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To examine the feasibility of optical monitoring of cellular energy states with tissue-trans-
parent near-infrared (NIR) light, the absorption and fluorescence characteristics of
Rhodamine 800 in isolated rat liver mitochondria and hepatocytes were investigated. When
the dye was incubated with isolated mitochondria, a large red shift of the absorption
spectra and quenching of the fluorescence intensity were observed. The absorbance
difference at 730 minus 685 nm, or at 730 minus 800 nm, and the fluorescence intensity
measured at 692 nm varied linearly with the mitochondrial membrane potential. The
spectral changes observed could be explained in terms of the potential-dependent uptake of
the dye from the buffer solution into the mitochondrial matrix. The respiration control ratio
and oxygen consumption rate were not affected by the addition of Rhodamine 800 at
concentrations lower than 5 uM, which was the concentration range mostly employed
throughout the present study. In a suspension of hepatocytes, the red shift and fluorescence
quenching of Rhodamine 800 characteristic of energized mitochondria were also observed,
and these changed to those of the buffer solution with the addition of an uncoupler under
normoxia. At the early stage of anoxia, within about 5 min, when cytochrome oxidase was
completely reduced, hepatocytes were concluded to be in the fully energized state, since the
optical characteristics of Rhodamine 800 were the same as those of energized mitochondria.
On the basis of these in vitro data, Rhodamine 800 is concluded to be a possible NIR-active
contrast agent, that can be used to monitor the energy states of living tissues, in addition to
the tissue oxygenation states, by the use of near-infrared spectrophotometry (NIRS)
without harmful effects.
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To optically probe the energy states of cells and tissues in
vivo non-invasively, various fluorescence and absorption
dyes have been examined. Among these dyes, several are
accumulated in living cells, and their optical properties
change markedly with changes in cellular energy states,
such as membrane potential (1-5). For instance, Emaus et
al. (5) reported that the absorption and emission spectra of
Rhodamine 123, a cationic fluorescence dye, were shifted to
longer wavelengths by uptake into the mitochondrial
matrix. The degree of this red shift is energy-dependent
and linearly related to the mitochondrial potassium diffu-
sion potential. Based on these properties of Rhodamine
123, energy-selective optical staining of cells in tissue was
performed by the use of fluorescence microscopy (6).
However, the application of this approach has been
limited to isolated cells and mitochondria. It has not been
employed for tissues with circulating blood since light in the
ultraviolet-visible region is not transmitted through tissues
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more than 1 mm in thickness. In contrast, near-infrared
light in the range from 700 to 1,300 nm can be transmitted
through much thicker tissues, such as a baby’s head around
10 ¢cm in diameter (7). Consequently, near-infrared spec-
trophotometry has been developed extensively for non-
invasive optical monitoring in clinical medicine, especially
for oxygen monitoring of cerebral tissues (8). Several
animal studies in which hemoglobin oxygenation state and
redox state of cytochrome oxidase in cerebral tissues were
measured under various respiration conditions have also
been reported (9-11).

However, the application of NIRS is currently limited in
vivo, since only hemoglobin, myoglobin, and cytochrome
oxidase are measurable by this technique, which can report
the oxygenation states of circulatory blood and tissues, but
not other parameters such as the energy state of the tissue.
These limitations could be overcome by the introduction of
an energy-reporting contrast agent. We chose Rhodamine
800 (Fig. 1) (12-16) as a possible contrast agent active in
the near- infrared region.

In this paper, we will report the optical characteristics of
Rhodamine 800 incorporated into isolated mitochondria
and hepatocytes. Absorbance changes and fluorescence
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changes measured at around 700-800 nm quantitatively
reflected changes in the energy state and respiratory
conditions. We consider that this dye has potential utility
for optical diagnosis in clinical NIRS.

MATERIALS AND METHODS

Rat Liver Mitochondria—Mitochondria were isolated
from the liver of male Wistar rats (body weight 200-300 g,
starved overnight) by the standard procedure (17) and
were suspended in 5 mM Tris-HCI buffer (pH 7.4) contain-
ing 0.25 M mannitol. Mitochondria having a respiratory
control ratio (RCR) higher than 4 were used for the
experiments. Protein concentration was determined by the
method of Lowry et al. (18) using BSA as a standard.

Isolated Hepatocytes—Hepatocytes were isolated from
liver of rats (starved overnight) by the collagenase per-
fusion method (19). The perfusate was modified Krebs-
Ringer bicarbonate buffer equilibrated with 95% O, +5%
CO, at 37°C and pH 7.4. The reaction mixture contained 10
mM HEPES, 139 mM NaCl, 3.57 mM NaHCO,, 5.63 mM
KCl, 1.42 mM MgSO,, 1.43 mM KH,PO,, and 3.03 mM
CaCl,. The cell viability was checked by the trypan blue
exclusion test. Preparations with more than 90% intact
cells were used for the experiments.

Oxygen Consumption Rates—QOxygen consumption rates
of isolated mitochondria and hepatocytes were measured
using a Clark-type oxygen electrode. For simultaneous
measurements of oxygen consumption and spectrophoto-
metric characteristics, a special optical cell, designed so
that the electrode could be inserted into it, was used. Gentle
stirring was performed in the spectrophotometer; it did not
interfere with the optical measurements.

Spectrophotometric Measurements—Absorbance mea-
surements were made with a conventional dual-wavelength
spectrophotometer, Shimadzu UV-3000. Wavelength pairs
for the measurements of Rhodamine 800 were 730-685 and
730-800 nm. Redox changes of mitochondrial cytochrome
oxidase were followed by measurement of the absorbance
change at 620-605 nm of the heme moiety. For simultane
ous measurements of Rhodamine 800 and cytochrome oxi-
dase, a two-channel dual-wavelength spectrophotometer
with a rotating disc (Unisoku, Osaka) was also employed.

Fluorescence measurements were made with a fluoro-
photometer, Shimadzu RF-540. For the measurements of
Rhodamine 800, the excitation wavelength was set at 660
nm, and a cutoff filter (Toshiba, R-68) was employed to

CN CIO,
CogH26N305Cl

MW : 495,52
Fig. 1. Chemical structure of Rhodamine 800.
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avoid contamination by the excitation light. The measure-
ments were carried out at 25 and 37°C for the mitochondrial
suspension and hepatocytes, respectively.

Potassium Diffusion Potential—Potassium diffusion
potential of the mitochondrial membrane was calculated by
use of the Nernst equation (1).

AY.(mV) =59 log ([K*]in/[K*]ou) (1)

where [K*],, was assumed to be 120 mM (20).

Chemicals—Rhodamine 800 (Fig. 1) of laser grade was
purchased from Lambda Physik (Germany). It was dis-
solved in dimethyl sulfoxide (DMSO) and the solution was
stored at room temperature. Small amounts of the stored
solution were dissolved in aqueous buffer solution or
organic solvents as required. All the reagents used were of
analytical grade.

RESULTS

Optical Characteristics of Rhodamine 800 in Various
Solvents—Figure 2A shows the optical absorption spectra
of Rhodamine 800 in various organic solvents and in
aqueous solution in the visible and near-infrared regions.
The absorption maximum at 683 nm in acetone shifted to
696 nm in DMSO without a significant change of the overall
spectral profile. The spectrum in aqueous solution was
intermediate between those in acetone and DMSO, though
the absorption intensity became about half of that in
acetone.
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Fig. 2. Optical spectra of Rhodamine 800 in organic solvents
and water. In absorbance (A) and fluorescence (B) measurements,
solutions contained 3 and 4 4M Rhodamine 800, respectively. In
fluorescence measurements, spectra were recorded using ., =660
nm.
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The fluorescence emission spectra are presented in Fig.
2B. The fluorescence intensity varied markedly with the
solvent, and decreased to less than one-fifth when the
solvent was changed from acetone to water without a
significant change of the emission peak. Table [ summarizes
the absorption maxima and relative fluorescence intensities
of Rhodamine 800 dissolved in various organic solvents.

Effects of Rhodamine 800 on the Respiration Rate and
RCR—We measured the RCR and respiration rate of
isolated mitochondria while varying the concentration of
Rhodamine 800 (Fig. 3). Concentrations below 5 uM had no
significant effect on the mitochondrial respiration in state 3
or state 4, and therefore on RCR. Thus, we used ~5 M
Rhodamine 800 for the experiments.

Energy-Dependent Spectral Changes of Rhodamine 800
in Mitochondria—Figure 4 shows the absorption spectra of
Rhodamine 800 incorporated into mitochondria in the
presence and absence of an uncoupler, carbonyl cyanide
m-chlorophenylhydrazone (CCCP). The absorption spec-
trum of the energized state (state 4) had absorption
maxima at 706 and 648 nm, which were shifted to 690 and
628 nm by the addition of CCCP. The absorption peak at
706 nm of state 4 was not observed in several of the organic
solvents tested. Addition of the uncoupler caused a blue

TABLE I. Absorption and emission maxima for Rhodamine
800 fluorescence in various organic solvents. Each solvent
contained 3 uM Rhodamine 800. Relative fluorescence intensity is
expressed with reference to water.

Dielectric Absorption Emission Relative
Solvent constant maximum maximum fluorescence
(Debye) (nm) (nm) (%)
Water 1.9 687 692 100
Chloroform 11 685 694 660
Ethanol 1.7 691 695 470
Acetone 2.9 683 696 510
Acetonitrile 3.9 683 696 590
DMSO 4.5 696 706 230
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Fig. 3. The effects of Rhodamine 800 on the respiration rate of
mitochondria. Oxygen consumption rates of mitochondrial suspen-
sion were measured in state 3, state 4, and the uncoupled state.
Isolated mitochondria (0.5 mg protein/ml) were added to a reaction
mixture consisting of 5 mM Tris-HC], 0.25 M mannitol, 2.5 mM
succinate, 2.5 mM KP,, 10 mM KCl, 2.5 mM MgCl,, 3 uM rotenone,
and 1 mM EGTA (pH 7.4) at 25°C. Concentrations of ADP and CCCP
were 200 and 2 4 M for state 3 and the uncoupled state, respectively.
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shift of the absorption spectrum which resembled that in
aqueous buffer solution (Fig. 2A). The difference absorp-
tion spectrum between energized state 4 and the non-ener-
gized uncoupled state showed broad absorption maxima at
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Fig. 4. Absorption spectra of Rhodamine 800 in mitochondrial
suspension. Rat liver mitochondria (0.2 mg protein/ml) were in-
cubated with 2.1 4M Rhodamine 800 in a reaction mixture consisting
of 5 mM Tris-HCIl, 0.26 M mannitol, 2.5 mM succinate, 2.5 mM KP,,
10 mM KCl, 2.5 mM MgCl,, 3 uM rotenone, and 1 mM EGTA (pH
7.4) at 25°C. Absorption spectra were recorded before (Coupled) and
after (Uncoupled) the addition of 2 uM CCCP. The difference spec-
trum for coupled minus uncoupled was calculated manually.

100

Fluorescence (a.u.)
(4]
o

650 700 750
Wavelength (nm)

Fig. 5. Fluorescence spectra of Rhodamine 800 in mitochon-
drial suspension. Rat liver mitochondria (0.22 mg protein/ml) were
incubated with 3 M Rhodamine 800 in a reaction mixture consisting
of 56 mM Tris-HCI, 0.25 M mannitol, 2.5 mM succinate, 2.5 mM KP,,
10 mM KCl, 2.6 mM MgCl,, 3 uM rotenone, and 1 mM EGTA (pH
7.4) at 25°C. Rhodamine 800 dissolved in the reaction mixture was
also measured.

TABLE II. Absorption and emission maxima for Rhodamine
800 fluorescence in mitochondrial suspension and hepatocytes.
Each suspension contained 3 uM Rhodamine 800. Relative fluores-
cence intensity is expressed with reference to aqueous buffer in Fig. 3.

Absorption Emission Relative
Solution maximum maximum fluorescence

(nm) (nm) (%)
Buffer 687 692 100
Coupled mitochondria 705 710 22
Uncoupled mitochondria 690 693 71
Hepatocytes 704 709 29
Hepatocytes+ CCCP 692 695 61
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730 and 640 nm and minima at 685 and 630 nm, respec-
tively. Thus, for dual-wavelength spectrophotometry, the
absorbance difference at 730-685 nm was used in this
study. The absorption difference at 730-800 nm was also
used in some experiments, and gave identical results to
those measured at 730-685 nm.

The effects of the energy states on the fluorescence
spectra are shown in Fig. 5. The fluorescence intensity was
very weak in the energized state 4, but was increased more
than 3-fold in the non-energized uncoupled state. For
comparison, the fluorescence spectrum in aqueous buffer
solution, the emission intensity of which is larger than that
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of the uncoupled state, is also shown. The difference in the
fluorescence spectra between energized and non-energized
states was maximal at 710 nm, which was red-shifted from
the value of 692 nm of the non-energized state (data not

shown).

Table II summarizes the absorption peaks, fluorescence
emission peaks and intensities of Rhodamine 800 in the
isolated mitochondria in energized state 4 and non-ener-
gized uncoupled conditions, and those of hepatocytes are
also presented. In the energized state of mitochondria, the
fluorescence peak shifted from 692 to 710 nm, and the
intensity decreased to 22% of that in aqueous solution. In
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Fig. 6. A: Absorption change of
Rhodamine 800 in mitochon-
drial suspension with different
energy states. Absorbance at 730-
685 nm was measured in a reaction
mixture consisting of 5 mM Tris-
HCI, 2.1 4M Rhodamine 800, 0.25
M mannitol, 2.5 mM KP,, 10 mM
KCl, 2.5 mM MgCl,, 3 uM rote-
none, and 1 mM EGTA (pH 7.4) at
25°C. Additions were 0.31 mg pro-
tein/ml mitochondria, 2.5 mM suc-
cinate, 200 4M ADP and 2 uM
CCCP sequentially. The inset shows
the absorbance measurements at
730-800 nm. B: Fluorescence
change of Rhodamine 800 in
mitochondrial suspension. Fluo-
rescence excited at 660 nm (2 nm
slit) and emitted at 692 nm (5 nm
slit) was measured in a reaction
mixture consisting of 5 mM Tris-
HC], 3 uM Rhodamine 800, and
other components as described in
the legend to (A). Additions were
0.22 mg protein/ml mitochondria,
2.5 mM succinate, 125 uM ADP,
and 3 uM CCCP sequentially.

Fig. 7. A: Absorbance change
of Rhodamine 800 caused by
potassium diffusion potential.
Absorbance was measured in a
reaction mixture consisting of §
mM Tris-HCl, 0.25 M mannitol,
2.6 mM NaP;, 1 mM KC}, 2.6 mM
MgCl,, 3 4M rotenone, and 1 mM
EGTA (pH 7.4) at 25°C. Additions
were (.31 mg protein/ml mito-
chondria, 30 nM valinomycin and 2
M CCCP sequentially. The inset
shows the absorbance changes of
Rhodamine 800 at 730 minus 800
nm with a similar procedure. B:
Fluorescence change cansed by
potagsium diffusion potential.
Fluorescence at 692 nm was mea-
sured in the reaction mixture as
described in (A). Additions were
0.31 mg protein/ml mitochondria,
30nM valinomycin, and 3 M
CCCP sequentially.
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the non-energized state, the fluorescence peak shifted to
693 nm and the intensity recovered to about 70% of that in
aqueous solution.

Optical Response of Rhodamine 800 in Mitochondria—
Figure 6A shows the absorption changes of Rhodamine 800
incorporated into mitochondria under various respiratory
conditions in which the absorption difference at 730-685
nm was measured. After the addition of mitochondria
without an oxidizable substrate, the increase in absorption
was relatively small due to the non-energized state 1
respiration. The addition of succinate caused an immediate,
large increase of absorbance due to the energization of
mitochondria in state 2 respiration. Subsequent addition of
ADP caused a slight decrease in absorbance due to state 3
respiration. After the complete conversion of ADP to ATP,
the absorption intensity increased again and returned to
that of state 2. Thus, mitochondrial energy state in state 2
and state 4 was the same. Addition of the uncoupler CCCP
caused a rapid and large decrease in absorbance. The inset
shows the similar optical responses of Rhodamine 800
measured at 730-800nm in the near-infrared range.
Though the intensity of the absorption change was about
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Fig. 8. Relationship between absorption and fluorescence
change of Rhodamine 800 and potassium diffusion potential in
mitochondrial suspension. In (A), 44 was the difference between
maximum and minimum, as described in the legend to Fig. 7. a shows
the value calculated from 4A735-s00 in Fig. 7A by multiplying by the
appropriate coefficient. In (B), AF was as described in the legend to
Fig. 7B, and F was the fluorescence obtained after the addition of
CCCP. &¥. was varied by varying KC] between 0.1 to 16 mM and
other components were as described in the legend to Fig. 7A. @ and O
show the extrapolated values of the membrane potential at state 3 and
state 4, respectively.

Vol. 121, No. 1, 1997

1/4 (Fig. 4), relative optical responses were nearly identi-
cal to those of 730-685 nm.

Fluorescence intensity changes in the various respiratory
conditions are also presented in Fig. 6B, whose profiles are
nearly mirror-images of the absorption measurements
shown in Fig. 6A.

Relationship between the Optical Responses of Rhoda-
mine 800 and A4¥x.—The absorption change of Rhodamine
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Fig. 9. Mitochondrial uptake of Rhodamine 800 in coupled and
uncoupled conditions. Rat liver mitochondria, 0.59 mg protein/ml,
were incubated with 0.8-29.4 uM Rhodamine 800 for 5 min at state
4 in a reaction mixture consisting of 5mM Tris-HCI, 0.25M
mannitol, 2.5 mM succinate, 2.5 mM KP,, 10 mM KCl, 2.5 mM
MgCl,, 3 uM rotenone, and 1 mM EGTA (pH 7.4) at 25°C. After
incubation for 5 min, suspensions were centrifuged for 5 min at
5,000 X g using a Himac-SCR 20B (Hitachi, Tokyo), and free Rho-
damine 800 in the supernatant was determined from the absorbance
at 685 nm. Accumulated Rhodamine 800 was considered to be total
minus free Rhodamine.
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Fig. 10. Stern-Volmer plot of fluorescence quenching of Rho-
damine 800 by adenine nucleotide. Fluorescence excited at 660
nm and emitted at 692 nm was measured in 5 mM Tris-HC1 buffer
containing 3 M Rhodamine 800 and 0-50 mM ADP or ATP, in the
presence and absence of 5 mM MgCl,. The other components in the
reaction mixture were as described in the legend to Fig. 3. Fo/ F is the
ratio of fluorescence in the absence of nucleotide to that in its
presence.
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800 is also related to the valinomycin-induced potassium
diffusion potential, #¥. (Fig. 7TA). Formation of AV¥y.
required 15-30 s after the addition of valinomycin. After
the initial increase of absorbance, the absorbance decreased
gradually with the gradual decay of formed A4¥x.. Addition
of CCCP caused the collapse of 4¥. and the absorbance
decreased to the original level. Absorption change mea-
sured at 730-800 nm gave identical results (inset in Fig.
7A). The fluorescence response gave a similar result (Fig.
7B).

Changing the potassium concentration in the medium, we
then systematically measured the valinomycin-induced
absorption intensity of Rhodamine 800. Based on the
Nernst equation (1), the relative absorption intensity of
Rhodamine 800 was plotted against 4¥.. As can be seen in
Fig. 8A, the intensity was linearly related to J¥«.. From
Fig. 8A, we determined the membrane potentials of state 4
and state 3 to be 191 and 184 mV, respectively. Absorption
intensity measured at 730-800 nm was also linearly related
to 4¥y.. A linear relationship between the fluorescence
intensity and 4¥ . was also obtained, as shown in Fig. 8B.
From Fig. 8B, membrane potentials of state 3 and state 4
were calculated to be 203 and 194 mV, respectively,
slightly larger than those based on the absorbance measure-
ments.

The similarity of the optical properties of Rhodamine
800 in non-energized mitochondria and aqueous buffer
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Reduction of cyt. ox.
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solution (Tables I and II) suggested that Rhodamine 800
might be incorporated into mitochondria in parallel with
the membrane potential and be excluded from the mito-
chondria by uncoupling. This was confirmed by direct assay
of the uptake of Rhodamine 800 in the mitochondria.

Figure 9 shows the concentration dependence of the
uptake of Rhodamine 800 in the mitochondria. In state 4,
the ratio of uptake/free Rhodamine was around 5-6 below
5 uM Rhodamine 800. Considering the mitochondrial
space, the ratio of the concentration of Rhodamine 800 in
mitochondria to that in the medium was 8000. This showed
that about 83-86% of added Rhodamine 800 was incorpo-
rated into mitochondria. Increasing the amount of Rhoda-
mine 800 resulted in an increase in the uptake/free ratio to
~20, where about 95% of added Rhodamine 800 was
incorporated. As is observed in Fig. 3, the inhibition of the
respiration by Rhodamine was almost negligible at 15 uM,
and therefore the membrane potential was not affected by
the Rhodamine. In contrast, at Rhodamine 800 concentra-
tions above 15 uM, the ratio of uptake/free Rhodamine
decreased almost linearly with the concentration, showing
that the maximal incorporation of Rhodamine 800 occurred
at around 15 zM.

With uncoupled mitochondria, the ratio of uptake/free
Rhodamine was around 0.8-1.2, and was unchanged when
the concentration of added Rhodamine 800 was changed
from 2 to 30 uM. This showed that non-energized mito-
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A: Relationship between redox state of cytochrome oxidase and
absorption change of Rhodamine 800 in hepatocytes. Oxygen-concentration,
redox state of cytochrome oxidase (4Asz0-ecs) and Rhodamine 800 (JA730—aas) were
measured simultaneously. Rat hepatocytes incubated with Rhodamine 800 were
injected into a quartz cuvette at the arrow Ht. After the complete reduction of
cytochrome oxidase (~45 min), 2 uM CCCP was added. The concentrations of

Rhodamine 800 and hepatocytes were 3.3 uM and 2 x 10° cells/m], respectively.
The reaction mixture (37°C, pH 7.4) contained 10 mM HEPES, 139 mM NaCl, 3.57 mM NaHCO,, 5.63 mM KCl, 1.42 mM MgS0,, 1.43 mM
KH,PO,, and 3.03 mM CaCl,. B: Effect of re-oxidation on the redox state of cytochrome oxidase and the absorption change of
Rhodamine 800 in hepatocytes. After the complete reduction of cytochrome oxidase (~40 min), the cuvette containing hepatocytes was left
for 30 min, then the buffer containing hepatocytes was transiently re-oxidized by the addition of oxygen-saturated buffer solution (~10 x1, at
arrow O,). After the second reduction of cytochrome oxidase (~79 min), 2 M CCCP was added. The concentrations of Rhodamine 800 and
hepatocytes were 3.3 xM and 2 10 cells/ml, respectively, and other conditions were as described in the legend to (A).
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chondria retained about half of added Rhodamine 800.

Fluorescence Quenching of Rhodamine 800 by Adenine
Nucleotide—Figure 10 shows the fluorescence quenching of
Rhodamine 800 by adenine nucleotide, ADP, and ATP in
the presence and absence of Mg**. The Stern-Volmer plot
of Fig. 10 did not give a straight line, a characteristic of
dynamic quenching. The downward curvature was con-
sistent with static quenching by adenine nucleotide (21).
No difference between ADP and ATP was observed, and
excess Mg?* did not affect the quenching.

Isolated Hepatocytes—Figure 11A shows the absorption
changes of Rhodamine 800 and cytochrome oxidase in
isolated hepatocytes during the transition from aerobic to
anaerobic conditions. Respiration caused the oxygen con-
centration to decrease to nearly zero, where cytochrome
oxidase started to be reduced (~36 min). In anoxia,
however, the absorbance of Rhodamine 800 measured at
730-685 nm was unchanged, but was decreased rapidly by
the addition of CCCP (~45 min). Cytochrome oxidase did
not show further reduction by CCCP. This indicated that, in
the early stage of anoxia, hepatocytes were still in the
energized state, even though the oxygen level fell to nearly
zero. Figure 11B demonstrates the dissociation of the redox
state of cytochrome oxidase and the energy state in anoxia.
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Fig. 12. Fluorescence spectral change of Rhodamine 800 in rat
hepatocytes. The oxygen concentration and fluorescence intensity at
Aex=660 nm were measured simultaneously. Rat hepatocytes, in-
cubated with Rhodamine 800, were injected into the quartz cuvette at
the arrow Ht. After the complete consumption of oxygen (~47 min),
2 uM CCCP was added. The concentrations of Rhodamine 800 and
hepatocytes were 3.3 M and 2 X 10° cells/ml, respectively, and other
conditions were as described in the legend to Fig. 11A. Inget shows the
fluorescence spectra of Rhodamine 800 incubated with rat hepatocytes
excited at 1., =660 nm. Spectra were recorded before (Hepatocytes)
and after (Hepatocytes+CCCP) the addition of 2 4M CCCP.
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After the reduction of cytochrome oxidase in anoxia, the
energy level of the hepatocytes (mitochondria) was main-
tained for ~5 min, then decreased gradually, as shown by
the gradual decrease in Rhodamine 800 absorbance. The
addition of a small amount of oxygen caused the re-oxida-
tion of cytochrome oxidase, but the energy level did not
recover.

Similar results were also obtained with fluorescence
measurement (Fig. 12); no fluorescence change was ob-
served in anoxia. Addition of CCCP caused a large increase
in fluorescence intensity (~47 min). The inset shows the
fluorescence emission spectra of Rhodamine 800 incorpo-
rated into the hepatocytes. Overall, the spectra resembled
those of the isolated mitochondria in Fig. 5.

DISCUSSION

Optical Properties of Rhodamine 800—Though the
chemical structure of Rhodamine 800 (Fig. 1) differs
markedly from that of Rhodamine 123 (6), their optical
properties resemble each other in general. As can be seen in
Fig. 2 and Table I, the absorption and fluorescence emission
spectra varied with the solvent used. These spectral
changes could not be directly related to the polarity (dielec-
tric constant) of the solvent (22), and, different from
various other fluorescent dyes, the intensity was not related
to the polarity of the solvent either. In addition, the
excitation peak and emission peak were very close, with a
maximum difference of only 10 nm. This relatively small
Stokes shift of Rhodamine 800 as compared with that of
Rhodamine 123 (excitation, 490 nm; emission, 530 nm) is
due to its planar structure (21). Thus, fluorescence mea-
surement of this dye requires special care to remove
contamination by excitation light. We therefore used a
cutoff filter inserted into the fluorometer.

When Rhodamine 800 was incubated with isolated
mitochondria, an energy-dependent red shift of the absorb-
ance and quenching of the fluorescence emission were
observed. These spectral changes could be continuously
monitored by dual-wavelength photometry and by fluores-
cence spectrophotometry at relatively longer wavelength in
vigible and near-infrared region. As can be seen in Fig. 8,
the red shift and fluorescence quenching were linearly
related to the valinomycin-induced potassium diffusion
potential of A¥. The sensitivity of fluorescence quenching
to membrane potential was 2.3%/10 mV, similar to that of
absorption measurement. Our estimated values of mem-
brane potential at state 4 were slightly higher than gener-
ally reported values (~160 mV). Emaus et al., however,
gave a value of ~190 mV (5), similar to ours. Thus, the
indirect method using the optical dye gives slightly higher
values than those determined by a direct electrode method.

Adenine nucleotides also quenched the fluorescence (Fig.
10), and the potentials were the same with ATP and ADP,
both with and without Mg?*. This showed that fluorescence
intensity changes observed in the various respiratory
conditions were due to the changes of the mitochondrial
energy state (membrane potential) rather than the changes
of the concentration of ATP and ADP. This was confirmed
by the information presented in Fig. 6, where state 2 and
state 4 showed the same absorbance and fluorescence
intensity. In addition, the concentration of ATP or ADP is
about 1 mM in mitochondria, and the quenching is relative-
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ly small compared to the quenching due to the change of
membrane potential. The quenching by adenine nucleotide
is static, involving a complex whose dissociation constant
was about 1 mM, similar to that of Rhodamine 123 (5).

The uptake of Rhodamine 800 was concentration-depen-
dent when mitochondria were in the energized state (Fig.
9). The ratio of the amount of uptake to free Rhodamine
reached a maximum of 20 when the concentration of added
Rhodamine 800 was about 15 yM. Considering the mito-
chondrial space, the concentration ratio inside and outside
of the mitochondria became 8,000:1, twice as large as that
of the other Rhodamine dye (5). At concentrations higher
than 15 ¢M, the ratio decreased. This was due to the
saturation of uptake into mitochondria. Thus, the K, value
of Rhodamine 800 was around 5 #M. In contrast, in the
uncoupled non-energized state, the uptake/free Rhodamine
ratio was almost constant at about 1, even when the
concentration of Rhodamine 800 was increased to 30 M.
This meant that almost half of the dye was trapped inside
the mitochondria. This incomplete release on uncoupling
might have been due to the fact that this dye is more
lipophilic than other cationic fluorescent dyes.

The largest difference of fluorescence intensity between
energized and uncoupled conditions was obtained at around
15 M Rhodamine 800; in other words, the highest sensi-
tivity to the change of the energy state could be obtained at
this concentration. However, as judged from the inhibition
study shown in Fig. 3, the respiration rate and RCR started
to decrease at concentrations higher than 5 yM. Therefore,
we employed a dye concentration of around 5 4M in this
study. At this concentration, the concentration ratio inside
and outside mitochondria was still around 4,000:1. Thus,
we selectively measured the absorption and fluorescence
changes of the dye inside the mitochondria. The absorption
and fluorescence changes could be followed with a good S/N
ratio in the present study at this concentration (Fig. 11).

Near-Infrared Optical Staining for Energy State—Rho-
damine 800 could be incorporated into mitochondria selec-
tively in the hepatocytes. The similarity of the absorption
and fluorescence spectra between isolated mitochondria
and normal hepatocytes in the presence and absence of the
uncoupler supported this conclusion. This was due to the
fact that the both absorption and fluorescence were rather
insensitive to the physicochemical properties of the solvent
(Tables I and II), as Rhodamine 800 did not significantly
change its optical properties when it bound nonspecifically
to protein (unpublished observation). Thus, the dye in
cytosol, released from mitochondria by uncoupling, gave
optical spectra similar to that of the aqueous solution of
mitochondrial suspension in vitro. The usefulness of
Rhodamine 800 for evaluation of the tissue (cell) energy
state was clearly demonstrated in aerobic-anaerobic transi-
tion where the oxygen concentration was alzo measured
simultaneously in terms of the redox state of mitochondrial
cytochrome. As can be seen in Fig. 11, in anoxia lower than
1077 M oxygen (23), where cytochrome oxidage was com-
pletely reduced, mitochondria were in the fully energized
state for ~5 min, as judged from Rhodamine 800 absor-
bance. Since the absorption change of Rhodamine 800 was
2%/10 mV, we could calculate the energy state quantita-
tively from the trace at various points. With isolated
mitochondria in state 4, Rhodamine absorbance did not
change for more than 10 min after the reduction of cyto-
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chrome oxidase in the anaerobic conditions. Schumacker et
al. (24) reported that isolated hepatocytes prepared from
the liver of non-starved rats, could survive up to 24 h under
hypoxia (Ps:=18-22 Torr). Our conditions were complete-
ly anaerobic and starved. Therefore, the faster diminution
of the membrane potential of mitochondria in hepatocytes
was due to much higher energy consumption of the cells, in
which glycolysis supported the energy demand for only a
short period. After prolonged anoxia, addition of oxygen
caused the full oxidation of cytochrome oxidase, but not
recovery of mitochondrial membrane potential. This show-
ed that hepatocytes could not recover upon re-introduction
of oxygen after anoxia, after mitochondrial membrane
potential had been lost. Thus, we could differentiate the
failure of the energy state and oxygen supply of the cells.

For near-infrared spectrophotometry in clinical medi-
cine, where the tissue oxygenation state due to hemoglobin
oxygenation is measured non-invasively, the absorbance
measurement of Rhodamine 800 at 730-800 nm can be
used rather that at 730-685 nm, as shown in the present
study (Figs. 6 and 11), since uncoupling of mitochondria
caused a large change of light scattering, which is larger at
the shorter wavelength of the visible region than in the
near-infrared region. In Figs. 6 and 7, addition of uncoupler
caused large decreases in absorbance, to below the original
level. This was due to a scattering artifact, since, when
measured at 730-800 nm in the near-infrared, the optical
traces returned to the original levels. Thus, in addition to
its high transparency, near-infrared measurement is less
affected by the tissue scattering artifact. CuA in cyto-
chrome oxidase in normal blood-circulating tissue (11) can
be measured by using 805-830 nm absorbance instead of
the 605-620 nm of heme a+ a;. Since all near-infrared
spectrophotometers commercially available can measure
absorption changes in the range from 700 to 900 nm,
Rhodamine 800 can be used as a near-infrared active-
energy-reporting dye. To apply it to in vivo blood-circulat-
ing conditions, however we must modify the chemical
structure of Rhodamine 800, which might be more easily
incorporated into the tissue by intravenous injection. An
attempt to incorporate carboxyl ester groups into the dye is
in progress.

A low concentration might not be harmful to living
tissues (cf. Fig. 3). Our recent success with a hemoglobin-
free perfused-rat-head model (25) supports the usefulness
of this dye, in addition to fluorescence lifetime measure-
ments {26). The results of those studies will be reported
soon.

We conclude that Rhodamine 800 might be useful as an
energy-reporting contrast agent (27) that can be employed
in normal blood-circulation conditions for near-infrared
spectrophotometry and imaging.
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