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Abstract. Direct monitoring of cell death �i.e., apoptosis and necro-
sis� during or shortly after treatment is desirable in all cancer therapies
to determine the outcome. Further differentiation of apoptosis from
necrosis is crucial to optimize apoptosis-favored treatment protocols.
We investigated the potential modality of using tissue intrinsic fluo-
rescence chromophore, reduced nicotinamide adenine dinucleotide
�NADH�, for cell death detection. We imaged the fluorescence life-
time changes of NADH before and after staurosporine �STS�-induced
mitochondria-mediated apoptosis and hydrogen peroxide �H2O2�-
induced necrosis, respectively, using two-photon fluorescence life-
time imaging in live HeLa cells and 143B osteosarcoma. Time-lapsed
lifetime images were acquired at the same site of cells. In untreated
cells, the average lifetime of NADH fluorescence was �1.3 ns. The
NADH average fluorescence lifetime increased to �3.5 ns within
15 min after 1 �M STS treatment and gradually decreased thereafter.
The NADH fluorescence intensity increased within 15 min. In con-
trast, no significant dynamic lifetime change was found in cells treated
with 1 mM H2O2. Our findings suggest that monitoring the NADH
fluorescence lifetime may be a valuable noninvasive tool to
detect apoptosis and distinguish apoptosis from necrosis for the
optimization of apoptosis-favored treatment protocols and other
clinical applications. © 2008 Society of Photo-Optical Instrumentation Engineers.

�DOI: 10.1117/1.2975831�

Keywords: nicotinamide adenine dinucleotide intrinsic florescence; two-photon
fluorescence lifetime imaging; apoptosis detection, noninvasive optic probe; treat-
ment outcome.
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Introduction

ancer is among the world’s leading causes of death. To im-
rove the success rate of all cancer treatments including
hemo, radiation, and photodynamic therapies, rapid and reli-
ble readouts of treatment efficacy is in high demand. Direct
onitoring of cell death, which is classically categorized into

poptosis and necrosis, is one way to measure treatment
fficacy.1 Preclinical and clinical studies have shown that the
etection of apoptosis or cell death in general correlates with
umor response.2–4 Specifically, monitoring of apoptosis can
e useful in the design of apoptosis-favored treatment proto-
ols, which could effectively kill target cells without inducing
ecrotic response, that have been preclinically demonstrated
n the treatment of brain tumors using low dose photodynamic
herapy.5,6

There is a range of noninvasive in vivo imaging/detection
echniques to detect apoptosis such as magnetic resonance
maging �MRI� and spectroscopy, nuclear imaging �e.g.,

ddress all correspondence to Hsing-Wen Wang, Institute of Biophotonics, Na-
ional Yang-Ming University, 155 Li-Nong St., Sec. 2, Taipei 11221, Taiwan. Tel:
86-2-2826-7378; Fax: 886-2-2823-5460; E-mail: hwwang2@ym.edu.tw
ournal of Biomedical Optics 054011-
single-photon emission computed tomography and positron
emission tomography �PET��, ultrasound, and optical
imaging.7 Molecular markers are generally used. The 40 kDa
vesicle-associated protein, annexin V, is probably the most
widely used apoptosis marker in molecular imaging. Radio-,
�18F�-, superparamagnetic iron oxide particles-, and
fluorescence-labeled annexin V have been used in nuclear
imaging,4,8 PET,9 MRI,10 and optical imaging,11 respectively.
Caspases play a crucial role in the early phases of apoptosis
and thus are the other apoptosis targets of molecular probes.
Caspase 3-specific-cleavable reporter probe was used in
luciferase-based bioluminescence imaging.12 Besides molecu-
lar targeting, ultrasound measured the scattering power from
tissues that showed changes due to nuclear condensation at
the late stage of apoptotic process.13 Diffusion MRI measured
lipid droplets or apparent diffusion coefficient of water to in-
directly monitor cell death.14 Among these methods, ultra-
sound and diffusion MRI do not involve exogenous molecules
and thus are clinically transferable. Diffusion MRI has been
demonstrated to monitor therapeutic response in clinical

1083-3668/2008/13�5�/054011/9/$25.00 © 2008 SPIE
September/October 2008 � Vol. 13�5�1



t
n
c
s
i

c
e
a
t
w
m
c
t
a
l
l
l
a
o
m
b
f
t
b
c
�

t
s
M
d
c
M
b
c
f
t
c
a
t
c
h
b
m
b
s
c
l
H
N
p
t

2
2
H
D
r
p

Wang et al.: Differentiation of apoptosis from necrosis…

J

rials.14,15 Molecular targeting using radioactively labeled an-
exin V has been used to detect apoptosis in clinics although
urrently no clinical trial further evaluates its potential to as-
ess the outcome of cancer therapy. Bioluminescence imaging
s not readily transferable to clinical practice.

Mitochondria are known to be one of the key regulators in
ell death particularly in apoptosis. Reduced nicotinamide ad-
nine dinucleotide �NADH� is a key coenzyme in glycolysis
nd oxidative energy metabolism that acts as a principal elec-
ron and proton donor in mitochondria. It has also been
idely accepted as a convenient noninvasive optical probe of
etabolic state through the measurement of NADH fluores-

ence intensity.16–18 Recently, the NADH fluorescence life-
ime ��� measurement has been used to monitor cell metabolic
ctivities19,20 based on �i� the lifetime changes of two major
ifetime components �i.e., free NADH exhibiting a shorter
ifetime, �1�0.4 to 0.5 ns and bound NADH exhibiting a
onger lifetime, �2�2 to 3 ns� and �ii� the ratio of relative
mplitudes of two major lifetime components. One advantage
f NADH fluorescence lifetime measurement over intensity
easurement is its sensitivity to the changes between free and

ound form. The change in lifetime of NADH fluorescence
rom free to bound form differs as much as 10 times,21–23 but
he spectral shift of the NADH fluorescence from free to
ound form is relatively small ��10 to 20 nm blueshift� as
ompared with the width of the NADH fluorescence spectrum
�150 nm�.20

The aim of the present study was to investigate the poten-
ial of using the NADH lifetime measurement as a noninva-
ive probe of cell death. Similar to ultrasound and diffusion

RI methods, NADH signal is intrinsic so that it can be
irectly applied in a clinical setting once its utility of imaging
ell death is demonstrated. Unlike ultrasound and diffusion
RI methods that indirectly probe cell death information

ased on cell morphological change �i.e., imaging nuclear
ondensation in ultrasound and cell swelling/shrinkage in dif-
usion MRI�, NADH fluorescence lifetime method has a po-
ential to detect the change of biochemical functions during
ell death. We applied two-photon fluorescence lifetime im-
ging microscopy �FLIM� to map NADH fluorescence life-
ime of unstained live HeLa cells and 143B osteosarcoma
ells before and after treatment with staurosporine �STS� and
ydrogen peroxide �H2O2�. The STS-induced cell death has
een well established to be executed by the mitochondria-
ediated apoptotic pathway.24–29. High doses of H2O2 have

een documented as a necrosis inducer.30 Our results demon-
trated that the average NADH fluorescence lifetime in-
reased shortly after 1 �M STS treatment, but no significant
ifetime change was observed after 1 mM H2O2 treatment of
eLa and 143B cells. These findings suggest that the average
ADH lifetime changes may be a valuable indicator for apo-
tosis and for differentiation of apoptosis from necrosis of
issue cells in a noninvasive manner.

Materials and Methods
.1 Cell Cultures and Experiments
uman osteosarcoma 143B and HeLa cells were cultured in
ulbecco’s modified Eagle’s medium �DMEM; Gibco, Invit-

ogen Corp., Carlsbad, California� containing 100 units /ml
enicillin G, 100 �g /ml streptomycin sulfate, 0.5 �g /ml
ournal of Biomedical Optics 054011-
amphotericin B, and 5% fetal bovine serum �FBS� �Biological
Industries, Kibbutz Beit Haemek, Israel� at 37 °C in a hu-
midified atmosphere with 5% CO2. At 24 h before fluores-
cence lifetime imaging and drug treatments, cells at a density
of 2�104 cells /cm2 were seeded onto 24 mm diameter
round glass coverslips �Paul Marienfeld GmbH & Co., Lauda-
Konigshofen, Germany� that had been coated with FBS.
These coverslips were then kept in dishes and cultured in
DMEM inside an incubator for 24 h. After 24 h, cells were
completely attached onto the coverslip, ready to grow �in the
early log phase of cell proliferation curve�, and ready for fluo-
rescence imaging. Immediately before fluorescence imaging,
cells were washed twice using phosphate-buffered saline so-
lution and then transferred to a cell chamber designed for
viewing live cell specimens. A 1 mL aliquot of 5 mM HEPES
�N-2-hydroxyethylpiperazine-N�-2-ethanesulfonic acid�
buffer �5 mM KCl, 140 mM NaCl, 2 mM CaCl2, 1 mM
MgCl2, 10 mM glucose, pH 7.4� was added into the cell
chamber to nourish cells and to avoid light absorption of the
red color of the culture medium. Fluorescence lifetime images
of grouped cells were acquired at 1 to 3 sites per coverslip
before treatment. The field of view �FOV� of each image was
100�100 �m. The FLIM system was equipped with a mi-
croscope cage incubator �Oko-lab, Naples, Italy� to maintain
the optimal temperature during experiments. To optimize the
NADH fluorescence intensity and to acquire high photon
counts for statistical processing of the data, the imaging was
conducted at room temperature �20°C to 23°C�.31 Addi-
tional measurements were performed at the physiological
temperature �35°C to 37°C� in both controls and STS-
treated cells to ascertain that the results of NADH lifetime
measurements were not affected by the room temperature
conditions.

Our previous experience with STS-induced apoptosis
showed that the activation of caspase 3 occurred at 8 h or
later after 25 nM STS treatment and the apoptotic bodies ap-
peared at 24 h after treatment.32 Maeno et al.29 showed that
the release of cytochrome c from mitochondria and the acti-
vation of caspase 3 occurred at �2 to 4 h after 4 �M STS
treatment of HeLa cells. Thus we randomly chose a medium
dose �1 �M� of STS �Sigma-Aldrich, St. Louis, Missouri�.
Hydrogen peroxide is known to induce both apoptosis and
necrosis depending on the concentration �e.g., 10 to 100�M
for apoptosis, and 1 to 10 mM for necrosis� used.30 We chose
to use 1 mM H2O2 �Sigma-Aldrich� for necrosis induction.
Time-lapsed fluorescence lifetime images were obtained at the
same site �same FOV� before, immediately after �0 to 15
min�, and up to 10 h after treatment with STS or H2O2. Con-
trols are fluorescence lifetime images of cells without and
before treatment.

2.2 Caspase 3 Activity Assay
Cells were disintegrated in 100 �l lysis buffer �12.5 mM
Tris-HCl, 1 mM dithiothreitol, 0.125 mM ethylenediamine-
tetraacetic acid �EDTA�, 5% glycerol, and an aliquot of com-
plete protease inhibitor mixture �Roche Applied Sciences,
Mannheim, Germany�, pH 7.0� on ice for 30 min and centri-
fuged at 9000 g for 10 min at 4 °C. A 50 �g aliquot of pro-
tein was incubated with 20 �M Ac-DEVD-AFC �Calbio-
chem, San Diego, California�, a fluorescent substrate of
September/October 2008 � Vol. 13�5�2
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aspase 3, in 500 µl of assay buffer �50 mM Tris-HCl, 1 mM
DTA, and 10 mM EGTA �ethyleneglycol-bis-��-
minoethylether�-N, N, N�, N�-tetraacetic acid�, pH 7.0� at
7 °C for 30 min in the dark. The fluorescence intensity was
etermined by spectrofluorometry �Hitachi F-3000, Tokyo, Ja-
an� at an excitation wavelength of 380 nm and an emission
avelength of 508 nm as described previously.32,33

.3 NADH FLIM

ime-domain FLIM was performed with a 60�1.45 numeri-
al apenture PlanApochromat oil objective lens �Olympus
orp., Tokyo, Japan� on a modified two-photon laser scanning
icroscope �FV300 with the IX71 inverted microscope,
lympus Corp.� as described previously.34 In this study,

amples were excited at 750 nm �two-photon� by a mode-
ocked Ti:Sapphire Mira F-900 laser, pumped by a solid-state
ontinuous wave 532 nm Verdi laser �both from Coherent
nc., Santa Clara, California�. The scanning speed of the
V300 was controlled externally by a function generator
AFG310, Tektronix Inc., Beaverton, Oregon�.

Fluorescence photons were detected in a non-descanned
ode by a photon-counting photomultiplier �H7422P-40;
amamatsu Photonics K.K., Hamamatsu, Japan�. Time-

esolved detection was conducted by the single-photon-
ounting SPC-830 printed circuit board �Becker & Hickl
mbH, Berlin, Germany�. A bandpass filter of 450�40 nm

Edmund Optics Inc., Barrington, New Jersey� was inserted in
he emission path for the detection of NADH that emits with
he maximum at 450 nm.35 Additional short pass and IR cut-
ff filters were used to reject reflected or scattered excitation
ight at 750 nm. The average laser power measured at the
ocal plane of the objective was �3 to 5 mW, which was
ower than the reported laser power of two-photon damage36

nd was found to be optimal for the prevention of pho-
obleaching. All the images were taken at 256�256 pixels
esolution with the acquisition time in the range of
00 to 1800 s for enough photon count statistics at the given
aser power for further data analysis. To compare the emitted
uorescence intensity between controls and treated cells, we
dapted the photon count from the peak time channel �and
ith fixed binning parameters� of the recorded decay curve at

he brightest point of a FLIM image.

.4 FLIM Data Analysis

ata were analyzed with the commercially available SPCIm-
ge version 2.8 software package �Becker & Hickl GmbH� via
mathematical convolution of a model function and the in-

trument response function �IRF�, and fitting to the experi-
ent data. To calculate the lifetime from the composite de-

ays of NADH, we convolved an IRF, Iinstr, with a double-
xponential model function, defined in Eq. �1�, with offset
orrection for the ambient light and/or dark noise I0 to obtain
alculated lifetime decay function Ic�t� in Eq. �2�

F�t� = a e−t/�1 + a e−t/�2, �1�
1 2

ournal of Biomedical Optics 054011-
Ic�t� =�
−�

�

Iinstr�t��I0 + F�t��dt . �2�

Here, a1e−t/�1 and a2e−t/�2 represent the contributed fluores-
cence decays from free and bound NADH, respectively; �1
and �2 represent their corresponding lifetimes; and a1 and a2
are the corresponding relative amplitudes. Iinstr was calculated
automatically by SPCImage from the rising edge of the fluo-
rescence decay.

The model parameters �i.e., ai and �i� were derived by
SPCImage software by fitting the calculated decay Ic�tk�, de-
fined in Eq. �2�, to the actual data Ia�tk� through minimizing
the goodness-of-fit �R

2 function defined in Eq. �3� using the
Levenberg-Marquardt search algorithm

�R
2 = 	


k=1

n

�I�tk� − Ic�tk��2/I�tk��� �n − p� . �3�

Here n is the number of the data �time� points �equal to 256 in
this study�, and p is the number of the model parameters.37

3 Results
3.1 NADH Fluorescence Intensity and Lifetime

Images of Intact Cells
Figure 1 shows representative images, fitting curves, and life-
time distribution from control 143B cells. It includes a fluo-
rescence intensity image �Fig. 1�a��, fluorescence lifetime im-
age �Fig. 1�b�� using two-photon FLIM, the corresponding
fluorescence decay curves �measured: blue; fit: red�, the fitting
residuals �Fig. 1�c��, and normalized lifetime histograms �Fig.
1�d�� of the 256�256 lifetime image as shown in Fig. 1�b�.
This entire image was acquired over a period of 1300 s. In
control cells, the average photon count collected over the
given period of time was approximately 600 in the peak time
channel.

Figure 1�a� shows that the fluorescence signals in the cy-
toplasm displayed punctuate perinuclear patterns, which were
attributed to mitochondria-associated NADH.19,38 No fluores-
cence was seen in the nuclei or on the nuclear membrane. In
Fig. 1�b�, each pixel represents the average lifetime ��ave� of
the short ��1� and the long ��2� lifetime components weighted
by their relative contributions a1 and a2, respectively, such
that �ave= �a1�1+a2�2� / �a1+a2�. The scale of the color map-
ping was chosen for later comparison with FLIM images of
treated cells so that the blue color represents the longer life-
time �maximum 4000 ps� and the red color presents the
shorter lifetime �minimum 200 ps�. Overall, the NADH fluo-
rescence in the control 143B cells exhibited an average life-
time ��ave� of �1300 ps, which corresponds to the yellowish
color in the selected color scale. The lifetime across the entire
FOV or even within a single cell was not homogeneous: some
pixels tend to be greenish and some tend to show orange
color. Figure 1�c� demonstrates the fitting curve obtained from
Fig. 1�b�, with the goodness-of-fit residuals shown in the bot-
tom panel of Fig. 1�c�. Finally, the distribution of the aver-
aged lifetime ��ave� from all pixels shown in Fig. 1�b� is pre-
sented in Fig. 1�d�, which depicts the normalized histogram
�Hnorm� of �ave. The histogram shows a peak ��peak� at
�1300 ps with a full width at half maximum �500 ps. This
September/October 2008 � Vol. 13�5�3
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road distribution illustrates the inhomogeneous color distri-
ution observed in Fig. 1�b�. To compare with previously pub-
ished results regarding the values of the NADH short ��1�
nd long ��2� lifetime components, we obtained �1 and �2
rom the entire image pixels by SPCImage software and plot-
ed their normalized histogram in the same figure �Fig. 1�d��.
he histograms of �1 and �2 showed peaks at �600 and
3000 ps, respectively. These results are close to the previ-

usly published lifetime values of free ��400 to 500 ps� and
ound NADH ��2000 to 3000 ps�.22,23 The observation that

2 had a broader distribution than �1 may be attributed to the
ide distribution of lifetimes of NADH molecules bound to
ifferent proteins.39,40

We acquired NADH lifetime images from a total of 35
ites of control HeLa cells �from 15 coverslips� and 11 sites of
ontrol 143B osteosarcoma cells �from 8 coverslips�. The val-
es of �peak from all of the lifetime images were analyzed,
ecorded, and averaged. Table 1 summarizes the total number
f sites �Nsite� and the corresponding mean�standard error
SE� of the �peak values from control HeLa cells and control
43B cells. The results showed that HeLa and 143B cells had
he average �peak values equal to 1360�24 �N=35� and
260�49 ps �N=11�, respectively. The two mean values are
ot significantly different as judged by two-tailed Student’s t
est �p value=0.09�. The mean value of all control �peak val-
es is 1336�22 ps, which will be used later in Figs. 4 and 6
or comparison.

.2 Cell Morphological Change and Caspase 3
Activation Confirmed STS-Induced
Apoptosis and H2O2-Induced Necrosis

lthough STS-induced apoptosis and high dose H2O2-
nduced necrosis have been well documented, we observed

ig. 1 Measurement of the intensity and average lifetime of NADH flu
uorescence in 143B cells are shown in gray �a� and color scale �
50 nm. The FOV of each image is 100�100 �m. The scale bar in �

n the top panel�, the fit �red curve in the top panel�, and the residuals
ixel lifetime image shown in �b� were plotted for �1, �2, and �ave �d�
ournal of Biomedical Optics 054011-
the cell morphology and measured caspase 3 activity to con-
firm the cell death pathway at the drug dose we chose. Figure
2�a� shows the light microscopic images of HeLa cells 15 min
and 5 h after either H2O2 or STS treatment. All the images
were taken at the same magnification. Cell swelling or erup-
tion, a typical feature when cells are under necrotic pathway,
was observed in both 15 min and 5 h after H2O2 treatment. In
contrast, the typical feature of apoptotic cells, cell shrinkage,

ce in 143B cells. The intensity and average lifetime images of NADH
ectively, using two-photon FLIM with the excitation wavelength at
�m. A representative fluorescence lifetime decay curve �blue curve
panel� are shown �c�. The normalized histograms over the 256 x 256

Table 1 Summary of the number of sites �Nsite� of NADH lifetime
images acquired from the number of coverslips �Ncoverslip� in control,
STS-treated, and H2O2-treated cells. The number of sites is the same
as the number of coverslips in treated cells because of time sequence
measurements at the same site. The corresponding means �±SE� of the
peaks ��peak� of the average lifetime ��ave� distributions were calcu-
lated and listed with the unit of picoseconds �ps�. �peak was defined as
the peak position �or the maximal value� of the �ave histogram from
each 256�256 pixel lifetime image. For STS-treated cells, only the
lifetime at the first time point �0 to 15 min� was listed. For
H2O2-treated cells, the lifetimes at both 0 to 15 and 0 to 25 min after
treatments �Nsite at each time point is 2� were averaged and listed to
account for a larger number of the samples for averaging.

Cells Controls

0 to 15 Min
After STS
Treatment

0 to 25 Min
After H2O2
Treatment

HeLa Nsite �Ncoverslip� 35 �15� 6 �6� 4 �4�

Mean±SE 1359±24 3570±56 1514±51

143B Nsite �Ncoverslip� 11 �8� 5 �5� N/A

Mean±SE 1260±49 3448±76 N/A
orescen
b�, resp
a� is 20
�bottom
.

September/October 2008 � Vol. 13�5�4
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as observed in STS-treated cells. Figure 2�b� shows the nor-
alized caspase 3 activities of HeLa cells before �controls�,
5 min after, and 2 h after either H2O2 or STS treatment.
aspase 3 activity was significantly higher at 2 h after STS

reatment compared with controls, indicating that STS-treated
ells were undergoing apoptosis. However, no significant in-
rease of caspase 3 activity was observed in cells at 15 min or
h after H2O2 treatment.

.3 NADH Fluorescence Lifetime Increased
Immediately after STS-Induced Apoptosis

igure 3 shows the representative FLIM images �in color
apping� before, 0 to 15, 30 to 45, and 60 to 75 min after
�M STS treatment at the same FOV of HeLa cells. All the

gures are displayed using the same scale of color bar as in
ig. 1�b� that the minimal and maximal lifetime is 200 ps
red� and 4000 ps �blue�, respectively. Similar to Fig. 1�b�,
ontrol HeLa cells �Fig. 3�a�� had a�1300 ps lifetime �yel-
owish image in the selected color scale�. The acquisition time
f this control image was 900 s or 15 min. Immediately after
TS treatment, we continuously acquired FLIM images with

he acquisition time of 15 min per image for up to 90 min
the images acquired at 15 to 30, 45 to 50, and 75 to 90 min
fter treatment are not shown� at the same site to trace the
esponse of the specimen. Apparently, the color-coded life-
ime image exhibited blueshift �increased lifetime� at

to 15 min �Fig. 3�b�� after treatment, and then exhibited

STS 15 min

STS 5 hr

H2O2 15 min

H2O2 5 hr

a)

b) normalized caspase 3 activity

0

2

4

6

control H2O2 STS

fo
ld
s

15 min
120 min

H2O2

ig. 2 The morphology �a� and normalized caspase 3 activity �b� of
eLa cells after treatment with H2O2 and STS, respectively. The FOV
f each image is 180�180 �m. The scale bar in �a� is 30 �m.
ournal of Biomedical Optics 054011-
redshift at 60 to 75 min �Fig. 3�d��. The nuclear areas tended
to decrease in size with the increment of treatment time. A
ringlike structure surrounding the nucleus �arrow head in Fig.
3�c�� was observed. In addition, the overall intensity of
NADH fluorescence significantly increased immediately after
STS treatment so that the laser power was decreased to escape
the photomultiplier tube saturation. The recorded average
photon count for the STS-treated cells was more than 1000,
approximately twice higher than that in controls �600 counts�,
in the peak time channel of the recorded decays.

The distributions of the average lifetime ��ave� �Figs.
3�a�–3�d�� were plotted on the top panel of Fig. 4. The curve
labels �a� to �d� correspond to the results of Figs. 3�a�–3�d�,
respectively. An immediate lifetime increase after STS treat-
ment was observed that the histogram shifted from the lower
lifetime �curve �a�� to the higher lifetime �curve �b�� values.
Then, the lifetime decreased and the histogram shifted toward
the controls and became broader. The peak �i.e., maximal�
value of �ave histograms, �peak, increased from �1300 ps
�controls, curve �a�� to �3500 ps at 0 to 15 min after STS
treatment �curve �b��, and then decreased to �2200 ps at
60 to 75 min.

Similar results were repeatedly observed in a total of 6
sites �6 coverslips� of HeLa cells and 5 sites �5 coverslips� of
143B cells and are summarized in the bottom plot of Fig. 4.
Here the number of sites is the same as the number of cover-
slips because time sequence measurements were performed at
the same site of cells. The bottom panel of Fig. 4 plotted the
mean and standard error �SE� of the �peak at all time points
over all STS-treated HeLa and 143B cells. The number of
sites acquired was decreased as a function of time and was
labeled below each data point in the figure. The time point
was assigned as the mean value of the acquisition period of
time. For example, 7.5 min represents the data point acquired
at 0 to 15 min after treatment, except that the latest point was

(a) before (b) 0-15 min

(c) 30-45 min (d) 60-75 min

200 ps 4000 ps

Fig. 3 Effect of staurosporine treatment on the FLIM images of HeLa
cells. The FLIM images of HeLa cells from the same sites before �a�,
0 to 15 min �b�, 30 to 45 min �c�, and 60 to 75 min �d� after treat-
ment with 1 �M STS. The FOV of each image is 100�100 �m. The
scale bar in �a� is 20 �m.
September/October 2008 � Vol. 13�5�5



l
a
fi
a
i
t
f
t
v
=

3

F
c
t
t
H
c
i
w
fl
a
b
t
p
�
c

�
c
d
t
t
o
s

F
e
t
�
p
a
a
m
�

Wang et al.: Differentiation of apoptosis from necrosis…

J

abeled as 600 to 675 min. The mean �peak value ��SE� of
ll controls �i.e., 1336�22 ps� was plotted �star� in the same
gure for comparison. The mean �peak values ��SE� for HeLa
nd 143B cells at 0 to 15 min after STS treatment are listed
n Table 1. The mean �peak values at 0 to 15 min after STS
reatment for HeLa or 143B cells are significantly different
rom those values of the controls �p value=1.4�10−16�. The
wo mean values of HeLa and 143B cells �i.e., 3570�56
ersus 3448�76� are not significantly different �p value
0.23�.

.4 No NADH Fluorescence Lifetime Change in
High Dose H2O2-Induced Necrosis

igure 5 shows the representative FLIM images �in the same
olor mapping as previous FLIM images of controls and STS-
reated cells� before, 0 to 15, 30 to 50, and 50 to 70 min after
reatment with 1 mM H2O2, taken from the same FOV of
eLa cells. In contrast to the FLIM images of STS-treated

ells shown in Fig. 3, all images in Fig. 5 tend to be yellowish
n the same selected color scale, which indicates that there
as no significant lifetime change after H2O2 treatment. The
uorescence intensity or photon counts tended to decrease
fter H2O2 treatment �as seen in the changes of signal-to-
ackground noise from Figs. 5�a�–5�d��, which in part is due
o the NADH oxidation16 by H2O2. The recorded average
hoton count for the H2O2-treated cells was �100 to 200
i.e., 3 to 6 times lower than that of controls� in the peak time
hannel.

The top panel of Fig. 6 plotted the normalized histogram of

ave of NADH lifetime images shown in Figs. 5�a�–5�d�. The
urves �b� to �d� overlapped with one another. There is slight
ifference between curve �a� and curves �b� to �d�. Similar to
he bottom panel of Fig. 4, the bottom panel of Fig. 6 plotted
he mean error and standard error of the �peak at all time points
ver all H2O2-treated HeLa cells. The time point was as-
igned the same way as in Fig. 4 except the latest time point
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ig. 4 Effect of staurosporine treatment on the distributions of the av-
rage lifetime ��ave� of the FLIM images of HeLa and 143B cells. The
op panel shows the plot of the distributions of the average lifetime
�ave� corresponding to the FLIM images in Figs. 3�a�–3�d�. The bottom
anel shows the plot of the mean and standard error �SE� of the �peak
s the function of time in all STS-treated cells. The number of sites
cquired at each time point was labeled below each data point. The
ean �peak value �±SE� of controls �i.e., 1336±22 ps� was plotted

star� in the same figure.
ournal of Biomedical Optics 054011-
labeled as 135 to 185 min. The mean �peak value ��SE� of
controls �i.e., 1336�22� was plotted �star� in the same figure
for comparison. The number of sites acquired at each time
point was labeled below each data point in the figure. We
observed no significant difference in �peak at all time points.
To get more data points for averaging and comparing with the
results of controls and apoptotic cells in Table 1, the mean
�peak values ��SE� for both time points at 0 to 15 min �N
=2� and 0 to 25 min �N=2� after treatment were calculated
and listed in Table 1. The mean �peak values at 0 to 25 min
after H2O2 treatment in HeLa cells are marginally different
from the values of control HeLa cells �p value=0.05�.

(a) before (b) 0-15 min

(c) 30-50 min (d) 50-70 min

200 ps 4000 ps

Fig. 5 Effect of H2O2 treatment on the FLIM images of HeLa cells. The
FLIM images of HeLa cells were recorded from the same sites before
�a�, 0 to 15 min �b�, 30 to 45 min �c�, and 45 to 60 min �d� after
treatment of the cells with 1 mM H2O2. The FOV of each image is
100�100 �m. The scale bar in �a� is 20 �m.
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Fig. 6 Effect of H2O2 treatment on the distributions of the average
lifetime ��ave� of the FLIM images of HeLa cells. The top panel plotted
the distributions of the average lifetime ��ave� corresponding to the
FLIM images in Figs. 5�a�–5�d�. The bottom panel plotted the mean
and standard error �SE� of the �peak as a function of time in all
H2O2-treated cells. The number of sites acquired at each time point
was labeled below each data point. The mean �peak value �±SE� of the
controls �i.e., 1336±22 ps� was plotted �star� in the same figure.
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Discussion
n live cells, NADH, reduced NADH phosphsate �NADPH�,
nd flavins �or flavin adenine dinucleotide �FAD�� are intrin-
ic fluorophores that have sufficient concentration to yield de-
ectable fluorescence signals under two-photon excitation at
40 nm.39 The flavin signals that emit fluorescence maxima at
550 nm can be spectrally separated from NAD�P�H signals

hat emit fluorescence maxima at �450 nm. Although NADH
nd NADPH have nondiscriminating spectral features,41

ADH dominates the intrinsic fluorescence of live cells be-
ause the contribution of NADPH to the intrinsic fluorescence
s small42 and the quantum yield of mitochondrial NADH is
.25 to 2.5 times higher than that of NADPH.43 In this study,
e used a 450�40 nm bandpass emission filter to selectively

ollect the NADH fluorescence signals, although we used
wo-photon excitation at 750 nm, instead of 740 nm used in
ther published studies, due to our instrument limitation. Re-
ently, Wu et al.20 reported that increase of flavin fluorescence
ontributed to both lifetime components ��1 and �2� and the
atio of the corresponding amplitudes �a1 /a2� in the fluores-
ence decay when the single photon excitation wavelength
ncreased from 365 to 405 nm �equivalent to wavelengths
rom 730 to 810 nm in two-photon excitation� and when a
0 nm bandpass emission filter ��em=447 to 457 nm� was
sed. In their study, the �1, �2, and a1 /a2 of control SiHa cells
ere found to change, not consistently increase or decrease,
6% to 12%. However, Skala et al.44 showed that there was

o measurable fluorescence at 900 nm excitation, which is
ptimal for the two-photon excitation of flavins,35 with their
wo-photon FLIM system, neither did FAD contribute to their
bserved lifetime at 780 nm excitation in the hamster cheek
ouch. Thus, we concluded that the flavin fluorescence con-
ribution to our results using two-photon excitation wave-
ength at 750 nm was negligible.

To confirm that the difference in lifetime changes between
ontrols and STS and H2O2 treatments is not due to long
mage acquisition time ��15 to 20 min� and/or room tem-
erature condition, we performed additional FLIM measure-
ents using shorter acquisition time �5 to 10 min� and/or at

he physiological temperature maintained in the microscope
age incubator �35°C to 37°C�. Similar results of the NADH
ifetime values, with lower photon counts and thus noisier �ave
istogram plots, have been observed using 100 s to 10 min

Table 2 The NADH lifetime acquired under ph
time �100 s�, respectively, in control and STS-tre
��peak� of the average lifetime ��ave� distributions
�ps�. �peak was defined as the peak position �or
256�256 pixel lifetime image. For STS-treated c
listed.

Cells

Contr

Physiology

HeLa Mean±SE �Nsite� 1306±91 �4�

143B Mean±SE �Nsite� 1192 �1�
ournal of Biomedical Optics 054011-
acquisition times in controls, STS-treated, and H2O2-treated
cells �data not shown�. Table 2 lists the NADH lifetime ac-
quired under physiological condition and using short image
acquisition time �100 s�, respectively, in control and STS-
treated cells. From 4 measurements of HeLa cells taken using
shorter acquisition time �100 s�, lifetime increased from
1396�17 ps before to 3402�83 ps at 0 to 15 min after
treatment. From measurements of both HeLa �Nsite=3 to 4�
and 143B �Nsite=1 to 3� cells taken at the physiological tem-
perature, we observed the same trends of changes in lifetime
and intensity in STS-treated cells including increased �ave
from 1306�91 �HeLa� and 1165 �143B� ps before to
3544�103 �HeLa� and 3545�31 �143B� ps at 0 to 15 min
after treatment, decreased �ave thereafter, increased NADH
fluorescence intensity after treatment �indicated by using
lower input laser power and detecting higher photon counts
after STS treatment�, shrinkage of nuclei, and the appearance
of perinuclear rings �arrowhead in Fig. 3�d��.

Similar results of increased NADH fluorescence intensity
were reported by Levitt et al.45 and by Liang et al.46 Levitt et
al.45 observed that intense fluorescence was progressively
confined to a gradually smaller perinuclear cytoplasmic re-
gion in the cells that had been treated with cisplatin. Their
results suggest that this strongly fluorescent, highly metaboli-
cally active perinuclear ring represents a subpopulation of mi-
tochondria that are mobilized in response to the apoptotic
stimulus and may provide the energy required to execute the
final step of apoptosis.

The increase in the average lifetime of NADH fluores-
cence after STS-induced apoptosis �Fig. 3� may be attributed
to two possible mechanisms based on the lifetime distribution
analysis. One mechanism is that the portion of bound NADH
to total amounts of NADH is higher than that of free NADH
�i.e., a2 / �a1+a2�	a1 / �a1+a2� such that �ave= �a1�1+a2�2� /
�a1+a2� increased� assuming their lifetimes �i.e., �1 and �2�
remain the same. The other mechanism is that the bound
NADH lifetime �2 increases, assuming that the free NADH
lifetime �1 does not change, due to microenvironment changes
that NADH binds to different enzymes during apoptosis. We
examined the histograms of �1 and �2 in several FLIM images
of STS-treated cells at all time points and found that both
mechanisms are possible �data not shown�. For example, at
0 to 15 min after STS treatment, the histogram of � , � , and

ical condition and using short image acquisition
lls. The corresponding means �±SE� of the peaks
lculated and listed with the unit of picoseconds
aximal value� of the �ave histogram from each
ly the lifetime at the time point 0 to 15 min was

0 to 15 Min After STS Treatment

t Image
uisition Physiology

Short Image
Acquisition

±17 �4� 3544±103 �3� 3402±83 �4�

3545±31 �3�
ysiolog
ated ce
were ca

the m
ells, on

ols

Shor
Acq

1396
1 2
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ave are almost identical �curve �b� in Fig. 4� that single ex-
onential fit was applicable in this case. This indicates that all
ree NADH �i.e., the short lifetime component� became a
ound form �i.e., the long lifetime component�. At later time
oints after STS treatment, some �2 histograms became
roader �in both longer and shorter lifetime directions�, which
ndicates that some NADH may bind to different enzymes to
roaden the lifetime distribution. Vishwasrao et al.39 reported
hree types of enzyme-bound NADHs using four component
nalyses in hippocampal slices. They found that the ratio be-
ween free NADH and individual enzyme-bound species of
ADH changed significantly under hypoxia, which indicates
redistribution of the protein-bound NADH to enzyme bind-

ng sites.
The STS-induced apoptotic pathway has been well estab-

ished to be due to internal signals and involve mitochondrial
embrane potential �
�� change, cytochrome c release,

aspase 3 activation, and production of reactive oxygen
pecies.24–26 In this study, we observed increased NADH fluo-
escence lifetime at relatively early time points �within
5 min after 1 �M STS treatment� as compared with the ac-
ivation of caspase 3 at 2 h after 1 �M STS treatment �Fig.
�b�� and cytochrome c release and the caspase 3 activation at
2 to 4 h after higher dose �4 �M� STS treatment as de-

cribed in the study by Maeno et al.29 Thus we have hypoth-
sized that the immediately increased NADH lifetime may be
elated to early apoptotic activities. Annexin V was used to
ndicate early apoptosis47,48 to stain the exposure of phos-
hatidylserine �PS� on the external leaflet of the plasma mem-
rane. We performed annexin V fluorescence imaging �data
ot shown� and observed that annexin V binding, quantified
y averaging binding percentages over five different 100
100 �m FOVs, appeared at 15 min after 1 �M STS treat-
ent �binding percentage�2%�. The binding percentage in-

reased as time increased to be �4% and �50% at 1 h and
h after STS treatment, respectively. Lugli et al.48 showed

hat the appearance of PS exposure �annexin V–positive� was
orrelated to intermediate 
� in quercetin-induced apoptosis
f U937 cells, which could be important to maintain adenos-
ne triphosphate �ATP� production for the activation of
aspases and induction of cell death. Halestrap et al.,49,50

howed that the mitochondrial permeability transition pore
MPTP� opening can be transient and thus does not cause ATP
epletion, and then the cell dies by apoptosis. If the MPTPs
tay open, ATP is depleted and the cells die by necrosis.50

urthermore, it was demonstrated that the cytosolic ATP level
as increased in HeLa cells immediately after treatment with
�M STS.51 It remains unclear whether our observations that
ADH lifetime increased shortly after apoptosis and NADH

edistribution are related to NADH binding to different pro-
eins in mitochondria for more efficient generation of ATP in
he target cells. Further studies are needed to reveal the rela-
ionship between NADH lifetime dynamics, mitochondrial

embrane potential, MPTP opening, and ATP production/
aintenance in the early phase of apoptosis.

Conclusions
icotinamide adenine dinucleotide is a principal electron and
roton donor in mitochondria, which are known to be one of
he key regulators in cell death particularly in apoptosis. We
ournal of Biomedical Optics 054011-
have demonstrated that NADH fluorescence lifetime signifi-
cantly changed immediately after 1 �M STS-induced apopto-
sis, but not 1 mM H2O2-induced necrosis in HeLa and 143B
osteosarcoma cells. This increased lifetime was in the early
phase of apoptosis and was in part due to NADH redistribu-
tion from free to bound form in mitochondria possibly for
more efficient generation of ATP in the target cells. Our find-
ings suggest that the NADH lifetime changes may be a valu-
able noninvasive marker for the detection of apoptosis.
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