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1 Introduction

myopathies; ™ neurodegenerative diseadésand impair-
ments of energy metabolism by environmental to%ins
drugs have been related to malfunction of the mitochondrial

Abstract. To establish optical in situ detection of mitochondrial mal-
function, nonradiative energy transfer from the coenzyme NADH to
the mitochondrial marker rhodamine 123 (R123) was examined. Dual
excitation of R123 via energy transfer from excited NADH molecules
as well as by direct absorption of light results in two fluorescence
signals whose ratio is a measure of mitochondrial NADH. A screening
system was developed in which these signals are detected simulta-
neously using a time-gated (nanosecond) technique for energy transfer
measurements and a frequency selective technique for direct excita-
tion and fluorescence monitoring of R123. Optical and electronic
components of the apparatus are described, and results obtained from
cultivated endothelial cells are reported. The ratio of fluorescence
intensities excited in the near ultraviolet and blue-green spectral
ranges increased by a factor 1.5 or 1.35 after inhibition of the mito-
chondrial respiratory chain by rotenone at cytotoxic or noncytotoxic
concentrations, respectively. Concomitantly the amount of mitochon-
drial NADH increased. Excellent linearity between the number of
cells incubated with R123 and fluorescence intensity was found in

suspension. © 2000 Society of Photo-Optical Instrumentation Engineers.
[S1083-3668(00)00504-9]
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for the extended conformation and 465 nm for the folded
An increasing number of diseases such as mitochondrial conformation of the molecule. The extended conformation oc-
curs when NADH is bound to proteins, whereas the folded

conformation is found for unboung‘free” ) NADH. Previ-

ously, using time-resolved fluorescence spectroscopy, mal-

functioning of the respiratory chain has been correlated with
fluorescence intensity of free NADH:!®

In living cells, fluorescence of mitochondrial NADH is
commonly superposed by the fluorescence of cytoplasmic

respiratory chain. Detection and characterization of mitochon-
drial malfunction often require complex biochemical proce-
dures after cell lysis. In contrast, fluorometric methods are

nondestructive and may be suitable for detecting specific me- NADH as well as by nicotinamide adenine dinucleotide phos-

tabolites in living cells or tissues. In particular, intrinsic fluo- phate (NADPH) with almost identical emission spectra.
rescence of the coenzyme nicotinamide adenine dinucIeotideTherefore, in order to detect mitochondrial NADH selec-
in its reduced form(NADH)*"* has so far been examined. ively, nonradiative energy transfer from NADfhe energy
Fluorescence intensity of NADH has been proposed to be angonoy to the mitochondrial marker rhodamine 1gRef. 17)
appropriate parameter for detection of ischefit or (R123; the energy accepionas been examindd.If energy
neOplaStiéS_lstissueS. Fluorescence spectra of NADH exhibit transfer according to the 'Egter mechanism should exceed
two overlapping emission bands with maxima around 440 nm spontaneous deactivation of the donor, intermolecular dis-
tances of less than 10 nm are requit®d. further prerequisite

of this resonant energy transfer mechanism is an overlap of
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the emission spectrum of the donor with the absorption spec-
trum of the acceptor. Spectral overlap of the emission of free
NADH and absorption of R12@naximum around 495 njmis
sufficiently fulfilled. However, R123 is a membrane potential
probe, and its accumulation is expected to depend on mito-
chondrial membrane potential. Since the fluorescence quan-
tum yield of R123 is about 0.9 compared with 0.02 for free
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NADH,® energy transfer from mitochondrial NADH to R123 mirror LED:ATO* 20nm
is detected with high sensitivity. Nd: YAG-laser % e mum miror
As described previoush, excitation of the coenzyme (385am; 2ns) § 7
NADH with subsequent nonradiative energy transfer to R123 [=Y=Y. Yotote]
. . . iti-well COCOOO i
molecules induces a fluorescence signal of R123 whose inten- mutelipiste coooos/ [p e

sity is linearly related to both dongNADH) and acceptor
(R123 concentrations. When using direct optical excitation of Fig. 1 Optical and electronic setup for energy transfer measurements
R123, its fluorescence intensity is proportional to the intra- in situ using time-gated and frequency selective fluorescence detec-
cellular amount of R123, if the concentration within the incu- tion. Excitation wavelengths: 355 nm (pulsed laser) or 47020 nm
bation medium is below 2xM. Therefore, the ratio of both ~ (modulated LED); emission measured at A=515 nm.

fluorescence signals is linearly related to donor concentration

and appears to be a measure of mitochondrial NADH, since

all other parameters of this ratie.g., the concentration-  of mitochondrial metabolism cannot be excluded. At the end
independent energy transfer rate, extinction coefficients asof the incubation period, the medium was removed, and cells
well as the fluorescence quantum yield of the accepoe were rinsed twice with phosphate buffered sali89 (at
expected to remain unchanged. Previous measurements using7°C) and covered with 10QuL PBS prior to fluorometric
fluorescence microscofyshowed an increase of this ratio up  measurements. In addition, cells were coincubated for 30 min
to a factor of 4 after inhibition of specific enzyme complexes with R123(10 uM) and rotenone, a well-known inhibitor of
of the mitochondrial respiratory chain. At present, micro- the first enzyme complex of the mitochondrial respiratory
scopic detection has been replacedibsitu measurements,  chain?* at a concentration of LM or 25 nM. According to
using 96 well dishes. This permits rapid screening of samples both MTT and proliferation assay$the first concentration of
with rather small statistical variances when large numbers of rotenone was cytotoxic towards BKEz-7 endothelial cells,
cells per sample are examined. For simultaneous measureshowing about 50% survivallCsg) 48 h after incubation,
ment of R123 using indiredivia energy transferas well as whereas the latter one was noncytotoxic with more than 90%
direct excitation, two different detection modes are required. survival after 48 h. Further experiments were carried out with
Therefore, the apparatus presently described incl(iesx- suspensions of BKEz-7 endothelial cells at well defined cell
citation of NADH in the near ultraviolet region by nanosec- numbers betweerl.56x 10* and 2.5x 1°. For this, cells
ond laser pulses and time-gated detection of R123 fluores-growing within cultivation flasks were incubated for 30 min
cence and?2) continuous excitation of R123 by a frequency with R123(25 uM in MEM), washed three times with PBS,
modulated light emitting diode in the blue—green spectral detached (with 1 mL trypsin/EDTA), centrifuged, and
range and frequency selective detection of R123 fluorescencecounted in a Neubauer chamber, described elsewfeel-
lular suspensions were further diluted with PBS, and 400
samples were used for fluorescence measurements. Integral
light doses during measurements were below 0.4 2Jnal
revealed to be nonphototoxic towards BKEz-7 endothelial
cells incubated with R128see Ref. 1§

As shown in Figure 1, 96 well dishes are moved on a
scanning table by ar, y step motor. Individual samples are
placed within the beams of a pulsed Nd:YAG lageCR 11;
Spectra Physics, Mountain View, CA=355 nm, pulse du-

2 Materials and Methods

In vitro experiments of BKEz-7 endothelial cells from calf
aort&® were carried out within black 96 well dishé3ptiplate

II; Deelux, Galenstorf, Germary Cells were routinely culti-
vated in Eagle’s minimum essential mediyMEM) supple-
mented with 10% fetal calf seruffFCS, glutamine(2 mM),
and antibiotics(penicillin, streptomycih at 37°C and 5%

CO,. Part of the experiments was carried out with almost
confluently growing monolayers, which were obtained after a
growth period of 36 h when 500 cells mifwere seeded.
After this growth period the medium was removed, and cells
were incubated for 30 min with R123 at concentrations of 1,
5, 10, 15, or 25«M. According to a proliferation test as well
as an MTT tes{probing the activity of mitochondrial dehy-
drogenase@sthese concentrations were noncytotoXié! In

ration 2.5 ns, pulse energy 5Q8, repetition rate 10 Hzas

well as a frequency modulated light emitting diod€ED) (2
mW; modulation frequency 1083 KHequipped with an inter-
ference filter for 47620 nm. LED radiation is deflected and
focused onto the sample using a dichroic miri@t0 nm and

a 25 mm biconvex lens, whereas laser radiation is deflected
onto the sample by a highly reflecting aluminum mirror of 5
mm diameter. The beam diameters of focused LED and diver-

addition, the amount of intracellular adenosine triphosphate gent laser radiation are both adapted to the diameter of the

(ATP) remained almost constant upon incubation with the
highest concentration of R1225 uM),?* similar to reports
on isolated mitochondri&. However, according to further re-
ports in the literaturé® especially in combination with irra-
diation during fluorescence measureméatspme inhibition

samples(6 mm). Fluorescence light is collimated by a lens
(f=25mm; same as aboyesplit into two detection paths,
and detected by two photomultiplier tub@aMTs) after trans-
mission of 515 nm long pass filters. Alternatively, interfer-
ence filters for 53&20 nm (corresponding to the emission
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Fig. 2 Silmultaneous time-gated and frequency selective detection Qf Fig. 3 Fluorescence signal of almost confluently growing monolayers
rhqdamlne 123 fluorescence after laser pulse or modulated LED exci- of BKEz-7 endothelial cells after incubation with various concentra-
tation. tions of R123 using either laser pulse excitation (355 nm) and time-

gated detection, or modulated excitation (47020 nm) and frequency
selective detection; emission measured at A=515 nm. Median=MAD
maximum of R123 can be used. The electric signal of the (median absolute deviation) of eight measurements in each case.

first photomultiplier(9318; Hamamatsu Photonics; Figure 1,

right) is fed to a frequency selective amplifié€t083 H2,

which is synchronized with the LED using lock-in techniques. used for time-gated or frequency selective measurements, re-
The second photomultipliefR6427; Hamamatsu Photonics; spectively. In both cases, the fluorescent backgro{oedls
Figure 1, top is operated in a time-gated mode. The first three covered by 10QuL PBS) was about 75% of the signal mea-
dynodes of this photomultiplier are in a short circuit except sured for the smallest concentration of (dM R123 and
from periods of 60 ns when a square wave of about 300 V proved to be reproducible withit5%. After subtraction of
amplitude is generated by discharge of a coaxial transmissionthis background, a linear relationship between fluorescence
line, resulting in voltages of 100 V between adjacent intensity and extracellular concentration of R123 was found
dynodes® The pulse generator is triggered optically by the for both excitation wavelengths between 1 andud (Figure
laser pulses using a fast photodiode with an amplifier and 3). Standard deviations of the fluorescence intensity were
pulse shaper, such that the time gate is opened about 5 ns afteabout +15%, i.e., considerably smaller than in previous mi-
the onset of the laser pulse. The output signal of the photo- croscopic experiment$;?° but similar to variations of the in-
multiplier is again amplified and integrated over a period of tracellular amount of R12%¥ Background luminescence at
80 ns, which is slightly longer than the time gate of the pho- A=515 nm was assigned to autofluorescefmainly of flavin
tomultiplier. Although the selected time gate is long as molecule$?”%3, superimposed by some parasitic lumines-

compared with the fluorescence lifetime of R, permits cence of the optical components, in particular the multiwell
suppression of long-livedmicrosecong ultraviolet (UV)- dishes.
induced parasitic luminescence of the experimental setup. Measurements of suspensions of BKEz-7 endothelial cells

Time-gated and frequency selective detection modes areincubated with 25uM R123 showed excellent linearity be-
depicted in Figure 2. Laser-induced fluorescence is detectedtween the fluorescence intensity and the cell number with
within time gates of 60 ns prior to “dark times” of almost standard deviations below10% for time-gated as well as for
100 ms each. Therefore, superposition by continuous LED- frequency selective detectidfrigure 4. The contribution of
induced fluorescence becomes negligible. On the other handautofluorescence of the celland the optical componentde-
the frequency selective fluorescence signal induced by LED is
only slightly affected by laser-induced fluorescence. In order
to suppress laser-induced background completely, frequency 2000
selective detection is turned off during the short durations of hex= 355nm Agx= 470120nm
aperture of the time gate. These different operation modes 1500 o .
permit simultaneous detection of R123 fluorescence after en-
ergy transfer from NADH and after direct optical excitation.
The ratio of both signals is calculated in a microprocessor and
is a measure of mitochondrial NADH. The microprocessor
also records variations of the pulse energy of the Nd:YAG
laser as well as drifts of LED power, and allows correction of

the measured signals. 0 T T T T
0 10 20 30 10 20 30

number of cells [><104 |

1000 4 -

500 -

fluorescence signal [mV]

3 Results

The fluorescence intensity of monolayers of BKEz-7 endothe- Fi8: 4 Fluorescence signal of R123 at various numbers of BKEz-7 en-
dothelial cells in suspension using laser pulse excitation (355 nm) and

lial cells incubated with various goncentratlc_)ns of R123 time-gated detection (left) or modulated excitation (470+20 nm) and
(.1_25 uM) ShOW(.Ed a monotonous increase with concentra- frequency selective detection (right); emission measured at A=515
tion for both excitation wavelengths, 355 and 472D nm, nm. Mean=standard deviation of 10 measurements in each case.
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0.8 creased by a factor of 1.7 after application gl rotenoné?
g or by a factor of 1.35 after application of 25 nM rotenone
~ 0.6 4 T (unpublished data
8 Previous microscopic experiments on energy transfer spec-
% troscopy of cultivated BKEz-7 endothelial cells showed an
§ 0.4 1 I increase of mitochondrial NADH by a factor of around 4 after
5 inhibition of the first enzyme complex by roteno( uM)
g 02 and of a factor of 1.8 after inhibition of the third enzyme
S complex of the respiratory chain by antimy¢buM).'® Stan-
= dard deviations of values obtained from small collectives of
0.0 about five individual cells in each case were ov€50% com-

control M 25nM pared with +=15% for the large cell collectives in multiwell

Fig. 5 Fluorescence ratio I355/147¢ of BKEz-7 endothelial cells from dishes. A smaller increase of mitochondrial NADH upon in-

calf aorta after incubation with R123 (10 uM; control) or coincubation hibition of the respiratory chain was thus detected within the
with R123 (10 uM) and rotenone at cytotoxic (1 uM) or noncytotoxic multiwell dishes as compared to the fluorescence microscope.
(25 nM) concentration. Excitation wavelengths: 355 nm (pulsed laser) In the latter case, experiments were performed under visual
and 470220 nm (modulated LED); emission measured at A=515 nm. control, i.e., cells with a pronounced mitochondrial pattern of

+ iati f 4 i h . . .
Mean *standard deviation of 40 measurements in each case R123 fluorescence were selected, whereas in multiwell ex-

periments some overlap by a diffuse fluorescent background

occurred. This background fluorescence included smaller
creased from about 20% for the smallest cell numdeb6 amounts of cytoplasmic R123 as well as some larger amounts
x10% to less than 5% for the largest cell numbg2.5 of extracellular R123, which was attached to the multiwell
X 10°). No deviation from linearity due to light scattering dishes. Improvement in washing the microtiter plates and fu-
was observed. Therefore, in addition to adherent cells, theture work with cell suspensionévhich are incubated with
method appears to be appropriate for quantitative fluorescenceR123 in separate viglswill permit reduction of background
measurements of cellular suspensions. fluorescence arising from the multiwell dishes. Furthermore,

For energy transfer measurements of mitochondrial mal- an enhancement of the sensitivity in the detection of mito-

function, monolayers of BKEz-7 endothelial cells were incu- chondrial NADH should be pursued as a goal. For this the
bated with R12310 uM; control) or coincubated with R123  fluorescent markeienergy acceptdishould be highly specific
(10uM) and rotenone at cytotoxid wM) or noncytotoxio25 for the mitochondria. Due to the small standard deviations,
nM) concentrations. Ratios of fluorescence intensities were detection of mitochondrial NADH in multiwell dishes appears
calculated after excitation at 355 nftime-gated detectign to be more reliable than fluorescence microscopy in view of
and 47@-20 nm(frequency selective detectiprResults of 40 future routine applications.

measurements in each caggven in arbitrary unitsare de- A linear relationship between the number of cells incu-
picted in Figure 5. Figure 5 shows an increase of the fluores- bated with R123 and fluorescence intensity was observed
cence ratid 355/1 470 by a factor of 1.5 after addition of AM in suspensions despite pronounced light scattering. Therefore,

rotenone or by a factor of 1.35 after addition of 25 nM roten- it appears promising to carry out energy transfer measure-

one which is concomitant with an increase of mitochondrial ments with nonadherent cells, e.g., lymphocytes or platelets.

NADH. Reduced enzyme activities of the respiratory chain were ob-
served within platelets of patients suffering from
Parkinson’s’® Huntington's* or Alzheimer's® disease.

4 Discussion Therefore, fluorescence screening of platelets may support the
A novel fluorescence screening system for selective detectiondiagnosis o_f negrodegenerative_ diseases. In the future, the ac-
of mitochondrial NADH in situ is described.In situ mea- tual screening time of 5—10 min for a 96 well plate can be

surement of mitochondrial malfunction has great potential, shortened, or screening can even be replaced by simultaneous
e.g., for detection of mitochondrial myopathies, neurodegen- detection of a larger number of samples using time-gated im-
erative diseases, or impairments of energy metabolism by aging technigues.

environmental toxins or druds’ In addition, the impact of
certain pharmaceuticée.g., cytostatic’ neuroleptics® or
sedative¥’) on mitochondrial metabolism may be examined.
Following inhibition of the mitochondrial respiratory chain, a The authors thank A. Schuh, L. Schoch, A. Hendinger, and C.
pronounced increase of mitochondrial NAQBssessed as an  Hintze for their cooperation. Financial support by the
increase of the fluorescence ratigs/1 4,0 Was detectedn Bundesministerium fuBildung und ForschungBMBF) un-

situ for cytotoxic as well as for noncytotoxic concentrations der Grant No. 1705997 is gratefully acknowledged.

of the inhibitor rotenone, thus proving the high sensitivity of

the method. The increase of the fluorescence rafig/l 470
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