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We have imaged mitochondrial oxidation-reduction states by taking a ratio of mitochondrial
fluorophores: NADH (reduced nicotinamide adenine dinucleotide) to Fp (oxidized flavoprotein).
Although NADH has been investigated for tissue metabolic state in cancer and in oxygen
deprived tissues, it alone is not an adequate measure of mitochondrial metabolic state since
the NADH signal is altered by dependence on the number of mitochondria and by blood absorp-
tion. The redox ratio, NADH/(Fp + NADH), gives a more accurate measure of steady-state
tissue metabolism since it is less dependent on mitochondrial number and it compensates effec-
tively for hemodynamic changes. This ratio provides important diagnostic information in living
tissues. In this study, the emitted fluorescence of mouse colon in situ is passed through an emis-
sion filter wheel and imaged on a CCD camera. Redox ratio images of the healthy and hypoxic
mouse intestines clearly showed significant differences. Furthermore, the corrected redox ratio
indicated an increase from an average value of 0.51 £ 0.10 in the healthy state to 0.92 £ 0.03 in
dead tissue due to severe ischemia (N = 5). We show that the CCD imaging system is capable
of displaying the metabolic differences in normal and ischemic tissues as well as quantifying the
redox ratio in vivo as a marker of these changes.
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1. Introduction

Previously, autofluorescence spectroscopies and
imaging of NADH! and FAD have been used as
an optical diagnostic tool for cancers,®?® ischemic
diseases,® apoptosis,® and brain function.” !
Assessment of hypoxia would provide knowledge
of oxygen delivery to mitochondria, the main

365

tissue energy providers. Energy production in mito-
chondria is based upon the electron transport
from fluorophores like NADH, FADH2 to O in
the respiratory chain by reduction and oxidation.
The NADH autofluorescence is in the blue region
(450 nm) upon UV excitation (366nm). On the
other hand, oxidized flavoprotein (Fp) including the
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oxidized form of flavin adenine dinucleotide (FAD)
emits at 520 nm when excited at 436 nm. Chance
and Williams have investigated the metabolic states
of NADH and other electron carriers'? ¢ in detail
and have shown that taking the ratio of NADH to
Fp fluorescence provides a measure of steady-state
metabolism in heart and brain.!” We have previ-
ously employed the redox ratio to monitor cellular
metabolism in a cryo-imaging set up.581¥ 20 Other
researchers also investigated the concept of redox
ratio in wvivo*H?? spectroscopically, and obtained
redox images in animal models.?

The main challenge of in wvivo studies of tis-
sue metabolic state is the effects of hemoglobin
absorption on excitation and fluorescence emission
that induces dependence of fluorescence intensi-
ties on capillary densities. Also the fluorescence
intensity of NADH and Fp are dependent on the
density of mitochondria. Thus, we sought a redox
state indicator using two fluorophores, NADH and
Fp, rather than only NADH fluorescence inten-
sity. Taking a ratio of the autofluorescence of
NADH to Fp provides a more sensitive indica-
tor of metabolic states independent of the number
of mitochondria, and compensates for the arti-
fact of blood absorbance. Most importantly, the
changes in the NADH/(Fp + NADH) ratio stoichio-
metrically reflected the redox state changes. Redox
state implies mitochondrial inner membrane poten-
tial that is related to ATP (energy) synthesis and
cellular metabolism. It is also related to perturba-
tions of substrate limitation and oxygen depriva-
tion. A redox state indicator using the NADH and
Fp redox ratio can provide key information on tis-
sue metabolism.

This investigation applies the concept of the
redox state measurement with a CCD camera to
monitor in viwo/in situ tissue metabolism. We
have implemented redox ratio imaging in hypoxic
intestines as well as calibration procedures to quan-
tify NADH and Fp fluorescence. The aim of this
study is to use the redox ratio to assess the tissue
oxidation—reduction state, to semi-quantitate this
state and to characterize the normal and ischemic
values of redox states.

2. Material and Method
2.1. Subjects

Five 100-gram adult mice were anesthetized with
5mg/kg intraperitoneal injections of ketamine. The
abdominal wall was excised to expose colons in

the abdominal cavity. Then animals were placed on
the optical stage beneath the CCD redox scanner
camera. The control images of colon in live animals
were first captured before pentobarbital sodium
(50 mg/kg of body weight) was administered via the
abdominal space to sacrifice the animal. When the
pentobarbital was injected, redox scans were taken
to detect the hypoxic ischemic effects until a few
minutes after cessation of heart beat.

2.2. FExperimental set up

The CCD optical set up is displayed in Fig. 1.
The light from a broadband mercury arc lamp was
incident on a cold mirror to exclude NIR wave-
lengths (heat). The rest of the light was spec-
trally filtered by optical bandpass filters to pro-
vide suitable excitation (EX) wavelengths. The fil-
tered light was then obliquely incident on the tis-
sue to minimize specular reflections and to excite
fluorophores at different wavelengths. The induced
emitted fluorescence from tissue was also spec-
trally filtered through a filter wheel to select

Ex Filters

Em Filter Wheel

(- D>
[

I

Cold mirror

Tissue

Fig. 1. The CCD optical imaging set up. Mercury light
source passes through excitation filters and is incident on a
cold mirror to exclude near infrared wavelengths (heat). The
filtered light is then obliquely incident on tissue. The induced
emitted fluorescence from tissue passes through emission fil-
ter wheel and was imaged on the CCD camera. CCD and Hg
stand for charged coupled device and mercury, respectively.
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emissions (EM) at suitable bandwidth for NADH
and Fp. The wheel consisted of bandpass filters
for NADH and Fp excitation (interference fil-
ters: 365HT25, 440DF20, Omega Optical, Brattle-
boro, VT, USA) and emission (interference filters:
455DF40, 525DF50, Omega Optical, Brattleboro,
VT, USA). After passing through EM bandpass fil-
ters the light was then imaged on the CCD camera
mounted over the filter wheel. The subjects were
located on the sample stage, the height of which
was adjustable for the best focus. At first the control
images were captured and then after the pentobar-
bital injection, redox images were captured to mon-
itor ischemia resulting from suppression of breath-
ing. The acquisitions were averaged over 30 seconds
to obtain a good S/N ratio. Finally, the fluores-
cent signals of dead tissue were acquired; they were
apparently different than those of living animals.

2.3. Calibration of NADH and Fp
signal

The purpose of the calibration was to establish the
concentration dependence of Fp and NADH inten-
sities. We quantified the effects of molarities on
the fluorescence intensities and demonstrated the
linearity of the CCD imaging signal response. For
this purpose we used concentrations of 0, 70, 140,
280 uM of NADH (Disodium nicotinamide adenine
dinucleotide, SIGMA Aldrich, St. Louis, MO) and
0, 24, 60, 120 uM of Fp (Flavin adenine dinucleotide
disodium, SIGMA Aldrich, St. Louis, MO) stan-
dards. The desired amount of powder of each was
weighed out and dissolved in 10 mM Tris-HCI buffer
(pH="7.5). These concentrations are comparable to
physiological values.?*

2.4. Data acquisition and analysis

A CCD camera (Cohu, San Diego, CA, model 2200,
8-bit digital output with resolution of 768 x 576,
10 x 10 um? pixels) captured the images and the
software written in the lab produced BMP image
format. The speed was 30 frames/s and 256 frames
were averaged in real time. Prior to each image
acquisition a reference frame was acquired by com-
pletely closing the lens to account for dark cur-
rent. These reference frames were automatically
subtracted from the EM images by the software.
Later it was analyzed by a MATLAB code to
account for absorption correction to get absolute
fluorescence images. As previously explained, the
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incident light at NADH and Fp excitation wave-
lengths was bandpass filtered from a mercury arc
lamp, and was incident on a stage with an angle of
about 75° where the mouse tissue was located. The
light intensity delivered to tissue was approximately
5 pw/mm? that was within the safe range for tissue.
The emitted light was collected vertically through
a filter wheel and imaged on the CCD. To account
for the tissue absorption at UV and blue excita-
tion wavelengths, the emission filters were set at
the wavelengths of excitation to obtain absorption
images [Unapu(ez); ¥rp(ex)]. This absorption was
later divided to the emitted fluorescence to correct
for background signals and movement artifacts. The
acquired data had an auto-adjusted intensity scale;
thus, the first step was to convert it to the abso-
lute light intensities. This absolute value was the
difference of maximum and minimum of intensity
counts divided by a normalization number (255).
Fluorescence images [Unapu(em); Urp(em)] were
acquired at the proper emission filters for NADH
and Fp respectively. To correct for absorption
at excitation, the absolute fluorescence intensities
[YnapH(em); Ypp(em)] were divided by absorption
intensities as shown in Eqgs. (1)—(3).

Unapm(corrected) = Unapu(em)/
Unapn(ex), (1)
Upp(corrected) = Upp(em)/WYrp(ex), (2)

URedox (corrected)
= Wnapn (corrected) /[Wpp (corrected)

+ Unapn (corrected)]. (3)
The redox ratio measures tissue oxygenation
independent of mitochondrial density, fluorescence

quenching, tissue absorption, as well as movement
artifacts.

3. Results
3.1. Calibration of NADH and Fp
signal

Figures 2(a) and 2(b) show the pseudo-colored flu-
orescence intensities of Fp and NADH for four dif-
ferent concentrations. To establish the instrument
function of the CCD and test the linear response
range, we fitted a straight line to the mean value
of the intensities as indicated in Fig. 2(c). The cor-
relation power is 0.98 for both Fp and NADH cal-
ibration curves. With these results, we showed not
only the system linearity but also calibrated the
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Fig. 2. (a) Fp and (b) NADH standard fluorescence intensities of different concentrations to demonstrate a linear correlation
of intensity versus concentration. (¢) Linearity of intensity versus concentration with a high correlation power for NADH and

Fp solutions.

fluorescence intensity levels for these concentration
ranges. The upper limits of the Fp and NADH lin-
ear response were 120 uM and 280 uM, respectively
and we observed saturation when higher concentra-
tions were used.

3.2. In vivo/in situ fluorescence
images

Typical unprocessed images of NADH and FAD
are shown in Fig. 3. NADH fluorescence intensity
increases as the Fp signal decreases. These dramatic
changes are mainly due to tissue hypoxia/ischemia
and inhibition of complex I by pentobarbital result-
ing in an extremely high reduction of mitochon-
drial redox states. Lack of oxygen after death causes
NADH and Fp to accumulate in reduced form and
they are unable to transfer the electrons to oxygen
in the electron transport chain.

These gray-scale pictures taken by CCD camera
can be further processed to pseudo-color images for
better clarity as explained in data analysis section.
We processed these images to obtain absolute sig-
nals in control (live) and hypoxic (death) situations
and to observe fluorescence intensity changes.

Figure 4 indicates the absolute data calculated
by dividing the difference of the maximum and

minimum of recorded image intensity by normaliza-
tion factor (255). The first column displays Fp, the
second column is NADH and the third shows the
NADH redox ratio in live (top row) and dead ani-
mals (bottom row). As can be seen the NADH redox
ratio at death is much higher due to ischemia and
reduction of the fluorophores. A single Fp or NADH
picture cannot give an accurate interpretation of tis-
sue metabolic stage, but the redox ratio shows the
difference clearly as illustrated in Figs. 4 and 5.
The intensity bars do not have the same range
since the intensity differences in Fp and NADH
are large. However a quick examination shows that
while the intensity of Fp decreased from an aver-
age of about 3000 to 2000, NADH signal increase
was from 700 to 4000, which is disproportionally
higher.

As previously explained, in order to correct
for absorption at excitation wavelengths, the abso-
lute fluorescence data were divided by absorption
at excitation wavelengths to provide corrected sig-
nals as displayed in Fig. 5. To identify the differ-
ences in the mean of the redox ratio in the con-
trol and hypoxic tissues, the histograms of the
intensity distributions were calculated (Fig. 6). The
mean image intensities in this mouse show that the
redox ratio increases from 0.59 in healthy tissue
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1 min 2 min

Fig. 3. Unprocessed fluorescence images of mouse colon; first column is control (live), second and third columns are one and
two minutes after death, respectively. The top row is NADH images and the bottom row illustrates Fp images.
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Fig. 4. (a) Absolute fluorescence (uncorrected) of live mouse colon. (b) Fluorescence (uncorrected) of dead mouse colon. First
and second columns are Fp and NADH fluorescence intensities, respectively, and third column is NADH redox ratio.

to 0.95 in hypoxic tissue. This increase is due to
tissue hypoxia/ischemia (State 5) and presumably
also due to an inhibition of complex I by barbi-
turates leading to crossover phenomena (NADH

reduction).?”3% The results of five mice showed that
the average redox ratio is 0.51+0.10 (SD) for control
and 0.92£0.03 (SD) for two minutes after cessation
of heart beat.
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Fig. 5. (a) Corrected data of live mouse colon. (b) Corrected data of dead mouse colon. First and second columns are Fp
and NADH data (%), respectively, third column is NADH redox ratio. The redox ratio after death is very high (red color) due

to severe hypoxia/ischemia and inhibition by pentobarbital.

4. Discussion

Mitochondrial oxidative phosphorylation is the pro-
cess by which ATP is produced as electrons are
transferred from NADH and FADH2 to Og via the
electron transport chain of enzymes. NADH and
FADH2 are energy-rich molecules and the storage
of energy is influenced by many conditions and
reflects redox states or transmembrane electrical
potential.

Chance et al. defined redox states in isolated
mitochondria in vitro.'> 16 The mitochondrial stage
in which ATP is actively synthesized is called
State 3, the states of oxygen and substrate depriva-
tion are State 5 and State 2 respectively, the rest-
ing state without ADP is called State 4, and the
state with limited endogenous substrate and low
ADP is called State 1. The NADH redox state oxi-
dizes from resting (State 4) to highly active state
(State 3). Thus, NADH redox state is an indicator
of monitoring cellular metabolic activity through
mitochondrial oxidative phosphorylation. State 5
is the most frequent clinically-encountered state in
which the concentration of chemically reduced form
of NADH rises when ATP production is not suffi-
cient to meet cellular demand due to lack of oxy-
gen. In the living cells, physiological mitochondrial

states are usually in between State 3 and State 4,
where the NAD' /NADH ratio is closely correlated
with the rate of ATP production.

Chance’s group demonstrated that the fluore-
scence signal from heart tissue originates mostly
from NADH in the mitochondria and the
contribution of NADPH — present in cytosol — is
very small.?6:2" To further investigate this, they also
compared the fluorescence of NADH and NADPH
of liver in wvivo.2® They showed that NADH sig-
nal increased during induction of ischemia, while
NADPH signal did not change. Other researchers
also showed that the origin of NADH fluorescence
is from the bound NADH in mitochondria.??-3°
The quantum yield of NADH when it is
bound to proteins is approximately four folds
higher.3!

Another electron carrier in ATP produc-
tion, besides NADH, is electron transfer flavo-
protein-ubiquinone-oxidoreductase (ETF-QO) that
is bound to the inner mitochondrial membrane.
It accepts electrons from electron transfer flavopro-
tein (ETF) located in the mitochondrial matrix,
and transfers them to ubiquinone in the inner
mitochondrial membrane, thus linking the pri-
mary flavoprotein dehydrogenases with ubiquinol-
cytochrome ¢ reductase (cytochrome bel complex
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Fig. 6. (a) Histogram of corrected redox ratio of a live mouse
colon. (b) Histogram of corrected redox ratio of a dead mouse
colon. The red shift in the mean value of redox ratio in the
dead mouse colon is due to severe hypoxia/ischemia and inhi-
bition by pentobarbital.

or complex IIT). ETF-QO, together with ETF, is an
essential component of fatty acid metabolism and
the catabolism of some amino acids.

In a clinical situation, e.g., oxygen-deprived
tissue such as ischemia/hypoxia (State 5), a high
NADH state has been detected in the heart3?33
and brain,?® kidney?* and brain stroke model.®
Functional imaging studies of brain demonstrate
that neuronal activity induces a lower redox state
(State 3) by FAD fluorescence.” ! Furthermore,
high NADH has been detected in freeze-trapped
cancer tissue,'??0 as well as in human cervi-
cal cancer tissue.” However, recently we found
that more aggressive melanoma mouse xenografts
have a signature of lower redox states, i.e., oxi-
dation of NADH, and a higher Fp redox ratio,
i.e., Fp/(Fp+ NADH).* In our model, the NADH
redox ratio exhibited significant increase in dead tis-
sue vs control. Figure 5 shows a redox ratio of 0.92
that is almost as high as we can get. Other research
suggests that ischemia and hypoxia took at least
three minutes to achieve the highest redox state.?*
This very high redox state is probably achieved by

1
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not only hypoxia/ischemia of State 5, but also the
effects of pentobarbital that inhibits complex I,
leading to high NADH reduction.?%36:37

CCD imaging is a purely noninvasive/non-
tissue destructive technique that does not need any
tissue contact. Our data indicated that this tech-
nique can be useful in assessing in vivo and in situ
tissue oxygenation in small animal studies. Mito-
chondrial redox signals are indeed indicators of tis-
sue hypoxia®® that can be captured by fluorescence
imaging. In the hypoxic phase, the autofluores-
cence signals increase in agreement with the accu-
mulation of reducing equivalents as a consequence
of the complete oxygen depletion. We have used
reflectance signals from colon tissue to correct the
fluorescence signals of NADH and Fp for incident
light normalization, while incident light can fluc-
tuate mostly due to hemodynamic artifacts. Cor-
rected NADH and Fp signals quantitate better the
tissue oxidation—reduction state compared to that
attempted by others.3

We have attempted to quantify NADH and
FAD by calibration studies shown in Fig. 2. How-
ever in this paper, we have only achieved partially.
Using solution standards, we were able to obtain the
linear dynamic range of the CCD redox imager and
the ratio between channel Fp and channel NADH.
These ratios are highly influenced by light source,
both the excitation and emission filters and detec-
tor efficiency as well as background signals of tissues
or solutions. Thus the ratios will change in each
device and each sample. As a result, the nominal
concentration of Fp and NADH in the colon tissue
can only be estimated very roughly as anywhere
between 0 to 120 pM and 0 to 280 M respectively.
We did not determine the nominal concentration
of NADH and Fp for the tissue at this time since
the images of solution standards were not acquired
at the same time of the biological sample and the
running conditions of instruments could also be dif-
ferent. In another paper, we have determined the
nominal concentration of these fluorophores in tis-
sue by imaging the tissue sample and the solution
standards together in cryosamples.??40 We have not
found any report on the actual concentration of
these fluorophores in colon tissue. Only few refer-
ences are available in other tissues, for example,
about 300 uM of NADH in Liver.?6

It is important to note that the excitation
and emission wavelengths of NADH and Fp are
completely separated, hence providing highly spe-
cific and sensitive signals compared to absorption
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spectroscopic signals. Another concern of tissue
fluorometry is that tissues have some specific
absorbers and fluorophores that may alter, influ-
ence and interact with one another, thus creating
some inaccuracy for our redox state imaging based
on the NADH and FAD measurements. Specifically,
hemoglobin, red blood cells and water contents
changed dramatically in our model. Hemoglobins
have very high absorptions in Soret band of 400-
450 nm, their concentrations in the living tissue are
of an order of 100 M, and any changes in the blood
flow will change the hemoglobin concentration (in
the case of ischemia, decrease in red blood cells
is expected). Similarly, hypoxia (decrease in HbOq
and increase in Hb) which occurred before NADH
reduction® will also change absorption sensitivity
in those excitation and emission light intensities at
different wavelengths.

Mayevsky and Rogatsky have shown that tak-
ing the reflectance (light intensity at excitation
wavelength) as a reference from emission light
can compensate quite reasonably for the real
NADH fluorescence intensity.> That is also the
basis for our correction in this paper as shown in
Egs. (1)—(3). In our model, the absolute NADH flu-
orescence intensity increases from 800 to 4,000 (five
times) due to the decrease in background absorp-
tion by hemoglobin Soret band as well as increase
in NADH (Fig. 4). On the other hand, when it is
corrected by the excitation light intensity (incident
light), the actual NADH fluorescence intensity con-
tribution was decreased from 0.25% to less than
0.2%. Moreover, the decrease in Fp signal is much
more than that of NADH, which made effective
redox ratio very high as 0.92 (Fig. 5). This relative
fluorescence intensity decrease cannot be explained
by the absorption of blood, whose volume decrease
can only increase the light intensity. We might con-
sider photobleaching, an increase in tissue scatter-
ing as well as moving artifact by total tissue vol-
ume decrease which can decrease the light intensity.
Photobleaching is a common problem for any exper-
iment. In particular, exposure time of a few minutes
to photons is large enough during and after pento-
barbital injection, even though the intensity of each
excitation light is of an order of microwatt per mm?.

In short, an optical, non-tissue destructive
imaging device allows the quantitative regional
assessment of tissue oxidation states at the cellu-
lar level in vivo. Such a technique may allow mea-
surements of the degree of hypoxia in disease diag-
nosis. Alteration in tissue oxygen supply directly

influences autofluorescence properties, and time-
course images of the emission signal provide tissue
diagnostic parameters. By applying this method,
normal and hypoxic mouse intestines showed nor-
mal and reduced form of mitochondrial fluorescence
images. Quantitation of fluorescence emission and
redox imaging are essential for in vivo diagnosis to
identify normal and hypoxic tissue states. The mean
redox ratio increase of 56% in the ischemic tissue
is a simple though powerful method to evaluate
cell metabolic status. These animal-study results
open a door to clinical transferability of metabolic
monitoring by fluorescence imaging in different
surgeries.
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