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Two-Photon Fluorescence Spectroscopy and Microscopy of NAD(P)H and
Flavoprotein
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ABSTRACT Two-photon (2P) ratiometric redox fluorometry and microscopy of pyridine nucleotide (NAD(P)H) and flavopro-
tein (FP) fluorescence, at 800-nm excitation, has been demonstrated as a function of mitochondrial metabolic states in
isolated adult dog cardiomyocytes. We have measured the 2P-excitation spectra of NAD(P)H, flavin adenine dinucleotide
(FAD), and lipoamide dehydrogenase (LipDH) over the wavelength range of 720-1000 nm. The 2P-excitation action cross
sections (o,p) increase rapidly at wavelengths below 800 nm, and the maximum o, of LipDH is ~5 and 12 times larger than
those of FAD and NAD(P)H, respectively. Only FAD and LipDH can be efficiently excited at wavelengths above 800 nm with
a broad 2P-excitation band around 900 nm. Two autofluorescence spectral regions (i.e., ~410-490 nm and ~510-650 nm)
of isolated cardiomyocytes were imaged using 2P-laser scanning microscopy. At 750-nm excitation, fluorescence of both
regions is dominated by NAD(P)H emission, as indicated by fluorescence intensity changes induced by mitochondrial inhibitor
NaCN and mitochondria uncoupler carbonyl cyanide p-(trifluoromethoxy) phenyl hydrazone (FCCP). In contrast, 2P-FP
fluorescence dominates at 900-nm excitation, which is in agreement with the o, measurements. Finally, 2P-autofluores-
cence emission spectra of single cardiac cells have been obtained, with results suggesting potential for substantial

improvement of the proposed 2P-ratiometric technique.

INTRODUCTION

Redox fluorometry based on intrinsic fluorescence of re-
duced pyridine nucleotides (NADH and NADPH; hereafter
NAD(P)H) and oxidized flavoproteins (FPs) has been a
useful tool for studying cellular energy metabolism (re-
viewed by Balaban and Mandel, 1990; Chance, 1991; Mas-
ters, 1984; Masters and Chance, 1993). Previously, such
methods involved one-photon (1P) excitation at near-UV
and visible wavelengths for NAD(P)H and FP fluorescence,
respectively. However, in situ applications of the 1P-redox
fluorometry have been limited due to photobleaching of
intrinsic fluorophores, photodamage to biological samples,
and significant light scattering and absorption in turbid cell
and tissue environments. These difficulties can be mostly
overcome by using multiphoton microscopy (MPM) cou-
pled with near-infrared (NIR) excitation. MPM provides
advantages such as intrinsic three-dimensional resolution,
negligible out-of-focus photobleaching, reduced light scat-
tering and photodamage, and improved fluorescence collec-
tion efficiency (Denk et al., 1990; reviewed by Denk et al.,
1995; Xu and Webb, 1997). Consequently, two-photon (2P)
NAD(P)H fluorescence has been characterized and applied
to several biological studies (Piston et al., 1995; Kierdaszuk
et al., 1996; Konig et al., 1996; Masters et al., 1998; Piston
et al., 1999; Patterson et al., 2000; Kasischke et al., 2001).
However, little is known about the 2P characteristics of
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cellular FP fluorescence, despite its well-documented mo-
lecular origins.

Cellular flavins and flavin adenine dinucleotides (FADs)
and mononucleotides (FMNs) exist mostly as cofactors for
enzymes involved in oxidation-reduction reactions. There
are dozens of such enzymes that are mostly non- or weakly
fluorescent, because the fluorescence of their flavin cofac-
tors is usually significantly quenched by the protein envi-
ronment (Kunz and Kunz, 1985; Voltti and Hassinen,
1978). Early research has established that only lipoamide
dehydrogenase (LipDH) and electron transfer flavoprotein
(ETF) in mitochondrial matrix contribute significantly to
cellular FP fluorescence (Hassinen and Chance, 1968; Hall
and Kamin, 1975; Voltti and Hassinen, 1978; Kunz and
Kunz, 1985; Kunz, 1986). By one estimate, LipDH consti-
tutes ~50% of the FP fluorescence in rat liver mitochondria,
ETF ~25%, and unspecific flavins the rest (Kunz and Kunz,
1985). LipDH is found in several 2-oxo acid dehydrogenase
multienzyme complexes (reviewed by Perham, 1991), and
the redox state of its FAD cofactor is in direct equilibrium
with the mitochondrial NAD"/NADH pool (i.e., NAD
linked), as indicated by the simplified reaction mechanism
below:

LipDH(FADH,) + NAD*
< LipDH(FAD) + NADH + H*

Similarly, ETF is involved in transferring the reducing
equivalents resulting from B-oxidation of fatty acids to
coenzyme-Q in the respiratory chain (i.e., CoQ linked), and
its redox state is indirectly influenced by the mitochondrial
NAD*/NADH ratio (Hall and Kamin, 1975; Kunz and
Kunz, 1985; Kunz, 1988). The rest of the FP signal is
reducible only in the presence of dithionite (i.e., DIT reduc-
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ible), and it is likely related to weakly fluorescent FPs
and/or FPs that are not in redox contact with the respiratory
chain (Kunz and Kunz, 1985; Kunz, 1986, 1988).

Because only oxidized FPs and reduced NAD(P)H are
significantly fluorescent, these two signals respond oppo-
sitely to changes in mitochondrial metabolic states (Hassi-
nen and Chance, 1968; Scholz et al., 1969; Kunz and Kunz,
1985; reviewed by Masters, 1984; Koenig and Schnecken-
burger, 1994). Consequently, ratiometric redox fluorometry
based on NAD(P)H and FP fluorescence has been used to
monitor cell and tissue metabolism, which minimizes inter-
fering factors such as absorption of excitation and emission
light by intrinsic chromophores (e.g., hemoglobin, myoglo-
bin, and cytochromes), light scattering in turbid biological
samples, and variations in mitochondrial density and FP
concentrations (Scholz et al., 1969; Chance et al., 1979;
Nuutinen et al., 1981; Kunz et al., 1994; Kuznetsov et al.,
1998; Shiino et al., 1999). Previously, such ratiometric
methods required two-color 1P excitation and time-sharing
devices for alternate excitation and detection of the
NAD(P)H and FP fluorescence (Quistorff et al., 1985; Mas-
ters, 1984). In contrast, both NAD(P)H and FPs can be
simultaneously 2P excited at one NIR wavelength (Xu and
Webb, 1997). Therefore, 2P-ratiometric redox fluorometry
combines the advantages of MPM with the simplicity of one
excitation light. Furthermore, with increasing in vivo appli-
cations of 2P-NAD(P)H fluorescence to studies of cell and
tissue bioenergetics (Piston et al., 1995, 1999; Masters et al.,
1998; Patterson et al., 2000; Kasischke et al., 2001), it is
important to quantify the FP fluorescence contribution at
wavelengths typically used for 2P-NAD(P)H excitation.
Finally, compared with the NAD(P)H signal, FP fluores-
cence can be excited at longer excitation wavelengths, is
much more resistant to photobleaching, and is almost ex-
clusively associated with mitochondria (Scholz et al., 1969;
Koke et al., 1981). Therefore, identifying conditions where
2P-FP fluorescence can be isolated will be useful for studies
of mitochondrial functions and diseases (Berger et al., 1996;
Kunz et al.,, 1997; Romashko et al., 1998; reviewed by
Schoffner, 1997; Green and Reed, 1998; Wallace, 1999).

In this study, 2P-excitation action cross sections of
NAD(P)H, FAD, and LipDH were first determined in solu-
tion over the wavelength range of 720-1000 nm typically
used in MPM. These in vitro results guided subsequent
imaging of 2P-NAD(P)H, FP, or both types of fluorescence
in isolated adult dog cardiomyocytes. Further confirmation
of the assignment of the cellular fluorescence to FP or
NAD(P)H was provided by 2P-autofluorescence emission
spectra of single cardiac cells.

MATERIALS AND METHODS
Materials

Sodium pentobarbital was purchased from Vertech Pharmaceuticals (Dear-
born, MI). Collagenase (type I1I) was obtained from Worthington Biochem-
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ical (Lakewood, NJ). Bovine serum albumin (BSA), NaCN, carbonyl
cyanide p-(trifluoromethoxy) phenyl hydrazone (FCCP), NADH, NADPH,
FAD, and 2,4-dinitrophenol were purchased from Sigma (St. Louis, MO).
Fluorescein was purchased from Molecular Probes (Eugene, OR). LipDH
of bovine heart in 3.2 M (NH,),SO, (pH 6.0) was purchased from Sigma.
For the o,, measurements, the stock LipDH sample was desalted and
exchanged into a new buffer containing 100 mM potassium phosphate (pH
7.6) and 20 mM EDTA using a Bio-Gel P6 spin column purchased from
Pierce (Rockford, IL). Purity of the desalted LipDH was then checked by
its absorption ratio at 273 and 455 nm. A ratio close to 5.3 was found,
indicating a 1:1 stoichiometry of the oxidized cofactor FAD to LipDH
(Patel et al., 1995). Other salts used in this study were purchased either
from Sigma or Fisher Chemical (Pittsburgh, PA).

Epicardial myocyte preparation

Adult dog cardiomyocytes were isolated according to the protocol by
Pacioretty and Gilmour (1998). Briefly, an adult beagle dog was anesthe-
tized with Fatal-plus (390 mg/ml pentobarbital sodium; 0.2 mg/4.5 kg
intravenously). Its heart was quickly removed through a left thoracotomy
and immersed in a cold, oxygenated (95% O, and 5% CO,) Tyrode’s
buffer containing 0.7 mM MgCl,, 0.9 mM NaH,PO,, 2.0 mM CaCl,, 124
mM NaCl, 24 mM NaHCO;, 4 mM KClI, and 5.5 mM glucose, pH 7.4. The
circumflex coronary artery or a branch of the left anterior descending
coronary artery of the heart was cannulated, and a portion of the left
ventricle was excised and perfused with the Tyrode’s buffer at 37°C for
10-15 min. Afterwards, the perfusion buffer was switched to a Ca®"-free
solution containing 118 mM NaCl, 4.8 mM KCl, 1.2 mM MgSO,, 1.2 mM
KH,PO,, 0.68 mM glutamine, 11 mM glucose, 25 mM NaHCO;, 5 mM
pyruvate, 2 mM mannitol, and 10 mM taurine, pH 7.4. Approximately 3—5
min later, collagenase (0.4 mg/ml, type II) and BSA (0.5 mg/ml) were
added to the Ca?*-free solution, and perfusion was continued for another
10-12 min. The myocardial tissue was then cut into small pieces and
placed in a fresh 10-ml solution of the Ca>*-free buffer with the collage-
nase and BSA. The digestion mixture was bubbled gently and incubated in
a 37°C water bath for 5-10 min. After settlement, the supernatant was
discarded, and cardiomyocytes were washed once and incubated at room
temperature in a buffer containing 118 mM NaCl, 4.8 mM KCl, 1.2 mM
MgSO,, 1.2 mM KH,PO,, 0.68 mM glutamine, 11 mM glucose, 25 mM
NaHCO;, 5 mM pyruvate, 10 mM taurine, 0.5 mM CaCl,, 2% (w/w) BSA,
and 5 mM HEPES, pH 7.4 (buffer A). After 30 min, the isolated cardio-
myocytes were washed once more and exchanged into buffer A plus | mM
CaCl, (buffer B).

In vitro 2P spectroscopy

Following the analysis by Xu and Webb (1997), the time-averaged 2P
fluorescence from an illuminated volume, (F(¢)), is defined as:

(F(t)) = 3 ymC8,p(P(r, 1) , (1)

where m, C, and 8, are the fluorescence quantum yield, concentration, and
2P-excitation cross section of a fluorophore, respectively; i is the instru-
mental fluorescence collection efficiency; (I(r, 7)) is the average spatial and
temporal profile of the excitation laser pulses. For the same (/(r, 1)), 2P
fluorescence of a reference dye (R) with known 6,, and a fluorophore (U)
with unknown 8, are related by the following equation:

(F())r _ PYrMrRCrO2p k
(F)y  dbumuCudypy’
where (F())g and (F(?)), can be measured by a photomultiplier (PMT);

and my of 2P excitation are assumed to be the same as those of 1P
excitation (Xu and Webb, 1997); ¢ is determined by the 1P-fluorescence

)
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emission spectrum of the fluorophore, the transmission properties of the
emission filters used, and the quantum efficiency profile of the PMT (Rumi
et al., 2000). From Eq. 2, the 2P-excitation action cross section (0,p) of
LipDH, FAD, or NAD(P)H can be determined using the following
equation:

PrMrCr2p r(F(1))y
oar = Mudaru = PuCu(F(0)r ’ 3)

In this study, 2P-excitation wavelengths were provided by two Tsunami
Ti:sapphire lasers (Spectra Physics, Mountain View, CA) fitted with two
mirror sets that cover the respective wavelength ranges of 720—820 nm and
810-1000 nm. The o, measurements were carried out using a home-built
apparatus. Briefly, the excitation light was focused into a 3 X 3-mm quartz
cuvette containing a 100-ul sample using a lens of 17.6-cm focal length.
The right-angle 2P fluorescence was imaged onto a Hamamatsu H120—-08
PMT (Hamamatsu Corp., Bridgewater, NJ) using a 1:1 telescope system.
For 1P- and 2P-emission spectra measurements, an H-10 monochrometer
(JY Horiba, Edison, NJ) was inserted between the telescope system and the
detector to disperse the fluorescence emission. The monochrometer was
calibrated using the 488-, 568-, and 647-nm lines of an Ar-Kr laser. The
PMT signal was two-stage amplified using an SR440 amplifier (Stanford
Research Systems, Sunnyvale, CA) before being integrated by an SR400
gated photon counter (Stanford Research Systems) for 3 or 5 s. Fluorescein
in pH 11 water, whose absolute 2P-excitation cross sections have been
published (Xu and Webb, 1996; Albota et al., 1998), was used as the
reference dye. A fluorescence quantum yield of 0.9 was used for fluores-
cein (Demas and Crosby, 1971). The quadratic dependence of 2P fluores-
cence on the excitation power, 8—10 power levels between 100 and 700
mW, was established at each excitation wavelength, from which the
average o,p and its standard deviation were calculated.

Multiphoton laser scanning microscopy

The multiphoton microscope has been previously described (Williams and
Webb, 2000). Briefly, a Zeiss Axiovert-135 inverted microscope (Carl
Zeiss, Thornwood, NY) equipped with a Bio-Rad 1024 MP-scanning box
(Bio-Rad Laboratories, Hercules, CA) and a Zeiss 40X/1.3 NA F Fluar oil
objective was used. For 2P excitation, a Ti:sapphire laser (Millenia-Tsu-
nami combination, Spectra-Physics) provided the 80-MHz mode-locked
laser pulses with wavelength selections ranging from 730 to 900 nm.
Epifluorescence was separated from the back-scattered excitation light and
directed toward the external detectors by a Chroma 670DCLP dichroic
mirror (Chroma Technology Corp., Brattleboro, VT). At 750- and 800-nm
excitations, the fluorescence emission between 410 and 490 nm was
selected by a combination of a Chroma 500DCLP dichroic mirror and a
BGG22 band-pass filter, before being detected by a Hamamatsu
HC125-02 bialkali PMT (i.e., PMT1; ~410-490 nm). The remaining
fluorescence emission between ~510 and 650 nm was selected by a
Chroma 670DCLP dichroic mirror and a 575DF150 band-pass filter, before
being detected by a second Hamamatsu HC125-02 PMT (i.e., PMT2;
~510—-650 nm). For 900-nm excitation, 2P-fluorescence emission below
670 nm was combined by a second 670DCLP dichroic mirror and detected
by PMT1 only.

Isolated cardiomyocytes in buffer B were left at room temperature
(20-23°C) for at least 1 h before imaging. Subsequently, 200 ul of the
cardiomyocyte stock was transferred to a culture dish with a 10-mm
diameter coverslip bottom (MatTek Corp., Ashland, MA). After the solu-
tion was settled for at least 5 min to allow cell attachment to the glass
bottom, an additional 1.8 ml of buffer B was added to bring the final
volume to 2 ml. To monitor drug-induced fluorescence changes, five
images were acquired at 15-s intervals to establish the baseline autofluo-
rescence intensity. Each image (512 X 768 pixels) was collected by raster
scanning the focused laser beam over a typical sample area of ~197 X 296
um. Each image was acquired in ~1 s, and the average pixel dwell time for
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the scanning laser beam was ~0.6 us. Subsequently, 1 ml of buffer B
containing 12 mM NaCN, 12 uM FCCP, or 600 uM DNP was added
carefully without disturbing the attached cells within the microscopic field
of view. Twenty more images were acquired at 15-s intervals immediately
after the drug addition. The fluorescence of single cells was integrated
using the image analysis program Alice (Perceptive Informatics, Waltham,
MA) after subtracting the background intensity (i.e., the average pixel
value of images acquired using buffer B only). False color (lookup table:
Geog) images were prepared using Confocal Assistant Software (Bio-Rad
Laboratories). The weak autofluorescence was enhanced by “contrast
stretching” all images to the same extent (y = 1.8) and by setting the black
level of each image equal to its average background pixel value. Finally,
images were edited to appropriate sizes and orientations using Adobe
Photoshop 5.5 (Adobe Systems, Inc., San Jose, CA).

Single-cell fluorometry

The multiphoton microscope described above was modified as follows to
obtain the 2P-excited autofluorescence emission spectra of single cardio-
myocytes. Excitation light at 750, 800, or 900 nm was focused on single
cells using an Olympus (Melville, NJ) Uapo/340 40</1.15 water objective.
The epifluorescence was focused by the microscopic tube lens (focal
length = 16 cm) and directed by a Chroma 670DCLP dichroic mirror
toward a multimode UV-Vis optical fiber with a core diameter of 550 wm
(OZ Optics, Carp, Ontario, Canada). A Chroma short-pass filter
(HQ680SP) was placed in front of the fiber to further discriminate against
the back-scattered excitation light. The fluorescence emission spectra were
dispersed using a fiber-coupled 270M-1 spectrometer (Spex, Edison, NJ)
equipped with a liquid-N,-cooled CCD camera. The entrance and exit slit
widths of the spectrometer were 3 mm. The wavelength calibration of the
system was carried out using the 488-, 568-, and 647-nm lines of an Ar-Kr
laser (Bio-Rad Laboratories). Furthermore, the emission spectrum of a
model 63358 quartz-tungsten calibration lamp (Oriel Instruments, Strat-
ford, CT) was used to correct for the detection efficiency of the overall
system (i.e., the microscope, the optical fiber, the spectrometer, and the
CCD) as a function of emission wavelengths. The autofluorescence was
integrated for 10 s, and the emission spectrum was corrected based on our
calibration of the system. The average excitation power measured after the
objective was 8.5, 5.8, or 10.5 mW for 750-, 800-, or 900-nm excitation,
respectively. Autofluorescence images were acquired before and after each
spectral measurement to ensure normal cellular morphology and absence of
abrupt autofluorescence changes during the measurement.

RESULTS AND DISCUSSION

The 2P-ratiometric redox fluorometry based on NAD(P)H
and FP fluorescence requires these two signals to be de-
tected at comparable levels when excited using one NIR
light. However, the mitochondrial concentration of NADH
is orders of magnitude higher than those of fluorescent FPs
(i.e., mainly LipDH and ETF) (Guezennec et al., 1991;
Kunz and Gellerich, 1993), which typically results in a
significant imbalance in their respective fluorescence inten-
sities at one excitation wavelength. Therefore, 2P excitation
and detection efficiencies of the FP fluorescence need to be
optimized relative to those of the NAD(P)H signal for
successful applications of 2P-ratiometric redox fluorometry.
Thus, we first determined the 2P characteristics of these
intrinsic fluorophores in solution in order to identify the
optimal in vivo imaging conditions.

Biophysical Journal 82(5) 2811-2825
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2P-excitation action cross section measurements

The 2P-excitation action cross section spectra (o,p) of
NAD(P)H, FAD, and LipDH were determined with 10-nm
resolution over the wavelength range of 720-1000 nm (Fig.
1). The overall shapes of these 2P spectra are generally
predictable from their 1P-absorption spectra (lines, Fig. 1;
absorption wavelengths doubled), with the 2P-excitation
peaks slightly blue-shifted relative to the 1P peaks. For FAD
and LipDH, the 1P-absorption peaks associated with higher
energy transitions (i.e., ~376 nm (FAD) and ~363 nm
(LipDH)) are slightly smaller than those of lower energy
transitions (i.e., ~450 nm (FAD) and ~456 nm (LipDH)).
In contrast, the 2P-excitation spectra peak at wavelengths
below 720 nm for all molecules examined here. This result
is significant because at wavelengths (around 710 nm) pre-
viously used for 2P-NAD(P)H excitation (Piston et al.,
1995, 1999; Patterson et al., 2000; Kasischke et al., 2001),
2P-FP fluorescence is also maximally excited. Furthermore,
the maximum o, of LipDH at 720 nm (right y axis, Fig. 1)
is ~5 and 12 times larger than those of FAD and NAD(P)H
(left y axis, Fig. 1), respectively. Therefore, although the
LipDH concentration in mitochondria is much lower than
that of NADH (Guezennec et al., 1991; Kunz and Gellerich,
1993), 2P-ratiometric redox fluorometry may still be possi-
ble because of the much larger o, of LipDH. On the other
hand, at excitation wavelengths longer than 800 nm, there is
little 2P-NAD(P)H fluorescence, whereas the 2P-excitation
spectra of FAD and LipDH extend up to 1000 nm with
broad peaks around 900 nm that are optimal for the selective
excitation of FP fluorescence.

In vitro comparison of 1P- and 2P-excited
fluorescence emission spectra

The effect of different excitation pathways (i.e., 1P and 2P)
on the NAD(P)H, FAD, and LipDH fluorescence are also
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examined in solution (Fig. 2). The 2P-emission spectra of
FAD and LipDH excited at 730 nm (Fig. 2 4) and 900 nm
(Fig. 2 B) are found to be identical to their 1P-excited
counterparts (lines, Fig. 2, 4 and B). Similarly, the 1P- and
2P-excited emission spectra of NADH have also been
shown to be identical by Kierdaszuk et al. (1996); hence,
only the 2P-excited spectra of NAD(P)H are shown in Fig.
2 A. There is a significant overlap between the emission
spectra of NAD(P)H and LipDH, with a crossing point at
~500 nm (Fig. 2 A). Therefore, for subsequent imaging
experiments, two detectors, PMT1 (~410-490 nm) and
PMT2 (~510-650 nm), are set up for maximal NAD(P)H
and FP fluorescence detection, respectively. PMTI1
detects mostly NAD(P)H signal, whereas PMT2 detects
FP fluorescence plus, inescapably, a large NAD(P)H
bleed-through.

Cellular 2P-autofluorescence imaging

The ultrastructure of muscle cells is well understood, and
both their NAD(P)H and FP fluorescence are predominantly
associated with mitochondria (Canale et al., 1986; Eng et
al., 1989; Kuznetsov et al., 1998; Saks et al., 1998). Muscle
also has the highest content of LipDH among several tissues
(i.e., liver, kidney cortex, and brain), and its FP fluorescence
has been found to be mostly associated with this protein
(Nuutinen et al., 1981; Kunz and Gellerich, 1993; Kunz et
al., 1994; Romashko et al., 1998). Consequently, isolated
adult dog cardiomyocytes were used in this study to show
its 2P-FP fluorescence and were employed as the model
system to demonstrate 2P-ratiometric redox fluorometry.
The imaging experiments were carried out at room temper-
ature (RT = 20-23°C), which enabled the cardiac cells to
maintain good morphology (i.e., rectilinear body with well-
defined cell boundaries and few or no cell contractions) for
longer than 12 h in buffer B (see Materials and Methods).
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FIGURE 2 The 2P-fluorescence emission spectra of FAD ([J) and
LipDH (O) at 730-nm (4) or 900-nm (B) excitation coincide with their 1P
counterparts ( ). The 2P-emission spectra of NADH (A) and NADPH
(V) are identical and overlap significantly with those of FAD and LipDH
(A). Spectra shown are not corrected for a small wavelength dependence in
the fluorescence detection efficiency of the home-built fluorometer (see
Materials and Methods).

The fluorescence quantum yields of NAD(P)H and FPs are
slightly enhanced at RT compared with those at the physi-
ological temperature (e.g., NADH fluorescence is enhanced
1.6% with each degree of temperature reduction) (Es-
tabrook, 1962; Chance et al., 1979). Under these conditions,
the mitochondria of these cells are also in a relatively
oxidized state as prepared, which is beneficial for imaging
the weak 2P fluorescence of the oxidized FPs. On the other
hand, cellular metabolism at RT is considerably slower than
that at the physiological temperature, which likely dimin-
ishes the responses of these isolated cardiomyocytes to
drugs that alter the mitochondrial metabolic activity (see
below).

Because the o,p spectra suggest that both NAD(P)H and
LipDH are 2P excited most efficiently at wavelengths less
than 800 nm, cardiomyocytes illuminated with 750-nm light
were examined first. High-resolution autofluorescence im-
ages were acquired at both PMT1 (Fig. 3 4) and PMT2 (Fig.
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3 B). Comparison of these autofluorescence images to the
corresponding transmission image (data not shown) reveals
that the autofluorescence distribution aligns well with myo-
fibrillar bundles and is intersected by sarcomeric z-lines.
Such compartmentalized fluorescence has been shown for
both the 1P-NAD(P)H and FP fluorescence in muscle cells
and is found to colocalize with the mitochondria surround-
ing myofibrils (Eng et al., 1989; Kuznetsov et al., 1998;
Romashko et al., 1998). Interestingly, large bright fluores-
cence spots are also found approximately along the central
axis of the cardiomyocyte, where the presence of cellular
nuclei disrupts the normal continuation of myofibrils. These
hot spots are most likely associated with mitochondrial
congregates, as shown below.

To demonstrate the molecular origin of autofluorescence
excited at 750 nm, the oxidative phosphorylation inhibitor
cyanide (CN) is used to prevent the oxidation of NADH.
This results in an increase in the NAD(P)H fluorescence,
with a concurrent reduction in the FP signal. Similarly, the
mitochondrial uncoupler FCCP produces the opposite
changes in the autofluorescence (Eng et al., 1989; Kunz et
al., 1994; Kuznetsov et al., 1998; Romashko et al., 1998).
The CN and FCCP effects on the autofluorescence images
acquired at PMT]1 are shown in Fig. 4, with the fluorescence
changes indicating a predominantly NAD(P)H signal. These
drug-induced changes were examined in further detail by
following the evolution of the integrated autofluorescence
intensity of single cells after the addition of 4 mM NaCN, 4
M FCCP, or buffer B only (control). This experiment was
repeated for 10—11 different cells to produce the average
drug responses of autofluorescence detected at PMT1 (Fig.
5 A) and PMT2 (Fig. 5 B). An average laser power of ~3.1
mW at the sample was used, resulting in ~5% fluorescence
photobleaching during the 350-s time period of monitoring
the fluorescence changes (Fig. 5 A4). This small photo-
bleaching does not produce noticeable damage to the cells
as judged by the normal cell morphology (see above) and
the absence of abrupt autofluorescence changes (Eng et
al., 1989; Bennett et al., 1996; Konig et al., 1996). In Fig.
5 A, the addition of CN or FCCP induces a ~34%
increase or a ~7% reduction, respectively, indicating that
the 2P autofluorescence is predominantly associated with
NAD(P)H. Similar drug-induced changes are also observed
for the autofluorescence detected at PMT2 (Fig. 5 B), albeit
with reduced amplitudes (e.g., ~34% CN-induced enhance-
ment at PMT1 versus ~22% at PMT?2). These results lead
to the conclusion that PMT2 detects mostly the NAD(P)H
bleed-through (Fig. 2 4) because of the predominantly 2P-
NAD(P)H fluorescence excited at 750 nm due to its much
higher cellular concentration (Guezennec et al., 1991; Kunz
and Gellerich, 1993). On the other hand, the reduced am-
plitudes of the fluorescence changes observed at PMT2 are
likely due to the presence of residual FP signal that responds
oppositely to CN or FCCP. Such FP fluorescence is evident
upon examining the ratiometric signal I, = Ipyiro/lomris

Biophysical Journal 82(5) 2811-2825
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FIGURE 3 At 750 nm excitation, the autofluorescence emission of isolated cardiomyocyte is divided between PMT1 (~410—490 nm) and PMT2
(~510-650 nm), which are set up for maximal detection of the NAD(P)H and FP fluorescence, respectively. The 2P-autofluorescence image obtained at
PMT1 (4) is much brighter than that at PMT2 (B), indicating a predominant NAD(P)H signal. Images shown are the average of five consecutive scans.

where Ip\ o and Ipy,r; are the fluorescence intensities reg- tation, Ipyr; contains mostly the NAD(P)H fluorescence
istered at PMT2 and PMT1, respectively. At 750-nm exci- (Iy) and a small FP cross-over (/i¢), whereas /py, 1, includes

20 Um

20 Um

FIGURE 4 Addition of 4 mM NaCN (4 and B) or 4 uM FCCP (C and D) to the cardiomyocytes induces autofluorescence enhancement or reduction,
respectively. Images 4 and C were acquired immediately before the addition of drugs, whereas B and D were acquired 55 and 10 s after the addition of
NaCN or FCCP, respectively. Autofluorescence was excited at 750 nm and collected by PMT1 (~410—-490 nm) without averaging.

Biophysical Journal 82(5) 2811-2825



2P Spectroscopy and Microscopy

1.40

2817

135}

=
i
(=]

I
%Y
0

=
i
S

i
I

-
—
(2]

.
[y
<

oy
=)
O

=
=
S

i

+O4
=OHH
EOA

e

Normalized Fluorescence
V-]
wm

e
o
S

bt
%
b

\%/

l

i% $\

]
T

\§'§\§§'§\§§§§§§§§§§E [

111

%%/%\%%ﬁ%ﬁ i iéﬁé‘g%%@%@%gg%ﬁ%@%%@%

mn
LT

[ Ao MEAARARAR |

1 i 1 A 1 A 1 ] - 1 " | Y ] A L " ] i 1 ra |

0 50 100 150 200 250 300 350 0

50 100 150 200 250 300 350

0 50 100 150 200 250 300 350

Time (sec)

FIGURE 5 The time dependence of autofluorescence (A,, = 750 nm) changes induced by 4 mM CN (A), 4 uM FCCP (O), or buffer B only (control;
). (4) Autofluorescence detected at PMT1 (~410—490 nm; Ipyr); (B) Autofluorescence detected at PMT2 (~510—650 nm; /py1s); (¢) Ratiometric
signal I, = Ipyro/Ipymt- The integrated fluorescence intensity of individual cells is normalized to that immediately before the addition of drugs (at 60 s).
Error bars represent the standard errors of the mean for measurements of 10—11 different cells.

both the FP signal (/) and a large NAD(P)H bleed-through
(Incs Fig. 2 A4), yielding a ratio [, =~ (Ip + Ino)/In = I/l
+ Iyc/In. Because I/l is constant, addition of CN de-
creases /, by enhancing / and quenching /, as observed in
Fig. 5 C. However, the large amplitude of the CN effect on
the 2P-NAD(P)H fluorescence (Fig. 5 A) is reduced by
~3-fold for 7. (Fig. 5C), because I/l << Iyc/Iy. For the
smaller FCCP effect, its corresponding change in /. is neg-
ligible (Fig. 5 C). Therefore, despite a much larger o,p for
LipDH, the autofluorescence excited at 750 nm is domi-
nated by NAD(P)H emission, in agreement with previous
studies where 2P-NAD(P)H fluorescence is predominantly
detected at 710-nm excitation (Piston et al., 1995, 1999;
Patterson et al., 2000).

To realize 2P-ratiometric redox fluorometry, difficulties
related to the concentration disparity between the NAD(P)H
and FP molecules must be overcome. The 2P-excitation
spectra (Fig. 1) indicate that the o, of NAD(P)H decreases
to a negligible level whereas that of LipDH is reduced by
~60% when the excitation wavelength is increased from
750 nm to 800 nm. In fact, 2P excitation of LipDH is ~130
times more efficient than that of NAD(P)H at 800 nm,
according to their respective o,p values. Therefore, it is
feasible to compensate for the difference in the NAD(P)H
and LipDH concentrations, hence their respective fluores-
cence intensities, by imaging the cardiomyocytes under
800-nm illumination (Fig. 6). A higher excitation power of
~8.8 mW at the sample was used compared with the ~3.1
mW used at 750 nm. Nevertheless, a substantially dimmer

autofluorescence image is obtained at PMT1 (Fig. 6 4)
compared with its counterpart at 750-nm excitation (Fig. 3
A), which reflects a corresponding large decrease in the o,p
of NAD(P)H (Fig. 1). On the other hand, the autofluores-
cence image obtained at PMT2 is slightly brighter (Fig. 6 B
compared with Fig. 3 B), suggesting a small enhancement in
the FP signal. This enhancement is caused by the quadratic
dependence of 2P-FP fluorescence on the higher excitation
power used at 800 nm, which overcomes a corresponding
~60% decrease in the o,p of LipDH (Fig. 1). Overall, the
integrated fluorescence intensity ratio Ilpyri/lpmrs de-
creases from 4.1 (Fig. 3) to 1.8 (Fig. 6), reflecting a reduc-
tion in the NAD(P)H fluorescence but an enhancement in
the FP signal at 800-nm excitation. Thus, relatively bal-
anced FP and NAD(P)H signals can be achieved by the
optimal selection of the excitation wavelength for 2P-ratio-
metric redox measurement.

The above conclusion is further supported by the average
drug responses of seven to eight cells shown in Fig. 7. The
higher excitation power results in a ~12% fluorescence
bleaching in 350 s for the control sample (Fig. 7 A). Nev-
ertheless, the cells maintain their normal morphology with-
out abrupt autofluorescence changes associated with cell
deterioration. At PMT1 (Fig. 7 A), the addition of CN
eventually induces a ~21% fluorescence enhancement
whereas FCCP induces a ~17% reduction, indicating a
predominant 2P-NAD(P)H signal. In contrast, much smaller
drug effects are observed at PMT2 (Fig. 7 B), which is
likely due to the relatively comparable levels of FP and
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FIGURE 6 At 800-nm excitation, 2P-autofluorescence images of relatively comparable brightness were obtained at PMT1 (~410—-490 nm; 4) and PMT2
(~510-650 nm; B), indicating the presence of both the NAD(P)H and FP signals. Images were the average of five consecutive times.

NAD(P)H fluorescence detected at this channel. These two
signals respond oppositely to CN or FCCP, thus canceling
out each other’s drug responses. The drug-induced changes
are largely recovered upon examining the ratiometric signal

I, (Fig. 7 C). Directions of changes in /, are opposite to those
observed for the 2P-NAD(P)H fluorescence (Fig. 7 A) but
are consistent with the above analysis of this ratiometric
signal. Therefore, Fig. 7 C demonstrates the feasibility of

N |
iﬁ; M#%%%%%@%%%gg I %%H%ﬂ%ﬁ%ﬁ%:

1.00 F %@

Normalized Fluorescence

ST
= Wi

1t é%é%@éééﬁ

A
graighadbodd 1L

ﬁ‘%@ IF om0
| g 18 i

L

11

. Zgﬁéﬁ @@éﬁéﬁﬁé%%éé%%%

ARG ;s B BIABRARFER ]

0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
Time (sec)

FIGURE 7 The time dependence of 2P-autofluorescence (A, = 800 nm) changes induced by 4 mM CN (A), 4 uM FCCP (O), or buffer B only (control;
). (4) Autofluorescence detected at PMT1 (~410-490 nm; Ipyr;); (B) Autofluorescence detected at PMT2 (~510—650 nm; /py15); (C) Ratiometric
signal I, = Ipyiro/Ipnmti- Error bars are the standard errors of the mean of seven to eight measurements using different cells.
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20 um

FIGURE 8 A 2P-autofluorescence image of adult dog cardiomyocyte
excited at 900 nm. The weak autofluorescence emission was combined and
detected by PMT1 (< 650 nm; see Materials and Methods) only. The
image was produced by averaging five consecutive scans.

2P-ratiometric redox fluorometry at 800-nm excitation,
which can be further improved as discussed below.
Finally, the o, data in Fig. 1 indicate that only FAD
and LipDH are efficiently 2P excited at 900 nm. There-
fore, the weak autofluorescence emission of the cardio-
myocyte excited at 900 nm was combined and detected
by PMT1 only (Fig. 8). In general, the resulting autofluo-
rescence image is similar to those obtained at 750 and
800 nm (Fig. 3 and 6), except that there are more hot
spots observed under 900-nm illumination. These hot
spots with significantly elevated pixel intensities can be
classified into two categories. Small ones of 1-2 um
distribute randomly throughout the cell and are compa-
rable in size to individual cardiac mitochondria (Dow et
al., 1981; Segretain et al., 1981). Such small hot spots
have been observed in isolated guinea pig cardiomyo-
cytes using the 1P-excited FP fluorescence and are at-
tributed to the highly oxidized individual mitochondria
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(Romashko et al., 1998). There are also larger 2—5-um
hot spots, which are primarily found at the polar regions
surrounding the cardiomyocyte nuclei (i.e., cigar-shaped
dark regions along the central axis of cardiomyocyte;
Figs. 3, 6, and 8). Electron microscopic images of cardi-
omyocytes reveal various cellular organelles at these
perinuclear polar regions, including significant amounts
of mitochondria, as well as Golgi apparatuses, lipofuscin
granules, and lysosomes (Canale et al., 1986). To under-
stand which cellular organelle contributes most to the
intense autofluorescence observed at these polar regions,
the average CN effect associated with three large hot
spots (within squares, Fig. 9 A) is compared with that of
three representative normal regions (within circles, Fig. 9
A). Both the time-dependent fluorescence enhancements
of the normal regions and the hot spots coincide well with
that of the integrated fluorescence intensity of the whole
cell, except for a small time delay (i.e., ~50 s) for the
onset of the CN effect for the hot spots (Fig. 9 B). This
delay probably reflects CN diffusion within the cardio-
myocyte. Similar analysis is performed for cardiomyo-
cytes excited at 800 nm and 900 nm, and essentially the
same result shown in Fig. 9 is obtained. Therefore, the
intense autofluorescence of these large hot spots most
likely originates from mitochondrial congregates at the
polar regions adjacent to the cardiac nucleus (Canale et
al., 1986). Nevertheless, fluorescence contributions from
age-related lipofuscin granules and degraded protein de-
bris within lysosomes, which are insensitive to CN or
FCCP, cannot be completely ruled out. However, any
such contributions are negligible compared with the in-
tegrated fluorescence intensity of the whole cell, as dem-
onstrated by the concurrence of the CN effects derived
from analysis using either the integrated whole-cell in-
tensity or the intensity excluding the large hot spots
(Fig. 10).

The molecular origin of the 2P autofluorescence excited
at 900 nm was further examined by the addition of CN or
FCCP, which resulted in a ~12% fluorescence reduction or
a ~2-3% fluorescence enhancement, respectively (Fig. 10).
The directions of these autofluorescence changes are oppo-
site to those observed for the 2P-NAD(P)H fluorescence
(Figs. 5 4 and 7 A) but consistent with the 2P-FP signal.
Amplitudes of these drug effects (Fig. 10) are two to three
times smaller than those observed for the NAD(P)H signal
(Figs. 3 4 and 6 4). Such minor drug effects associated with
the FP fluorescence have also been observed in isolated rat
liver mitochondria (Chance et al., 1979) and are likely due
to the following facts. First, the dithiothreitol-reducible FP
signal (see Introduction) is insensitive to drugs that alter the
mitochondrial metabolic states (Kunz and Kunz, 1985;
Kunz, 1986). Second, two-electron reduced LipDH (i.e.,
FADH,) preserves ~15% of the flavin fluorescence of the
oxidized enzyme (i.e., FAD) (Veeger et al., 1976). Third,
NAD™ binding to the oxidized LipDH decreases its flavin
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FIGURE 9 Analysis of the large hot spots in the polar perinuclear regions of adult dog cardiomyocyte. (4) Autofluorescence excited at 750 nm was
collected at PMT2 (~510-650 nm) without averaging, resulting in a noisy background with an average pixel intensity of 12. Representative large hot spots
were selected by squares and normal regions by circles. (B) The CN-induced autofluorescence changes associated with the hot spots (l) and normal regions
(@) are compared with that of the integrated fluorescence intensity of the whole cell (A). Error bars are the standard errors of the mean.

fluorescence (Maeda-Yorita and Aki, 1984). Fourth, the drial NAD"/NADH ratio (see Introduction) (Kunz, 1988).

redox state of ETF is indirectly affected by the mitochon- Finally, at 900-nm excitation, background autofluorescence
FIGURE 10 The time dependence of 2P-autofluores- 1.06 | T
cence (A, = 900 nm) changes induced by addition of 4 [ A
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FIGURE 11 The 2P-excited autofluorescence
emission spectra of single cardiac cells were ob-
tained at 750-nm (H), 800-nm (@), and 900-nm
(A) excitation. For comparison, the in vitro 2P-
emission spectra of NADH ([J) excited at 750 nm
and LipDH (O) excited at 900 nm were also ob-
tained under the same experimental conditions.
Fluorescence emission from the incubation buffer
alone is negligible and thus is not included in this
figure. Spectra shown are corrected for the wave-
length-shift and wavelength-dependent variations
in the detection efficiency of the microscope-based
fluorometer (see Materials and Methods). The
quantum efficiency profiles (supplied by
Hamamatsu Corp., Bridgewater, NJ) of bialkali
PMT (i.e., PMTI and 2; - - *) and GaAsP PMT
(—) are also included. 0.0
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other than the 2P-FP signal may also contribute to the
smaller drug effects (see below). Despite these complica-
tions, a small FCCP-induced fluorescence enhancement is
resolved, which is repeated with another mitochondrial un-
coupler, 2,4-dinitrophenol (Fig. 10). An average laser power
of ~12.8 mW at the sample was used to excite the weak FP
fluorescence. However, the cells maintained their normal
morphology throughout the experiment. There is also neg-
ligible fluorescence photobleaching (Fig. 10), consistent
with previous observation that FPs are significantly more
resistant to photobleaching than NAD(P)H (Scholz et al.,
1969). Finally, it is concluded that 900-nm excitation is
most suitable for detecting 2P-FP fluorescence.

2P-autofluorescence emission spectra of
single cardiomyocytes

The molecular origins of autofluorescence excited at 750,
800, and 900 nm are also confirmed by the 2P-autofluores-
cence emission spectra of single cardiomyocytes (Fig. 11).
For comparison, the 2P-emission spectra of NADH and
LipDH in solution are also obtained under the same exper-
imental conditions (Fig. 11). At 750-nm excitation, the
cellular spectrum coincides well with the in vitro spectrum
of NADH, except for a substantial enhancement in the red
emission at wavelengths >490 nm that can be attributed to
the FP fluorescence. This result agrees with the o,, mea-
surements that suggest both the NAD(P)H and FP mole-
cules are efficiently 2P excited at 750 nm (Fig. 1). Com-
parison of the in vivo and in vitro spectra further
demonstrates that the cellular NAD(P)H emission domi-
nates at this excitation wavelength (Fig. 11), which is con-
sistent with the drug effects shown in Fig. 5. Indeed, as-
suming that the difference between the in vitro and in vivo
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spectra is solely due to the FP signal, it can be estimated that
~62% of the cellular autofluorescence emission between
510 and 625 nm (i.e., within the detection spectral window
of PMT2) is composed of the NAD(P)H bleed-through.
Because the CN effects on the relatively pure NAD(P)H
(Fig. 5 A) and FP (Fig. 10) signals are ~34% and ~12%,
respectively, the expected CN effect on the autofluores-
cence detected at PMT2 (Ipymo = Ir + Iyc; see above) can
be calculated to be ~17%. Considering significant varia-
tions in the drug responses of individual cells, this calcu-
lated CN effect is in close agreement with the average result
of ~22% derived from experimental measurements of
10—11 cells (Fig. 5 B).

The cellular spectrum obtained at 900-nm excitation is
significantly red-shifted and peaks at about the same
wavelength as the in vitro spectrum of LipDH (Fig. 11).
However, the cellular spectrum is significantly broader,
reflecting the complexity in the composition of cellular
FP fluorescence that includes contributions from not only
LipDH and ETF but also flavins that are reducible only in
the presence of DIT (see Introduction). Such broad cel-
lular FP fluorescence spectrum has also been observed
using 1P excitation (Chance and Lieberman, 1978;
Chance et al., 1979; Kunz, 1986; Kunz et al., 1994).
Interestingly, a small amount of autofluorescence emis-
sion at wavelengths <450 nm is observed, which cannot
be caused by 2P excitation at 900 nm, because the energy
of the fluorescence photon would be larger than the sum
of the energy of two excitation photons. Several factors
may contribute to this unexpected blue emission. First,
the excitation pulse width (i.e., full width half-maxi-
mum =~ 15 nm) at 900 nm introduces some of the blue
emission below 450 nm. Second, 3P-excited autofluores-
cence can emit below 450 nm. A considerable amount of
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3P autofluorescence has been reported for in vivo human
skin excited at 960 nm (Masters et al., 1997). However,
3P autofluorescence is not expected under our imaging
conditions, unless there are unidentified intrinsic fluoro-
phores with exceptionally large 3P-excitation cross sec-
tions within the isolated cardiomyocytes. This unex-
pected blue autofluorescence is unlikely due to 3P
excitation of FAD and LipDH, because both molecules
have negligible fluorescence quantum yields at 300 nm
(i.e., 1P equivalent of 3P excitation at 900 nm). Thus, the
molecular origin of this potential 3P fluorescence awaits
further investigation. Finally, the fluorescence detection
efficiency of the liquid-N,-cooled CCD camera used for
spectral acquisition (see Materials and Methods) peaks at
~562 nm. Therefore, autofluorescence emission on both
sides of this peak wavelength needs to be compensated
based on our calibration of the microscope-based spec-
trophotometer. Consequently, a small variation in the
calibration curve at wavelengths <450 nm may artifi-
cially boost the autofluorescence emission. In fact, for
the uncorrected emission spectrum, there is a negligible
amount of fluorescence emission below 450 nm. Despite
the above complications, comparison of the cellular
emission spectrum with that of LipDH demonstrates that
the cellular FP fluorescence dominates at 900-nm
excitation.

Finally, at 800-nm excitation, the cellular spectrum
resembles that measured at 900 nm, except for a signif-
icant enhancement at wavelengths <510 nm that can be
attributed to the NAD(P)H emission. This result is con-
sistent with the o,p measurements that indicate negligible
2P excitation for NAD(P)H but substantial 2P excitation
for LipDH at 800 nm (Fig. 1). The cellular FP fluores-
cence appears to dominate at this excitation wavelength,
but the NAD(P)H contribution may be underestimated
because of its much faster photobleaching rate during the
10-s integration time that is necessary to acquire the
emission spectrum (see Materials and Methods). Further-
more, a quantitative estimation of the NAD(P)H contri-
bution is not possible here, because of the uncertainty
associated with the cellular FP fluorescence spectrum
obtained at 900 nm. The conditions that introduce the
unexpected blue emission (see above) may not be present
at 800-nm excitation. In fact, only a tiny amount of
autofluorescence emission at wavelengths <400 nm is
observed for 800-nm excitation. With these consider-
ations and because the NAD(P)H fluorescence is much
more sensitive to changes in the mitochondrial metabolic
states (see above), the NAD(P)H-like drug effects are
observed at PMT1 (~410-490 nm) with the amplitudes
of fluorescence change reduced by a likely substantial FP
cross-over (Fig. 7 A). At PMT2 (~510-670 nm), the
drug effects of NAD(P)H and FP fluorescence mostly
cancel each other out (Fig. 7 B).
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Finally, the emission spectra shown in Fig. 11 suggest
that the detection specificity for both the NAD(P)H and FP
fluorescence can be improved by narrowing the spectral
windows of PMTI1 (i.e., 410-490 nm) and PMT2 (i.e.,
510-640 nm). For example, the spectral window for de-
tecting the FP fluorescence may start from 550 nm to avoid
most of the NAD(P)H bleed-through. Such an approach will
be feasible using a detector with higher detection quantum
efficiencies (i.e., GaAsP PMT) than the one used in this
study (i.e., bialkali PMT; see below). For comparison, the
quantum efficiency (QE) profiles of both PMTs are in-
cluded in Fig. 11 (right axis).

Summary and future developments

Redox fluorometry based on the intrinsic NAD(P)H and/or
FP fluorescence provides a minimally invasive way of mon-
itoring cellular energy metabolism as a function of substrate
availability, oxygen supply, or mitochondrial function defi-
ciencies (reviewed by Balaban and Mandel, 1990; Chance,
1991; Masters and Chance, 1993; Saks et al., 1998). How-
ever, when applied to in situ monitoring of tissue or organ
metabolism, redox fluorometry suffers from problems asso-
ciated with light scattering in turbid biological environment,
light absorption by intrinsic pigments (i.e., hemoglobin,
myoglobin, cytochromes, etc.), nonspecific background flu-
orescence, blood flow, sample movement, and instrumental
instability. Consequently, ratiometric redox fluorometry
based on both the NAD(P)H and FP fluorescence has been
proposed to provide an internal calibration against the above
interfering factors (Chance et al., 1978; Quistorff et al.,
1985). However, at UV and visible wavelengths for 1P
excitation, light intensity and signal integrity quickly de-
grade as a function of sample depth, so that only the surface
autofluorescence can be collected and analyzed reliably. To
achieve three-dimensional resolution, tissues have been fro-
zen at liquid nitrogen temperature and mechanically sliced
to expose the subsequent cell layers. This method typically
provides >100-um resolution so that metabolic information
of individual cells is not attainable (Masters, 1984; Quistorff
et al., 1985). Attempts to integrate redox fluorometry with
high-resolution fluorescence microscopy have been made
(reviewed by Masters, 1984; Masters and Chance, 1993),
particularly with confocal and multiphoton microscopy
(MPM), which provide submicron lateral resolution and
three-dimensional section capability (Kuznetsov et al.,
1998; Romashko et al., 1998; Patterson et al., 2000; Kasis-
chke et al., 2001). However, the complexity of the 1P-
ratiometric redox fluorometry (e.g., two excitation lights,
time-sharing excitation, and detection devices) prevents its
easy integration with the confocal microscopic configura-
tion. On the other hand, with MPM, both the NAD(P)H and
FP fluorescence can be simultancously 2P excited at one
NIR wavelength (Figs. 1, 7 and 11), so that complications
related to the different inner-filter and light-scattering ef-
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fects of two-color 1P excitation are avoided. Furthermore,
MPM provides much improved optical section capability in
highly scattering biological media compared with confocal
microscopy, as exemplified by its ability to resolve subcel-
lular structures at depth >200 wm in brain slice and >400
um in rabbit cornea (Piston et al., 1995; Kasischke et al.,
2001). Finally, previous ratiometric redox techniques can-
not differentiate the mitochondrial NADH fluorescence
from the cytosolic NAD(P)H signal, which complicates the
analysis of the FP/NAD(P)H ratio signal and reduces the
sensitivity of the technique toward changes in mitochondrial
metabolic activity (Masters, 1984; Quistorff et al., 1985).
However, with submicron resolution provided by MPM,
individual mitochondria are resolved (Fig. 8) so that mito-
chondrial NADH fluorescence can be isolated (Patterson et
al., 2000). Therefore, 2P-ratiometric redox fluorometry may
be applied to individual mitochondria with enhanced sensi-
tivity. In conclusion, the above and other advantages of
MPM (see Introduction; reviewed by Denk et al., 1995; Xu
et al., 1996) make it an attractive approach for ratiometric
redox fluorometry. However, a major difficulty of any ra-
tiometric redox technique is caused by the concentration
disparity of the mitochondrial NADH and FP molecules.
Furthermore, with 2P excitation at one NIR wavelength, it is
difficult to completely separate the overlapping NAD(P)H
and FP signals (Figs. 2 and 11). Additional challenges are
the small excitation cross sections of the intrinsic fluoro-
phores (Fig. 1) and the low quantum efficiency of PMT in
detecting the FP fluorescence (Fig. 11). These difficulties
provide motivations to further improve the 2P-ratiometric
redox technique.

Effective application of autofluorescence to biological
studies relies on good understanding of the photophysics of
the intrinsic fluorophores involved. In this study, the 2P
characteristics of NAD(P)H, FAD, and LipDH are system-
atically examined in solution over a wavelength range that
is important for MPM (Figs. 1 and 2). These in vitro results
provide not only the strategy of imaging 2P-NAD(P)H, FP,
or both types of fluorescence in isolated adult dog cardio-
myocytes, but also a guideline for minimizing the autofluo-
rescence background during multiphoton excitation of ex-
trinsic fluorophores. The o,p values of NAD(P)H and FAD
determined in this study are extensions to those previously
measured by Xu et al. (1996), which cover the wavelength
range of 690—800 nm only. Those early data are repeated,
for the purpose of quantitative comparison, under the same
experimental conditions under which the new measure-
ments for LipDH and FAD were carried out. More impor-
tantly, additional 2P-excitation peaks around 900 nm are
discovered for FAD and LipDH, which leads to the first
confirmed image of 2P cellular FP fluorescence (Fig. 8).
The o,p values shown in this study are comparable to those
determined by Xu et al. (Xu et al., 1996; Xu and Webb,
1997).
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For non-centrosymmetric fluorophores such as NAD(P)H
and FAD, a transition to the lowest excitation state (S, state)
can be achieved through either the 1P or 2P processes (Xu
and Webb, 1997; Wakebe and van Keuren, 1999). There-
fore, the 2P-excitation spectra of these molecules can be
largely predictable from their 1P counterparts (Fig. 1). Fur-
thermore, the 2P- and 1P-fluorescence emission spectra are
exactly the same (Fig. 2), which is expected because both
result from the same S, state (i.e., Kasha’s Rule; Kierdaszuk
et al., 1996; Xu and Webb, 1997). Consequently, the 2P
excitation and emission properties of another important FP,
ETF (see Introduction), which is not characterized in this
study because of its lack of ready availability, can be
speculated. The 1P absorption and fluorescence emission
peaks of ETF are blue-shifted by ~20 and 30 nm compared
with those of LipDH, respectively (Hall and Kamin, 1975).
Therefore, ETF should also be 2P excited at wavelengths
used in this study, and its fluorescence probably contributes
to the broadening on the blue side of the cellular autofluo-
rescence emission spectrum determined at 900 nm (Fig. 11).
By the same argument, the dithiothreitol-reducible FPs (see
Introduction) likely also contribute to the broadening of the
2P-cellular emission spectrum obtained at 900-nm excita-
tion (Fig. 11; Kunz and Kunz, 1985; Kunz, 1986). Conse-
quently, not only the FP fluorescence detected at PMT2 is
contaminated by a large NAD(P)H bleed-through but also
the NAD(P)H signal at PMT1 by a substantial FP cross-
over, especially at 800 nm proposed for 2P-ratiometric
redox fluorometry (Fig. 1 and 11). Thus, a more effective
way of separating the NAD(P)H and FP fluorescence is
needed.

The average fluorescence lifetime of LipDH in solution is
determined to be 4.55 ns, which is approximately nine times
larger than that of NADH (0.51 ns; data not shown), sug-
gesting that these two signals may be effectively separated
in the lifetime domain. Therefore, a time-gated fluorescence
detector that can selectively accumulate the NAD(P)H and
FP photons at different time windows following each 2P-
excitatoin pulses (pulse width ~ 100 fs) will significantly
improve the sensitivity of the 2P-ratiometric redox method.
Furthermore, as demonstrated in Fig. 11, the detection ef-
ficiency for both the NAD(P)H and the FP fluorescence can
be substantially improved. At 470 and 525 nm, emission
peaks for the NAD(P)H and FP (i.e., ~525 nm) fluores-
cence, respectively, the quantum efficiencies (QEs) of the
GaAsP PMT are ~1.4 and ~3.7 times higher than the
corresponding QEs of the bialkali PMT used in this study.
Although this recently available GaAsP PMT can operate
only in the photon-counting mode that is not suitable for
high-intensity fluorescence imaging, it may be sufficient for
the weak intrinsic fluorescence of NAD(P)H and FP. Such
a PMT will enhance the FP fluorescence relative to the
NAD(P)H signal, thus significantly improving the sensitiv-
ity of 2P-ratiometric redox measurement. Finally, we con-
clude that future technical advancements (e.g., lifetime-
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based autofluorescence detection and GaAsP PMT) will
substantially improve the 2P-ratiometric technique, whose
potential is explored here only as a proof of principle.
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