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Spectroscopic and microscopic methods for probing mitochondrial malfunction were established 
using cultivated endothelial cells from the calf aorta and various inhibitors of the respiratory chain, 
which is located at the inner mitochondrial membrane. Time-gated fluorescence spectroscopy was 
used to measure autofiuorescence of the coenzyme NADH as well as "energy transfer efficacy" 
from excited NADH molecules (energy donor) to the mitochondrial marker rhodamine-123 (energy 
acceptor). Autofluorescence usually exhibited a weak increase after specific inhibition of enzyme 
complexes of the respiratory chain. In contrast, a pronounced increase in energy transfer efficacy 
was observed after inhibition of the same enzyme complexes. The detection of donor (NADH) and 
acceptor (R123) fluorescence in different nanosecond time gates following the exciting laser pulses 
enhances selectivity and improves quantification of energy transfer measurements. Therefore, time- 
gated energy transfer spectroscopy is suggested to he an appropriate tool for probing mitochondrial 
malfunction. 

KEY WORDS: Time-gated fluorescence spectroscopy; energy transfer; NADH; rhodamine-123; mitochondrial 
malfunction. 

INTRODUCTION 

An increasing number of  diseases such as mito- 
chondrial myopathies ~t-5) and neurodegenerative dis- 
eases ~s-9) have been related to malfunction of the 
mitochondrial respiratory chain. Detection and charac- 
terization of  mitochondrial deficiencies often require 
complex biochemical procedures after cell lysis. In con- 
trast, fluorescence techniques are nondestructive and 
suitable to detect various metabolites in living cells and 
tissues, e.g., the coenzymes nicotinamide adenine dinu- 
cleotide in its reduced form (NADH)O0.~I) and flavin 
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mononucleotide (FM-N) or dinucleotide (FAD) in its ox- 
idized formY 1-13) NADH and flavin molecules are both 
involved in redox reactions occurring within the cyto- 
plasm or organelles, e.g., mitochondria. If  electron trans- 
fer within the respiratory chain, which is located at the 
inner mitochondrial membrane, is inhibited, the oxida- 
tion of NADH is impeded. However, due to an overlap 
of the emission bands of  mitochondrial NADH and fla- 
vins, ~ as well as a superposition by cytoplasmatic 
fluorophores, quantification of  mitochondrial malfunc- 
tion becomes difficult. Therefore, to enhance the speci- 
ficity of detection of mitochondrial NADH and flavins, 
two methods were established: 

(i) time-gated fluorescence detection of individual 
components with different lifetimes of their ex- 
cited singlet state, using short laser pulses for 
excitation and variable nanosecond time gates 
for detection; and 
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(ii) energy transfer measurements from the excited 
states of NADH to the mitochondrial marker 
rhodamine- 123 (R123). 

Usually, NADH occurs in two conformations--an 
extended conformation when it is bound to proteins and 
a folded conformation within an aqueous environment 
("free" NADH)/16,'7) Both species exhibit overlapping 
emission bands with maxima around 440 and 465 nm 
and distinctly different fluorescence lifetimes of about 2 
and 0.4-0.6 ns, respectively, tlS:6,~s) Using the method of 
time-gated fluorescence spectroscopy, free and protein- 
bound NADH could be detected almost selectively in 
different time gates. This method of detection was used 
to establish a correlation between the fluorescence inten- 
sity of free NADH and the oxygen concentration. ~9) 

To establish the method of energy transfer spec- 
troscopy, cultivated endothelial cells were incubated 
with nontoxic concentrations of the mitochondrial 
marker R123 (2~ and toxic concentrations of well- 
known inhibitors of enzyme complexes of the respira- 
tory chain. Cellular emission spectra were recorded in 
various time gates following the excitation pulse. The 
fluorescence intensities of NADH (energy donor) and 
R123 (energy acceptor) were determined in appropriate 
time gates where spectral overlap was as low as possible. 
As shown in a recent article,CZ2) the quantum ratio of 
acceptor and donor fluorescence Q,,/QD increases line- 
arly with the acceptor concentration c A as well as with 
the concentration-independent energy transfer rate /~.  
Since the intensity ratio IR123/INADr t of R123 and NADH 
fluorescence is proportional to QA/QD, the relation 
IR~23/(I~ADr~CRI23) is suggested to be an appropriate mea- 
sure of energy transfer efficacy. 

MATERIALS AND METHODS 

Chemicals 

lnhibitors of the respiratory chain (rotenone, an- 
timycin, and oligomycin) were obtained from Sigma 
(Deisenhofen, Germ'any) and were dissolved without 
further purification in ethanol. Stock solutions with fi- 
nal concentrations of 10 -3 M (rotenone) or 5"10 -3 M 
(antimycin, oligomycin) were prepared. Rhodamine 
123 (R123) was obtained from Fluka (Neu-Ulm, Ger- 
many) and used without further purification. Stock so- 
lutions were prepared in distilled water with a final 
concentration of 10 -3 M and sterilized by filtration us- 
ing a 0.2-1am-pore filter. 

Cell Cultures 

In vitro experiments were carried out using BKEz- 
7 endothelial cells from the calf aorta, which ~vere es- 
tablished by Dr. W. Halle, Institut fiir molekulare 
Pharmakologie, Berlin/23~ Cells were routinely cultivated 
on microscopic slides in minimum essential medium 
(MEM) supplemented with 5% fetal calf serum (FCS), 
glutamine (2 raM), and antibiotics (penicillin, strepto- 
mycin) at 37~ and 5% CO2. After a growing period of 
36 h almost confluently growing cells were obtained. 
Autofluorescence was measured after incubation for 30 
min with various inhibitors of the mitochondrial respi- 
ratory chain and subsequent rinsing with phosphate-buf- 
fered saline (PBS). Complex I (NADH--coenzyme Q 
reductase) was inhibited with rotenone (1 ~M). The elec- 
tron transport in complex III (coenzyme QH2-cyto- 
chrome c reductase) or complex V (ATP synthase) was 
disrupted using antimycin (5 gM) or oligomycin (5 gM), 
respectively. Control measurements were carried out 
with nonincubated cells. For energy transfer spectros- 
copy cells were incubated for 30 min with noncytotoxic 
concentrations of R123 (25 gM) or coincubated with 
R123 (25 p.M) and the various inhibitors (see above). 
Evaluation of the cytotoxicity of the inhibitors or R123 
is described in detail elsewhere/22) The applied concen- 
trations of inhibitors resulted in 50% cell survival after 
an additional growth period of 48 h. Measurements of 
the intracellular amount of R123 are also described in 
Ref. 22. 

Time-Resolved Fluorescence Spectroscopy 

Fluorescence decay kinetics were used to determine 
the appropriate time gates for almost-selective detection 
of NADH or R123. Mitochondrial malfunction was 
probed by nanosecond time-gated fluorescence spectros- 
copy. Autofluorescence was measured in the time gate 
0-5 ns and evaluated at the emission maximum of free 
NADH (465 nm). For energy transfer spectroscopy, flu- 
orescence spectra were recorded in the range of 415- 
600 nm within the time gates 0-5 and 5-10 ns, i.e., 
during and after the exciting laser pulse. Fluorescence 
intensities at the emission maxima of NADH (465 nm; 
time gate, 0-5 us) and R123 (530 nm; time gate, 5-10 
ns) were determined separately. As a measure of energy 
transfer efficacy, the ratio of fluorescence intensities of 
acceptor (fR123) and donor (1N~r0, divided by the intra- 
cellular concentration of R123 (c~123), was calculated. 
For descriptive statistical analysis, robust statistical 
measures (trimmed mean, adjusted and trimmed standard 
deviations) were used324) Robust measures of location 
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Fig. 1. Experimental setup for time-gated fluorescence spectroscopy and imaging of microscopic samples (reproduced from Ref. 26 with 
modifications). 

and dispersion for the quotient of three random variables 
1Rm/(INAoMCRm) were calculated assuming stochastical 
independence of these variables. Pairwise comparisons 
(three for energy transfer and three for autofluorescence) 
were tested at a significance level 5/3% each, as de- 
scribed further in Ref. 22. 

Fluorescence decay kinetics were recorded using a 
frequency-doubled laser diode (PLP01; Hamamatsu 
Photonics) at 390 nm (pulse energy, 10 fJ; pulse dura- 
tion, 40 ps; repetition rate, 1 MHz), appropriate long- 
pass filters (h > 435 urn) or band-pass filters (k = 430- 
475 or 505-565 rim) for fluorescence detection, a highly 
sensitive photomultiplier (R928; Hamamatsu Photonics) 
together with a photon counting equipment (Tennelec, 
USA) and an optical multichannel analyzer. Fluores- 
cence decay curves were reconvoluted and fitted with 
commercial programs for two or three-exponential com- 
ponents (IBH, Edinburgh Instruments, UK). Time reso- 
lution was about 200 ps. Details have been described 
previously.(~ 

The apparatus for time-gated emission spectroscopy 
and imaging is shown in Fig. 1. Microscopic slides were 
illuminated by the third harmonic of a Nd:YAG laser in 
the Q-switch mode (DCR 11; Spectra Physics; h,x = 355 
nm; pulse energy, attenuated to 0.24 m J; pulse duration, 

2 ns; repetition rate, 10 Hz). The laser was coupled to 
the microscope via fiber optics. An image of an area of 
0.0125 mm 2 of incubated cells (containing 5-10 cells) 
was formed on the entrance slit of a purpose-made po- 
lychromator, which was used in combination with an 
optical multichannel analyzer (IMD C4562; Hamamatsu 
Photonics). The image intensifier of IMD C4562 was 
triggered by the laser pulse using appropriate synchro- 
nization electronics. Therefore, time gates of 5 ns with 
variable delay times could be adjusted. Emission spectra 
were integrated on the detector army over 200 laser 
pulses, corresponding to an overall exposure of 3.2 
J-era -2 during each measurement, which was below the 
limit of phototoxicity of R 123 (about 10 J/cm 2).(22) Spec- 
tral resolution was about 5 nm. For all measurements, 
background luminescence resulting from the microscope 
optics after uv excitation was subtracted. During NADH 
detection, this background luminescence was up to 50% 
of the measured signal within the time gate 0-5 ns, up 
to 60% within the time gate 5-10 ns, and up to 95% for 
continuous wave (cw) detection (using the 365-nm band 
of a mercury high-pressure lamp for excitation). When 
R123 was measured, background luminescence was 
about 25% within the time gate 0-5 ns, about 15% 
within the time gate 5-10 ns, and up to 100% for cw 
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Fig. 2. Decay kinetics of  autofluorescence of BKEz-7 endothelial cells from calf aorta (k~ = 390 nm; h~m > 435 rim). Relevant fluorophores and 
time gates for detection (0-5, 5-10 ns) are indicated. 

detection. This considerable luminescent background 
justifies the time-gated fluorescence measurements as 
mentioned above. 

Additional components of the equipment (Fig. 1) 
are a dye laser (PDL-1; Spectra Physics; hex = 410--440 
nm)---pumped by the third harmonic of the Nd:YAG 
laser--and an ultrafast videocamera (NCA; Proxitronic; 
sensitivity, 5 ~tlux). This camera permits fluorescence 
detection within 5-ns time gates at adjustable delay 
times. Images resulting from individual laser pulses are 
kept in a sample-and-hold unit until the subsequent laser 
pulse. These images are recorded on videotape and~for  
contrast enhancement--integrated off-line up to 10 s. 
Further details and a summary of applications of time- 
gated fluorescence imaging and spectroscopy are given 
in a recent article. (ze 

RESULTS 

Fluorescence Decay Kinetics 

The decay curve of intrinsic fluorescence of BKEz- 
7 endothelial ceils (h _> 435 nm) is shown in Fig. 2. This 
curve can be fitted by a sum of three exponentially de- 
caying components with lifetimes of T~ = 0.5 +_. 0.15 
ns, ]'2 = 2.0 _ 0.5 ns, and T 3 = 5--6 ns. In agreement 
with literature data (12,]6,18) these time constants were at- 
tributed to free and protein-bound NADH as well as to 

flavin molecules, respectively. After incubation of the 
BKEz-7 cells with rhodamine-123, the same lifetime T~ 
was detected, whereas Tz was not resolved. The fluores- 
cence lifetime of the long-lived component was 4.5 + 
0.3 ns, which corresponds to the decay time of R123 in 
aqueous solution3 z2) Flavin fluorescence of similar life- 
time (7'3) was superimposed by the much more pro- 
nounced R123 signal and therefore not resolved in this 
case. In the spectral range of 430-475 nm, only T~ and 
T2 were detected. Within the limits of error these life- 
times did not change after incubation with R123. In Fig. 
2 the time gates of 0-5 and 5-10 ns are indicated, which 
proved to be the most appropriate for almost-selective 
detection of (free)NADH and R123, respectively. 

Time-Gated Fluorescence Spectroscopy 

Autofluorescence of Endothelial Cells. Time-gated 
spectra of intrinsic fuorescence (recorded at 0-5 ns; Fig. 
3) showed a broad emission band with a maximum 
around 465 nm and a shoulder at about 520 nm, which 
were attributed to free NADH and ravin molecules, re- 
spectively. Inhibition of the mitochondrial respiratory 
chain by antimycin (enzyme complex III) resulted in an 
increase in fluorescence by a factor of 1.2-1.3, and in- 
hibition by rot~ (enzyme complex I) in an increase 
by a factor of 1.3-1.5, compared with untreated control 
cells. A quantitative evaluation of NADH emission (465 
nm) over 17-30 individual measurements in each case 
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Fig. 3. Time-gated emission spectra of autofluorescence of BKEz-7 endothelial cells from calf aorta (time gate, 0-5 ns; h=z = 355 nm): (a) untreated 
cells; (b) inhibition of  enzyme complex III with antimycin (5 gM, 30 min); (c) inhibition of enzyme complex I with rotenone (I gM, 30 min). 

Table I. Intensity of Autofluorescence ISAt~ H (Photon Counts) and 
"Energy Transfer Efficacy" IR,2J(IsAD,CR,23 ) (Arbitrary Units) of  

BKEz-7 Endothelial Cells After Inhibition of Enzyme Complexes of  
the Mitochondrial Respiratory Chain in Comparison with Untreated 

Control Cells 

Inhibitor I.^D. IR'~J(I"^DHCR'2~) 

None 135 _ 69 145 _ 91 
Rotenone (enzyme complex I) 174 _ 74 587 _ 398 
Antimycin (enzyme complex III) 157 __+ 84 255 _.+ 137 
Oligomycin (enzyme complex V) 121 ___ 80 283 __. 153 

showed an increase in the mean value by a factor of 1.3 
after incubation with rotenone, an increase by a factor 
of about 1.15 after incubation with antimycin, and a 
slight decrease (factor 0.9) after incubation with oligo- 
mycin (inhibitor of enzyme complex V) compared with 
nonincubated control cells (79 measurements). Robust 
mean values and corresponding robust standard devia- 
tions are listed in Table I. 

Energy Transfer Spectroscopy. Fluorescence spec- 
tra of BKEz-7 endothelial cells incubated with R123 and 
BKEz-7 cells coincubated with R123 and antimycin, 
measured in the time gate of 0-5 or 5-10 ns, are shown 
in Figs. 4 and 5. Broad emission bands with maxima 
around 465 and 530-535 nm, corresponding to (free) 
NADH and R123, are clearly resolved. Flavin emission 
(maximum around 520 nm) is superimposed on the 
R123 band but is more than 10 times weaker. In com- 

parison with the rhodamine band, NADH fluorescence 
becomes very low in the time gate 5-10 ns. Therefore, 
fluorescence of R123 can be evaluated with very little 
superimposition by NADH within this time gate (Fig. 
5). Inversely, the fluorescence intensity of NADH can 
be determined almost without superimposition by R123 
within the time gate 0-5 ns (Fig. 4). A slight increase 
in NADH emission and a more pronounced increase in 
the fluorescence of R123 (by a factor of about 2) were 
observed after mitochondrial inhibition by antimycin. 
The quantitative evaluation of R123 (time gate, 5-10 ns) 
and NADH (time gate, 0-5 ns) intensities was carried 
out for cells coincubated with R123 and one of the in- 
hibitors of the enzyme complex I, III, or V (20-33 in- 
dividual measurements in each case), as well as for 
control cells incubated solely with R123 (83 measure- 
ments). Intracellular rhodamine concentrations (deter- 
mined from 8-10 measurements in each case) (22) 
decreased to less than 30% of the control cells after in- 
hibition of enzyme complex I and to about 80% after 
inhibition of enzyme complex III, but increased to about 
250% of the control cells after inhibition of enzyme 
complex V. The ratio/RI23/(/NADHCRI23) ("energy transfer 
efficacy") was calculated in each case; robust mean val- 
ues and robust standard deviations are summarized in 
Table I. The mean value of this ratio increased by a 
factor of 4 after inhibition of  enzyme complex I and by 
a factor of about 2 after inhibition of enzyme complex 
III or V. Increases in energy transfer efficacies after in- 
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Fig, 4. Time-gated fluorescence spectra of BKEz-7 endothelial cells (time gate, 0--5 ns; k~ = 355 nm): (a) aRer incubation with R123 (25 pM, 
30 min); (b) aRer incubation with R123 (25 gM, 30 min) and inhibition of enzyme complex III with antimycin (5 gM, 30 min). 
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Fig. 5. Time-gated fluorescence spectra of BKEz-7 endothelial cells (time gate, 5-10 ns; k= = 355 nm): (a) aRer incubation with R123 (2S p34, 
30 min); (b) aRcr incubation with R123 (25 ~, 30 min) and inhibition of enzyme complex Ill with antimycin (5 p.M, 30 rain). 
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hibition of enzyme complex I, III, or V were found to 
be statistically significant. 

DISCUSSION 

As shown in Figs. 4 and 5, the fluorescence inten- 
sity of R123 increases by a factor of 2 after inhibition 
of enzyme complex III of  the respiratory chain. A sim- 
ilar increase in R123 emission was recently observed in 
mixed solutions of  NADH and R123 in phosphate-buf- 
fered saline (PBS) when, at a constant concentration of 
R123 (10 -4 M), the concentration of NADH was in- 
creased from 10 -4 to 10 -3 M. (22) This was explained by 
the fact that every tenth NADH molecule transferred its 
excitation energy to an R123 molecule. A slight short- 
ening of the fluorescence decay time of NADH in PBS 
(short-lived component: from about 0.60 ns at concen- 
(rations up to 10 -4 M to 0.54 ns at a concentration of 
10 -3 M) in the presence of R123 indicates that this en- 
ergy transfer is nonradiative and probably occurs ac- 
cording to the F6rster mechanism/~7) In this case the 
total rate of deactivation of the excited molecular state 
is increased by the rate of  energy transfer, and lifetime 
is reduced concomitantly. Spectral overlap of the fluo- 
rescence of the donor" (NADH: emission maximum 
around 465 urn) and absorption of the acceptor (R123: 
excitation maximum around 475 nm)--as required by 
the F6rster model--is sufficiently fulfilled. So far, no 
shortening of fluorescence lifetimes was detected for cul- 
tivated cells, which may be due to the large deviations 
of decay times inherently related to cellular experiments. 

It was recently shown that the quantum ratio Q J Q o  

of acceptor and donor fluorescence increases linearly 
with the acceptor concentration CA azid with the energy 
transfer rate/~~ Since the intensity ratio fR123/INAI~H is 
proportional to QA/QD, this implies that/d~ increases af- 
ter mitochondrial inhibition. Although k[~ is independent 
of cA, it may depend on the concentration of  the donor, 
since energy transfer from donor to acceptor molecules 
(NADH ---> R123)---as well as from one donor to another 
one (NADH ---> NADH)---is proportional to the sixth 
power of  their intermolecular distance/27) Therefore, the 
increase in the mean value of/rrtI23/(]'NADrtCRI23) by a factor 
of 4 after inhibition of enzyme complex I or by a factor 
of about 2 after inhibition of enzyme complex III or V 
indicates that the concentration of reduced NADH is in- 
creased after mitochondrial inhibition. 

As documented in Table I, changes in the mean 
values of autofluorescence (NADH) after inhibition of  
enzyme complex I, III, or V of the repiratory chain are 
smaller than the standard deviations obtained for each 

enzyme complex and are statistically not significant. In 
contrast, changes in energy transfer efficacy 
1Rt23/(I~Ao.CR~:3) due to mitochondrial inhibition are pro- 
nounced and statistically significant, thus proving the 
high selectivity of energy transfer spectroscopy for prob- 
ing mitochondrial metabolism. Time-gated emission 

spectroscopy improves the selective detection of donor 
and acceptor fluorescence, since a minimum of spectral 
overlap is attained by the selection of different time 
gates. In addition, only by time-gated detection can the 
large luminescent background resulting from various 
components of the microscope system (decay times 
above 50 ns) be reduced significantly. 

Time-gated emission spectroscopy can be com- 
bined well with time-gated fluorescence imaging (as 
shown in Fig. 1) for diagnosis of  mitochondrial mal- 
function in various kinds of  diseases. For future appli- 
cations, time-consuming measurements of intracellular 
dye concentrations should be avoided. According to the 
literature, the mitochondrial uptake of  R123 depends on 
the membrane potential/2~ Therefore, the use of alter- 
native energy acceptors whose accumulation is indepen- 
dent from biophysical/biochemical parameters is 
desirable. Alternatively, a spectroscopic determination of 
acceptor concentrations in living cells may also be use- 
ful. 
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