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Abstract. Currently there is no accepted method to measure the
metabolic status of the organ of Corti. Since metabolism and mito-
chondrial dysfunction are expected to play a role in many different
hearing disorders, here for the first time we employ two-photon meta-
bolic imaging to assess the metabolic status of the cochlea. When
excited with ultrashort pulses of 740-nm light, both inner and outer
hair cells in isolated murine cochlear preparations exhibited intrinsic
fluorescence. This fluorescence is characterized and shown to be con-
sistent with a mixture of oxidized flavoproteins (Fp) and reduced nico-
tinamide adenine dinucleotide (NADH). The location of the fluores-
cence within hair cells is also consistent with the different
mitochondrial distributions in these cell types. Treatments with cya-
nide and mitochondrial uncouplers show that hair cells are metaboli-
cally active. Both NADH and Fp in inner hair cells gradually become
completely oxidized within 50 min from the time of death of the
animal. Outer hair cells show similar trends but are found to have
greater variability. We show that it is possible to use two-photon meta-

bolic imaging to assess metabolism in the mouse organ of Corti. © 2007
Society of Photo-Optical Instrumentation Engineers. [DOI: 10.1117/1.2714777]
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1 Introduction

It has been long recognized that mitochondria play a critical
role in living cells by generating ATP, maintaining cellular
redox potential, and detoxifying reactive oxygen species
(ROS) and xenobiotics.! More recently, the roles of mitochon-
dria in generating apoptotic signals and the permeability tran-
sition in acute necrotic injury have been described. Because of
the high energy demands of neurons and the generation of
high levels of ROS, the nervous system is particularly vulner-
able to mitochondrial dysfunction. Mitochondria in neurons
play significant roles in intracellular Ca>* homeostasis by
sequesteringz‘3 Ca’* and regulating synaptic transmission.* In
general, mitochondrial dysfunction can lead to a multisystem
disorder that includes the central nervous system, peripheral
nervous system, endocrine, cardiac, ocular, auditory, gas-
trointestinal, renal, myoskeletal, dermal, and hematological
abnormalities. Progressive late onset mitochondriopathies are
thought to be associated with age-related diseases and are
based on diminished mitochondrial function due to progres-
sive DNA damage (i.e., heteroplasmy) and deterioration of
energy production.

In the auditory system, mitochondrial defects are associ-
ated with initial deterioration and loss of high-frequency sen-
sitivity in presbycusis, noise-induced hearing loss, and many
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inherited forms of hearing impairment and loss.*” The role of
mitochondrial dysfunction in hearing loss (HL) is supported
by syndromic and nonsyndromic deafness associated with mi-
tochondrial mutations® and the direct effects of ototoxic drugs
such as aminoglycosides and cisplatin.g’9 Furthermore, defects
in mitochondria are associated with the effect of noise-, age-
and ROS-related insults.'®"! Noise, ototoxic, and ischemia-
induced HL are also thought to be cumulative processes that
are suggested to be, in part, mediated by ROS.'*"* More re-
cently, mice carrying a mutation either in the proofreading-
deficient version of the mitochondrial DNA (mtDNA) poly-
merase « (POLA) or the 7y subunit (POLG) accumulate
mtDNA mutations and display features of accelerated aging
and HL (Refs. 14 and 15). Mitochondrial changes, such as
swelling and long-term degeneration, are observed in HL.
Further alterations associated with mitochondrial metabolic
defects are documented by immunohistochemical studies of
mitochondrial enzymes. Despite this wealth of information,
little to no direct evidence for metabolic changes in cochlear
mitochondria is available.

Current imaging techniques are available to document the
metabolic status of mitochondria in living cells. The reduced
form of the nicotinamide adenine dinucleotide coenzyme
(NADH) and the oxidized forms of flavoproteins (Fp) have
been widely used as intrinsic fluorescent probes of mitochon-
drial respiration since development of this approach by
Chance and Baltscheffsky,m Chance et al.,17 and Chance and
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Shoener."® NADH fluorescence has been widely used in moni-
toring the metabolic status of cornea, brain, muscle, and other
tissue.'”* Fp fluorescence can be used as a complementary
technique showing the relative oxidized state rather than the
reduced state shown by NADH fluorescence.”**’ The use of
this paired technique has also been used to characterize car-
diac myocytes.zg’29

Two-photon excitation of these intrinsic fluorophores is ad-
vantageous because the amount of energy required to cause
cellular damage increases exponentially with the wavelength
of the light, resulting in reduced phototoxicity.m’31 Further, the
simultaneous absorption of two near-IR photons confines both
the fluorescence and the subsequent photobleaching to the fo-
cal plane.”> NADH can be imaged with submicrometer reso-
lution using multiphoton microscopy.”’40 Two-photon excita-
tion in the range of 710 to 780 nm causes NADH to emit a
broad blue fluorescence peaking near 460 nm. Flavoproteins
can be similarly imaged using a broad range of excitation
wavelengths (700 to greater than 900 nm) with a fluorescence
emission peak near 530 nm. Two-photon redox ratiometric
fluorimetry of NADH and cellular flavoproteins has been per-
formed in cardiac myocytes.” More recently, two-photon-
excited NADH imaging has been employed to study astro-
cytes and neurons in living brain slices.”>” In addition, two-
photon NADH imaging with one-photon Fp imaging was used
to study the pyruvate response in pancreatic islets.”

In previous studies of cultured rat basophilic leukemia
cells,” we showed that the NADH fluorescence is primarily
localized to mitochondria, and that this fluorescence shows
appropriate responses to mitochondrial inhibitors and uncou-
plers. However, we were unable to measure two-photon-
excited Fp fluorescence in this cultured cell line. We also
studied NADH photobleaching during multiphoton micros-
copy to optimize metabolic imaging techniques.40 Here, we
build on this work to develop functional two-photon imaging
of excited NADH and Fp to study the metabolic state of neu-
rosensory epithelium, hair cells, in the cochlea. We employed
an isolated murine cochlea preparation similar to that used in
many prior studies of cochlear physiology. This technique en-
abled us, for the first time, to do direct cell-by-cell metabolic
characterization and determine general metabolic parameters
for different cell types within the organ of Corti from the
same images. Further development of this technique can be
employed to study metabolic function in hearing disorders
using a wide variety of animal models, including the sponta-
neous and genetically engineered mutant mouse lines.

2 Materials and Methods
2.1 Materials

Our materials included a cochlea preparation medium: L-15
medium (Gibco, Grand Island, New York) with 10-mM
Hepes, pH 7.3; imaging medium: 135-mM NaCl, 5-mM
KCl, 1-mM MgCl,-6H,0, 1.8-mM CaCl,-2H,0, 20-mM
Hepes, 5-mM glucose, 0.5% (by volume) bovine serum albu-
min, pH 7.3; sodium cyanide (NaCN), cyanide-p-
trifluoromethoxy-phenyl hydrazone (FCCP); NADH solution:
1-mM NADH in phosphate buffered saline, pH 7.2; and
FMN solution: 10 uM flavin mononucleotide (FMN) in phos-
phate buffered saline, pH 7.2. Unless otherwise stated,
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Fig. 1 Cross-sectional diagram of the prepared cochlea with a micro-
scope objective shown above the viewing area. The objective looks
down on the organ of Corti, and images are taken of the outer hair
cells (O), outer and inner pillar cells (OP, IP), and inner hair cells (1),
through the tectorial membrane (TM), which is located above these
cells, as shown in the inset.

all chemicals were obtained from Sigma-Aldrich, St. Louis,
Missouri.

2.2 Mouse Dissection

Mice (CF-1, Charles River Laboratories, Boston, Massachu-
setts) were euthanized with carbon dioxide. We immediately
removed the cochlea from the skull and placed it into cold
L-15 medium. Excess bone and tissue were trimmed away.
Removal of the bone from the basal turn enabled the cochlea
to sit level for mounting in a secure stage. A window was
opened in the bone covering the apical turn of the organ of
Corti, exposing the last third of the turn, as shown in Fig. 1.
The preparation was inserted into a silastic tubing collar,
which further stabilized it for imaging at room temperature.
Animal care and handling was in accordance with an Institu-
tional Animal Care and Use Committee (IACUC) approved
protocol.

2.3 Two-Photon Microscopy

The organ of Corti was exposed to intense near-IR illumina-
tion at 740 nm by two-photon laser-scanning microscopy.
Femtosecond pulses of near-IR illumination from a tunable
Chameleon XR laser (Coherent Inc., Santa Clara, California)
were scanned across the sample by an LSM510 META NLO
laser scanning microscope with a 40X, 0.8-numerical aper-
ture (NA) water immersion objective (Carl Zeiss Inc., Thorn-
wood, New York). The region of interest was located below
the tectorial membrane, as shown in the inset of Fig. 1, where
the focal plane is indicated with a dashed line. An average
laser power of 55.0+0.5 mW (measured at the tissue surface)
was used to excite intrinsic fluorophores. This fluorescence
originated approximately 30 wm below the tissue surface.
The fluorescence emission was separated into two detection
channels using a 500-nm long-pass dichroic (500 DCXR,
Chroma Technology, Brattleboro, Vermont) and detected by
photomultiplier tubes without descanning. Blue fluorescence
originating primarily from NADH was isolated using a
custom-made bandpass filter (HQ460/80, Chroma Technol-
ogy, Brattleboro, Vermont). Green fluorescence containing a
mixture of NADH and Fp emission was isolated using an
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HQ540/60 bandpass filter (Chroma Technology, Brattleboro,
Vermont). These channels were later unmixed for quantitative
assessment of NADH and Fp fluorescence. Eight scans were
acquired and averaged to produce a single image. The spatial
resolution was determined to be approximately 1 wm radially
(in the image plane) by 3.5 um axially (depth of the imaging
plane), by imaging 60-nm fluorescent polystyrene spheres
(Bangs Laboratories Inc., Fishers, Indiana) suspended in aga-
rose gel (data not shown). To obtain emission spectra from
individual pixels, the fluorescence was diverted to a diffrac-
tion grating and detected in 22 wavelength bands centered
from 382 to 618 nm using the META detector of the
LSM510 microscope. The spectral resolution was approxi-
mately 10.8 nm. No attempt was made to measure or correct
for any nonuniform spectral response of the META detector.

2.4 Metabolic Treatments

To assess the metabolic state of the organ of Corti cells, in-
trinsic fluorescence images were taken of the organ of Corti
bathed in imaging media. Then the preparation was incubated
at room temperature in imaging media with 10-uM NaCN for
5 min before a second image was taken. The preparation was
then rinsed with imaging media and allowed 10 min to re-
cover. The addition of 10-uM FCCP was followed by a 5-min
incubation period at room temperature before the image
acquisition.

2.4.1 Spectral image analysis

Individual cells were selected as regions of interest (ROIs) in
each of the spectral images (ALICE, Hayden Image Process-
ing Group, Boulder, Colorado). The total fluorescence inten-
sity for each cell at each wavelength was determined by sum-
ming pixel values within the ROIs for each image. The
average wavelength-dependent background intensity was de-
termined from regions of the image devoid of cells. This value
was then multiplied by the number of pixels in a cellular ROI
to determine the background for the region, and subtracted
from the total fluorescence. The result was used as the
wavelength-dependent fluorescence intensity of the individual
cell. The average and standard error of the fluorescence inten-
sities for the cells in each image were plotted as a function of
the wavelength of the image (Origin, OriginLab, North
Hampton, Massachusetts) to determine the average cellular
fluorescence emission spectrum.

2.5 Linear Unmixing

The fluorescence emission of NADH is broad, completely
overlapping the emission spectrum of FMN, as is evident in
Fig. 2. While it is relatively easy to choose appropriate band-
pass filters to isolate NADH emission from FMN, it is impos-
sible to isolate FMN emission from NADH. Therefore, to
determine the amount of NADH fluorescence present in the
510- to 570-nm channel, and the amount of FMN fluores-
cence in the 420- to 500-nm channel, we measured the fluo-
rescence intensity present in both channels when pure solu-
tions of either NADH or FMN were two-photon excited at
740 nm. This measurement revealed that 85+1% of the
NADH signal present in the 420- to 500-nm channel was
also present in the 510- to 570-nm channel, while only
1.47+0.01% of the FMN signal in the 510- to 570-nm chan-
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Fig. 2 Spectrum of organ of Corti cells compared with solutions. The
normalized fluorescence signal is shown as a function of wavelength.
(a) The spectrum of freshly prepared cells (points) is overlaid with the
spectrum of a 1-mM NADH solution (line) obtained from the META
detector. The points and error bars represent the mean and standard
deviation of the fluorescence intensity from 32 individual cells. (b)
The spectrum of isolated hair cells after digestion (points) is overlaid
with a 10-uM FMN spectrum (line) obtained on the same detector.
The points and error bars represent the mean and standard deviation
of the fluorescence intensity from 11 individual cells.

nel was present in the 420- to 5S00-nm channel. Given the
relatively good agreement between the fluorescence emission
spectra of organ of Corti cells and free NADH and FMN in
solution (Fig. 2) and the broad detection bandpass, the sepa-
rated NADH and Fp channels could be obtained from the
mixed channels by a linear unmixing:

NADH = ¥(C, - 0.0147C,), (1)

Fp=y(C,-0.853C)), (2)

where C; and C, are the actual pixel values detected in the
blue (420- to 500-nm) and green (510- to 570-nm) chan-
nels, respectively, and 7 is an arbitrary scale factor that sets
the display contrast. Pixel-by-pixel linear unmixing was per-
formed for all of the images shown using ImageJ (Ref. 41).

2.6 Metabolic Image Analysis

Individual cells from images of untreated, NaCN-treated, and
FCCP-treated preparations were selected in the manner de-

March/April 2007 « Vol. 12(2)



Tiede et al.: Determination of hair cell metabolic state...

scribed for the spectral images. Inner hair cells (IHCs) and
outer hair cells (OHCs) were identified by their well-known
spatial arrangement in the organ of Corti. Background sub-
traction was found to be unnecessary after examining the
pixel histograms, and the average pixel brightness of the cells
was used for the rest of the analysis. Linear unmixing was
necessary to separate the Fp and NADH fluorescence. The
cellular fluorescence for IHCs and OHCs was averaged for
each preparation and each treatment. The NaCN treatment
produced the greatest reduction of cellular NADH and Fp,
while the FCCP treatment produced the greatest concentration
of the oxidized forms of these molecules. To form a relative
redox scale, the percent reduction of NADH was determined
by

Fn_Fnu
—’)XlOO, (3)
F,

ni~ L'nu

|

where F, is the average cellular fluorescence obtained from
the NADH channel; F),; is the average cellular NADH fluo-
rescence from the inhibited, NaCN-treated image; and F), , is
the average NADH fluorescence from the uncoupled, FCCP-
treated preparation. All of these values correspond to the un-
mixed NADH fluorescence, as already described. Using the
unmixed Fp fluorescence data the amount of oxidized Fp was
given by

Fp, — Fp
%0 = (M> X 100, (4)
FFp,u_FFp,i

where again the subscript i denotes the inhibited, cyanide-
treated preparation; and the subscript u# denotes the un-
coupled, FCCP-treated preparation. The uncertainty in the
fractions was estimated using the standard error of the aver-
ages for the values obtained in each category and standard
error propagation techniques.**

2.7 Time Course Image Analysis

To determine the stability of the organ of Corti preparation,
intrinsic fluorescence images were taken at 5 min intervals
following the extraction and preparation of the cochlea.
NADH fluorescence and Fp fluorescence were normalized to
the initial fluorescence intensity in each unmixed channel and
then the average value was taken for all the OHCs at each
time point.

3 Results

The spectrum from cell types in the intact preparations com-
prised of IHCs and OHCs, as well as their associated support-
ing cells, can be seen in Fig. 2(a). The line indicating the
spectrum of 1-mM NADH solution shows the same charac-
teristic shape as the spectrum from the cells. The preparation
shows what may be a small Fp signal present at 550 nm,
which is overwhelmed by the more intense NADH fluores-
cence signal. In isolated OHCs that have undergone digestion
with papain, the spectrum obtained closely resembles a solu-
tion of 10-uM FMN, as shown in Fig. 2(b). There is consid-
erable agreement between the two peaks of the spectra,
though the FMN spectrum appears to be slightly broader to-
ward the blue.

Journal of Biomedical Optics

021004-4

T OO0 I

Fig. 3 Optical sections of the organ of Corti obtained 15 min after the
death of the animal. The distance from the top of the OHCs is indi-
cated on each image. A row of Hensen'’s cells (H), three rows of outer
hair cells (O), a row of pillar cells (P), and a row of inner hair cells (1)
are all visible at different points in the series. In the online version, the
spectrally unmixed NADH fluorescence is represented in green, the
unmixed Fp fluorescence in red, while areas of yellow indicate over-
lap of the two fluorescence signals. The scale bar is 10 um. (Color
online only.)

Optical sections of adjacent focal planes within the intact
preparation are shown at 3.0-um intervals in Fig. 3. The mea-
sured two-channel fluorescence images were spectrally un-
mixed to obtain separate NADH and Fp channels. Several
rows of different cell types are apparent. The Hensen’s cells
are in the uppermost row as indicated by the H in Fig. 3. They
exhibit a mostly even distribution of NADH fluorescence with
some bright punctate regions indicative of mitochondrial clus-
tering. The next three rows of cells, indicted by O in Fig. 3,
are the OHCs. These cells have distinct rings of fluorescence
that contain both NADH and Fp. The relative amount of fluo-
rescence varies along the length of the OHC with more Fp
fluorescence apparent toward the basal surface of the cells
where they meet with the supporting cells underneath. The
next row of cells is the pillar cells, indicated by P in Fig. 3.
This row of cells is actually comprised of inner and outer
pillar cells that are not separately resolved as they are pressed
closely together. As the images progress deeper into the tis-
sue, only the outer pillar cells appear to be visible. The final
row of cells is comprised of IHCs, labeled I in Fig. 3. These
cells are distinct because of the bright punctuate regions con-
taining fluorescence from both Fp and NADH, corresponding
to mitochondria evenly distributed throughout the cytoplasm.
The nucleus appears as the dark void in IHCs. The remaining
fluorescence comes from supporting cells.
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Fig. 4 Metabolic imaging of the organ of Corti at a depth of 7 um
below the top of the OHCs. The preparation (a) to (c) before the
addition of any metabolic treatments to the imaging buffer, (d) to (f)
after 5 min of incubation with 10-uM NaCN, and (g) to (i) after 5 min
of incubation with 10-uM FCCP. Spectrally unmixed NADH fluores-
cence is depicted in (a), (d), and (g); unmixed Fp fluorescence in (b),
(e), and (h); and a merge of NADH (pseudo-green) and Fp (pseudo-
red) in (c), (f), and (i). Approximate outlines of the IHCs are drawn in
red. The images were taken at 20 min (untreated), 25 min (NaCN),
and 40 min (FCCP). Scale bar is 10 wm. (Color online only.)

To measure the metabolic response of the cells of the organ
of Corti to a mitochondrial inhibitor (NaCN) and uncoupler
(FCCP), we measured fluorescence from a single focal plane
approximately 7 um below the tips of the OHCs (Fig. 4).
When treated with 10- uM NaCN, OHCs and IHCs exhibited
an increase in NADH fluorescence, as shown in Fig. 4(d),
when compared to the preparation before treatment in Fig.
4(a). In this preparation, OHC NADH fluorescence increased
to 184% of the untreated cellular NADH fluorescence, while
the fluorescence of IHCs increased to only 112%. This was
accompanied by a loss of Fp fluorescence that can be attrib-
uted to the decreased concentration of oxidized Fp resulting
from the inhibition of oxidative phosphorylation. For OHCs,
the Fp fluorescence decreased to 56% of the untreated cellular
Fp fluorescence, while IHCs decreased to 89%. As expected,
the trends were reversed after the preparation was treated with
a 10-uM FCCP solution. When treated with FCCP, the
NADH fluorescence dropped to 83 and 75% of the untreated
OHC and THC NADH fluorescence, respectively [Fig. 4(g)],
and the Fp fluorescence increased to 112 and 135%, respec-
tively [Fig. 4(h)].

The average level of reduced NADH and oxidized Fp was
then calculated, using Egs. (3) and (4), from the changes in
fluorescence intensity for IHCs and OHCs. This was done for
nine different preparations that were imaged at various times
following the extraction of the cochlea. The results, plotted in
Figs. 5(a) and 5(b), show an apparent relationship between the
amount of time that the cochlea was out of the animal and the
relative redox state of the hair cells. Fp oxidation increased
steadily from approximately 19% at 15 min after the death of
the animal, to 100% after 50 min. The IHC NADH oxidation
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Fig. 5 Relative metabolic state of a total of nine preparations was
analyzed at seven different times. The percentage of reduced NADH
(left axis) and oxidized Fp (right axis) for IHCs is shown as a function
of the time between death of the animal and image acquisition for (a)
IHCs and (b) OHCs. (c) NADH and Fp fluorescence normalized to the
intensities of the first image and plotted as a function of time for a
single preparation. Error bars represent either the standard deviation
of replicated experiments or the uncertainty estimated by error propa-
gation through Eqs. (3) and (4).

state followed a similar pattern, with the level of reduction
decreasing from 95 to 0% within 45 min of death.

For OHCs, the results varied more dramatically, ranging
from 89+ 10% reduced and 21+ 19% oxidized for a prepara-
tion imaged approximately 15 min after the death of the ani-
mal to 0+ 10% reduced and 100+ 13% oxidized after 50 min.
The relationship does not appear to be linear, but is more
likely to be an exponential decay. Analysis of the OHCs of a
single preparation [Fig. 5(c)] showed that the ratio of reduced
NADH fluorescence to oxidized Fp fluorescence decreased in
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a similar manner. OHCs also began to swell as imaging time
progressed with the longer time periods corresponding to a
larger proportion of swollen cells.

4 Discussion

While two-photon NADH fluorescence has been imaged in
brain, heart, cornea, and pancreatic tissues,33—38 this technique
had yet to be used to study metabolism in the cochlea. The
spectrum of the organ of Corti cells indicates that both NADH
and Fp are present in the cells in sufficient quantities for im-
aging. This enabled us to study the metabolism of the organ of
Corti without the use of extrinsic fluorescent probes. We were
also able to study the intact tissue in toto, with all of the
different cell types, while at the same time assessing the meta-
bolic capacity for each individual cell. The distinct histologi-
cal and morphological characteristics of the organ of Corti
provided a unique opportunity for metabolic imaging of
whole tissue at the cellular level. There is considerable agree-
ment between the spectral peaks of the organ of Corti cells
and the NADH and FMN solutions, as shown in Fig. 2. The
fluorescence spectra also show a considerable amount of over-
lap in the wavelengths of the NADH and Fp signals. To re-
solve this issue we used linear unmixing to separate the sig-
nals. This enabled us to make the first direct quantification of
Fp oxidation by two-photon microscopy, rather than inferring
the Fp oxidation state from the mix of NADH and Fp in the
green channel, which has been used previously.

It appears that the NADH and Fp signals are present in the
expected subcellular regions within the cells corresponding to
the typical locations of mitochondria. This is demonstrated in
Fig. 3. As described before, the distribution of the fluores-
cence signals in the OHC is localized in a ring nearly con-
tiguous with the lateral wall of these cells, comprising the
cellular membrane, the cortical lattice, and the subsurface cis-
terna. The mitochondria are located along the subsurface cis-
terna along the lateral wall.* This would produce the circular
fluorescence distribution seen in the OHCs of Fig. 3. This
distribution differs from the mitochondrial arrangement of
IHCs. These mitochondria are dispersed throughout the cyto-
sol, which corresponds to the punctate distribution of fluores-
cence as shown in Fig. 3. The pillar and Hensen’s cells show
a relatively even distribution of mitochondria throughout the
cell, in agreement with the distribution of fluorescence in the
pillar cells shown in Fig. 3. Kasischke et al.¥ showed that
they were able to identify astrocytes and neurons in brain
tissue based on the NADH fluorescence pattern in much the
same way. This enabled us to simultaneously identify the cells
of interest (IHCs or OHCs for example) as we performed
metabolic imaging.

Further confirmation of the mitochondrial origin of the
NADH and Fp fluorescence came when we examined the data
from the metabolic treatments of cyanide and the uncoupler
FCCP. After NaCN incubation, the cells should be in their
most reduced state, just as if they were oxygen deprived since
NaCN blocks the transfer of reducing equivalents to oxygen.
NADH fluoresces when reduced, so the fluorescence should
increase with the addition of cyanide. As shown in Fig. 4(d),
the NADH fluorescence increased significantly after cyanide
incubation, but decreased with treatment of the mitochondrial
uncoupler FCCP [Fig. 4(h)]. This is expected since the uncou-
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pler dissipates the mitochondrial pH gradient, allowing for
the unregulated flow of electrons through the electron trans-
port chain without production of ATP, rapidly converting
NADH to the nonfluorescent NAD*. The Fp fluorescence var-
ies inversely with the NADH fluorescence, as seen in the
images in Figs. 4(b), 4(e), and 4(h), as Fp fluoresces when in
its oxidized state.

For all of the preparations, the sum of the relative oxida-
tion and reduction percentages totals 100% within the uncer-
tainty of the measurement. This is expected when the fluores-
cence originates from mitochondrial sources where flavin and
nicotinamide cofactors are in direct equilibrium. Previous
two-photon and traditional confocal metabolic imaging stud-
ies have tended to use the absolute change in intrinsic fluo-
rescence or the ratio of the NADH and Fp fluorescence to
study changes in metabolism'"'?2%%273373¢ rather than quan-
tifying the relative redox state of these molecules, as was
done in this study.

The average reduction of the IHCs is 73+ 12% for prepa-
rations imaged less than 40 min after the death of the animal.
This is higher than we observed in cultured rat basophilic
leukemia cells, which have typically been 45 and 55% re-
duced. This high percentage of reduced NADH and Fp indi-
cates a large capacity for ATP production. The fact that the
oxidized state predominated when images were obtained more
than 40 min after the death of the animal would indicate a
decreased capacity for ATP production via oxidative phospho-
rylation. From this study, it is unclear whether these trends
result from lowered rates of regeneration of the reduced forms
of NADH and Fp through glycolysis, the citric acid cycle, and
beta oxidation, or from a strong upregulation of oxidative
phosphorylation to produce ATP. The effect is more dramati-
cally seen in the OHCs, as shown in Figs. 5(b) and 5(c) as the
amount of reduced energy equivalents is decreasing while the
amount of oxidized energy equivalents increases. It is not
clear why the OHCs exhibit the loss of reduced NADH and
Fp more rapidly than the IHCs.

Possible experiments that could illuminate the mechanism
behind this loss of reduced NADH and Fp include varying the
concentration of glucose in the media to determine if the cells
are simply metabolizing glucose faster than they are able to
obtain it from passive diffusion from the media. Also, poten-
tiometric and pH-sensitive fluorescent probes may enable the
assessment of ATP production resulting from oxidative phos-
phorylation. The temperature of the preparation may also af-
fect the metabolism of the cells and should also be investi-
gated. This could enable determination of the ideal working
temperature of the preparation, be it physiological, room tem-
perature, or chilled.

In developing any fluorescence imaging protocol to assess
normal function of living cells it is important to minimize the
adverse affects of photobleaching and photodamage.39’40 We
attempted to do this by taking relatively few images at a low
sampling rate and at the lowest possible laser intensity re-
quired to get a sufficient SNR. Under these imaging condi-
tions, we did not observe any significant NADH or Fp pho-
tobleaching. Nevertheless, we have found that photodamage
during metabolic imaging can occur even when NADH pho-
tobleaching is not evident,” and a systematic investigation is
warranted.
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The Fp fluorescence images have a much lower SNR than
those formed from NADH fluorescence. This is because the
concentration of Fp is several orders of magnitude lower than
NADH in tissue.* Our own experience with cultured cells has
shown that the ability to detect Fp fluorescence also varies
dramatically with tissue type, and, in fact, we were unable to
detect Fp fluorescence in cultured rat basophilic leukemia
cells.” Fortunately, the two-photon action cross section of Fp
is more than three times that of NADH at 740 nm (Ref. 34)
enabling more efficient generation of Fp fluorescence. How-
ever, the overlap in the NADH fluorescence and the Fp fluo-
rescence also complicates the issue, making it difficult to de-
tect the Fp fluorescence because of NADH fluorescence
overlap. This was also described by Huang et al., who sug-
gested that greater specificity for NADH and Fp could be
achieved by narrowing the spectral ranges of the detection
channels.™ Unfortunately, decreasing the detection efficiency
as Huang et al. suggests would further reduce the SNR of the
Fp channel. Instead, we found that careful calibration of the
crosstalk between the two detection channels enables the
separation of the signal into its NADH and Fp components.
Given the measured fluorescence emission spectrum from or-
gan of Corti cells (Fig. 2), we expect that further improvement
in measuring the weak Fp signal may be realized by extending
the detection band to 650 nm.

Further experiments will determine if the amount of re-
duced NADH and Fp vary between species or even strains of
the same animal, which would be expected from studies of
dehydrogenase activity in cochleas of differing mouse
strains.”” If it can be established that there is some consistency
between mammalian species, or even strains of the same spe-
cies, this technique will have a very broad range of applica-
tion. Studies of noise-induced hearing loss, inherited hearing
loss, and presbycusis could use this technique to determine if
metabolic differences exist in these hearing disorders. Com-
bining this technique with studies of gene expression, protein
function, and structural studies could help illuminate the un-
derlying causes of some of these disorders.
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