 filter. Image B is the intensity
image. Image C highlights the spots where the lifetime is smaller than 3.2 ns. These include the nucleus and, indicated by numbers as in image A, the
clustered mitochondria. Note that the cell has slightly turned in between image A and images B,C. (Color figure can be viewed in the online issue, which

is available at www.interscience.wiley.com.)

nomenon requires a full characterization study of SYTO13
attached to DNA and RNA under various circumstances.
We speculate that one of the possible causes is self-
quenching due to changes in the interprobe distance due
to the condensation of DNA. Similar changes in fluores-
cence lifetimes of DNA probes in apoptotic cells were
reported (40-42) in flow cytometric experiments. Thus,
the phenomena observed here can also be detected in
cytometric experiments and thus might allow for in vivo
lifetime-based detection of apoptosis of cell sorting by
flow cytometry.

We colocalized DRAQ5 and SYTO13 bound to nuclear
DNA in the dual-labeling experiments of CHO cells by the
observation of FRET from SYTO13 to DRAQ5 within the
nucleus. The question arises: How do we distinguish the
occurrence of FRET between SYTO13 and DRAQS from
the release of SYTO13 upon entrance of DRAQS into the
cells? In the latter situation, a decrease in SYTO13 fluo-
rescence would have been observed, due to decreased
availability of SYTO13. However, in that situation, no
change in SYTOI13 fluorescence lifetime (observed
through an IF530 filter) would have been detected. Note
that the combination of spectral and lifetime contrast is
crucial in our experiments: only by applying an IF filter
were we able to separate SYTO13 fluorescence from the
fluorescence of DRAQS5.

Various probes (15) may be used to simultaneously
image DNA and RNA in cells. Many of these probes are
toxic to cells (DRAQ5 [43], the TOTO-family), require
ultraviolet (UV) excitation (the Hoechst family, DAPI), or
can only be applied to dead cells (7-AAD, propidium
iodide, ethidium bromide). For vital imaging of DNA and
RNA over prolonged periods of time, only a few probes
are suited, i.e., acridine orange, LDS751, and probes of the
SYTO family. However, acridine orange and LDS751 lack
specificity because they also label other cellular constitu-
ents such as granules or the endoplasmic reticulum (22).
We have shown that the application of lifetime contrast to
SYTO13 allows dynamic and simultaneous assessment of
processes involving changes in either DNA or RNA. Simi-
larly, other cellular characteristics may be investigated,
provided that suitable lifetime probes are found. This
indicates the high potential of lifetime imaging techniques
for the study of dynamic processes in vital cells.

In this study, lifetime imaging was combined with two-
photon excitation, thus utilizing the femtosecond pulsed
laser required for the latter process. Two-photon excita-
tion microscopy is used widely in life sciences because it
allows the combination of high axial resolution and repet-
itive imaging of cells without seriously affecting their
vitality. We did not attempt to compare the amount of cell
damage induced by single and two-photon excitation.
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However, no morphological changes in cells were de-
tected in our studies, even after prolonged and repetitive
imaging.
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