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Abstract

In the mammalian cochlea, hair cells convert the mechanical energy of sound to 
electrical signals in the auditory nerve, and are therefore an essential component of 
hearing. One cause of sensorineural hearing loss is through the loss of irreplaceable 
cochlear hair cells. Gentamicin, an effective antibiotic in the treatment of gram negative 
bacterial infections, is toxic to hair cells and therefore can result in permanent hearing 
loss. Gentamicin induces hair cell loss by triggering apoptosis, and therefore 
understanding metabolic events in hair cells during gentamicin treatment might provide 
information essential to the amelioration of the hair cell loss.

In this study, two-photon fluorescence confocal microscopy of the mitochondrial 
metabolic intermediate reduced nicotinamide adenine dinucleotide (NADH) was used to 
monitor changes in NADH concentration in mouse cochlear hair cells after the 
administration of gentamicin. The results demonstrated significant differences in the 
effects of gentamicin on NADH fluorescence levels in outer hair cells, compared to inner 
hair cells. Further evidence of fundamental differences in metabolism between outer and 
inner hair cells was provided by analysis of NADH fluorescence lifetimes. A gentamicin 
conjugated to the fluorescent dye Texas Red was used to show that uptake of gentamicin 
was similar in both hair cell types. The involvement of the mitochondrial permeability 
transition pore in the gentamicin was implicated using the pore blocking agent 
cyclosporine A. In striking contrast to current theories of gentamicin-mediated hair cell 
damage, gentamicin appears to reduce the production of free radicals in outer hair cells 
within the first half hour following uptake. As a whole, these studies suggest new 
approaches to the understanding of gentamicin-mediated hair cell damage as well as other



types of sensorineural hearing loss.
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Introduction

Severe to profound hearing loss (defined as an inability to detect sounds at 70 
decibels Sound Pressure Level) affects as many as three-quarters of a million 
Americans( 1). These individuals require additional educational, social and other 
resources to allow them to function in a hearing society. Hearing loss hinders 
communication with others, sometimes resulting in social isolation, depression and 
apathy and increased risk of injury due to an inability to hear oncoming hazards(l). If 
deafness occurs before speech acquisition, an individual is further impaired by poor 
speech acquisition resulting in the potential for greater isolation from the hearing 
community at large(l). The average cost to society for the extra services needed by the 
severely hearing-impaired individual was calculated to be $297,000 in 1999 dollars, with 
prelingual deafness averaging over one million dollars in extra cost over one’s 
lifetime(l). The bulk of this expense is the result of decreased earnings with those 
experiencing severe to profound hearing loss earning 50% to 70% less than their 
unimpaired peers(l).

Current hypotheses of hearing loss suggest that metabolic responses or metabolic 
differences between cell types in the organ of Corti are important factors in the etiology 
and progression of sensorineural hearing loss(2, 3). Recent advances in techniques of 
metabolic imaging are allowing, for the first time, investigation of metabolic events in 
living explanted tissue(4, 5). Reduced nicotinamide adenine dinucleotide (NADH) is an 

important energy equivalent that donates electrons to the electron transport chain during 
oxidative phosphorylation, and is inherently fluorescent, while its oxidized form is not(6, 
7). NADH fluorescence intensity imaging is a long-standing technique that has been



greatly improved by the use of multi-photon microscopy. An alternate approach to 

metabolic studies employs fluorescence lifetime imaging of NADH which allows for 
more accurate determination of NADH concentration changes as well as indicating 

whether the NADH is free or enzyme bound(7, 8).
A major form of deafness is that caused by poisoning of hair cells due to the 

administration of aminoglycoside antibiotics. Aminoglycosides cause hair cell loss via 
apoptosis which could involve mitochondrial metabolism (3, 9). This aminoglycoside 
ototoxicity is characterized by the preferential loss of outer hair cells, especially those of 
the basal turn. I selected gentamicin administration in explanted mouse organ of Corti as 
a model system to study metabolic events in hair cell loss and tested the following 
hypotheses:
Hypothesis 1: NADH fluorescence decrease due to gentamicin treatment will be greater 
for outer hair cells than inner hair cells and greater for the basal turn hair cells than those 
of the apical turn.
Hypothesis 2: Reactive oxygen species production due to gentamicin will be greater for 
outer hair cells than inner hair cells.
Hypothesis 3: Outer hair cells and inner hair cells will exhibit different NADH lifetime 
characteristics due to differences in metaboloism.

With better understanding of the mechanism behind gentamicin-induced hearing 

loss, it may be possible to find ways to effectively use the antibiotic without causing loss 
of hearing. Applications will likely expand to other aminoglycoside antibiotics. Similar 
mechanisms may also be in part responsible for a variety of other causes of sensorineural 
hearing loss, including cisplatin ototoxicity, acoustic trauma, and presbycusis (age-related
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hearing loss) given the similarities in the etiology of the conditions. At the very least, 
this is a new opportunity to investigate these disorders and to learn about the metabolism 
of the cells of the organ of Corti.
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Chapter 1

The Anatomy and Physiology of the Mammalian 

Auditory Periphery

1.1) Morphology

The gross anatomy of the human auditory periphery is shown in Figure l . I . The 
anatomy of the mouse auditory periphery is similar in all but minor details, such as 
having a more accessible cochlea and being suited to a narrower band of higher 
frequency hearing than the human system(lO). Sound enters the ear at the auricle where 
it is funneled to the tympanic membrane by the ear canal(l I ). Vibrations of the tympanic 
membrane are passed to the ossicles of the middle ear where the sound waves are 
impedance-matched for the transition into the fluid-filled environment of the inner 
ear(l 1).

The components of the inner ear are the cochlea, a snail-shaped cavity in the 
temporal bone, and the adjacent vestibular system, consisting of the acceleration sensing 
organs(l 1). A cross sectional view of the cochlea is shown in Figure 1.2. In the cochlea, 
the sound vibrations are transformed to mechanical vibrations of the basilar membrane 
(BM)(12). The osseous spiral passage of the cochlea (the labyrinth) is divided into three 
chambers: the scala tympani, the sea I a media, and the scala vestibuli( 12). The 
membrane separating the scala media from the scala vestibuli, Reissner’s membrane, is a 
thin one- or two-cell membrane that is not believed to play a significant role in sound 
transduction in the cochlea. The membrane separating scala tympani from scala media,

4



Figure 1.1: Diagram of the human temporal hone and cochlea (modified from Broedel, 
M., Three Unpublished Drawings of the Anatomy of the Human Ear. Saunders. 
Philadelphia PA, 1946).
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Figure 1.2: Cross-section of the cochlea (modified from Netter, FH, Atlas of Human 
Anatomy, 4th edition, 2006. Elsevier. Teterboro, New Jersey).
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the BM, is the more significant structure in terms of sound transduction( 12).
The BM is tapered in width from apex to base along the cochlea and mediates the 

major function of the cochlea, distributing the energy of sound by frequency along it. 
The apical region of the BM is most sensitive to low frequencies while the basal BM is 
most sensitive to high frequencies (12) as shown for the mouse in Figure 1.3. This is 
referred to as the tonotopic organization of the BM. The upper frequency limit of the 
BM is about 22 kHz in man and 90-100 kHz in the mouse(lO).

Located on the scala media side of the BM is the organ of Corti (Figure 1.4), a 
sensory epithelium. The organ of Corti is responsible for the conversion of sound waves 
into nerve impulses(l 1). The organ is typically composed, in any cross-section, of one 
row of inner hair cells (IHCs), three rows of outer hair cells (OHCs) and a variety of 
supporting cell types. Hair cells are innervated by the afferent nerve fibers of the 
auditory nerve as well as some efferent nerve fibers.

The hair cells of the organ of Corti are strikingly different in their subcellular 
anatomy as shown in Figure 1.4. IHCs have a round cell body, central nucleus and basal 
synapses to afferent nerve fibers. OHCs have a cylindrical cell body, nucleus located at 
the basal pole and basal synapse that are predominantly efferent in character. 
Approximately 90-95% of the afferent fibers contact IHCs only, leaving just 5-10% of 
those fibers to have contact with OHCs(13). In comparison, the efferent fibers of the 

IHCs synapse on the afferent fibers, while OHC efferent fibers directly synapse at the 
basal pole of the OHCs(14). IHCs are nearly completely surrounded by supporting cells. 
In contrast, OHCs are attached only at the apical and basal poles.

7
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Figure 1.3: Tonotopic organization of the mouse cochlea. The three locations at which 
experiments were conducted (apical, middle and basal turns) are indicated by the three 
black lines, along with the estimated best frequency of the locations. RW indicates the 
location of the round window, and OW indicates the location of the oval window. 
(Adapted from Ou et al. Figure 5(15).)
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Figure 1.4: A schematic representation of the organ of Corti resting on the basilar 
membrane. The organ is composed of three rows of OHCs (O) seated in the 
corresponding three rows of Dieter’s cells (D). The outer and inner pillar cells (OP, IP) 
separate the three rows of OHCs from the single row of IHCs (I). The organ is covered 
by the tectorial membrane (TM). The dashed line indicates a typical selection for an

4

imaging plane of this organ. (Modified from Figure 1, Tiede et al.(4))
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Figure 1.5: Transmission electron micrographs of a macaque IHC (A) (R. Kimura 
personal communication) and a guinea pig OHC (B) (B. Bohne personal 
communication). Note the dispersed distribution of mitochondria in the IHC, in contrast 
with the restriction of mitochondria to the lateral wall in OHCs.
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1.2) Physiology

The fluid filled compartments of the cochlea play a significant role in the 
physiology of sound transduction. Scala tympani and scala vestibuli contain extracellular 
fluid, called the perilymph, comparable in composition to cerebrospinal fluid(l l). On the 
other hand, scala media is filled with a high potassium, low sodium fluid known as the 
endolymph( 11). This fluid is produced by the stria vascularis (SV) at considerable 
metabolic cost. The SV is a heavily vascularized tissue lining the osseous wall of the 
scala media, and contributes a positive potential to the scala media of about 90 
mV(relative to the scala tympani), which allows for the excitation of cochlear hair cells 
without other energy input (12). The SV also supplies the primary nutrient contribution 
to the organ of Corti, including oxygen from circulation in the blood.

The sensory hairs (stereocilia) of OHCs and IHCs are ultimately responsible for 
the conversion of the mechanical energy of the vibrations of the BM to auditory nerve 
excitation. For the OHCs, the stereocilia tips are attached to the gelatinous, acellular 
matrix of the tectorial membrane (TM). Vibration of the BM deflects the stereocilia, 
opening transduction ion channels and facilitating the entry of potassium ions from the 
scala media. Similarly, motion of the BM deflects the stereocilia of the IHCs although 
they are not attached to the TM. The membrane potential change in the hair cells due to 
the opening of the transduction ion channels is what drives the hair cell synapse and 
excites the auditory nerve. In addition, membrane potential changes in OHCs result in 
lengthening and contraction of the cell, referred to as OHC electromotility( 16). 
According to one theory, this cellular motility is believed to be the source of a form of 
mechanical amplification (the “cochlear amplifier”) that increases the magnitude of the



vibrations of the basilar membrane( 17). Another theorized source of the cochlear 
amplifier is active hair-bundle motility which can exert forces on the tectorial membrane. 
This theory is supported by experiments using calcium chelators to abolish hair-bundle 
movement( 18). Both mechanisms require the OHCs to be healthy and intact( 12).

1.3) Hair Cells and Hearing Loss

Hearing is a complex process in which damage or malformation to any of the 
various components involved can result in varying degrees and types of hearing loss. 
Hearing losses are classified as conductive, involving the peripheral apparatus including 
the tympanic membrane and middle ear, and sensorineural, involving the loss of hair 
cells and/or auditory nerve fibers. Conductive hearing loss can usually be corrected 
surgically. Since the hair cells and nerve fibers cannot yet beregenerated in man(19), 
sensorineural hearing loss is currently irreversible, though amelioration can be achieved 
by amplification (i.e. hearing aids) or in cases of severe hair cell loss by the use of 
cochlear implants. Using an array of electrodes implanted directly in the cochlea, the 
cochlear implant is able to directly stimulate the auditory nerve fibers. If hair cell 
degeneration is not recognized early, the auditory nerve degenerates so that even the 
cochlear implant is ineffective. Prevention of hair cell loss is, therefore, essential to 
reducing the impact of this disorder.

Hair cell loss is the leading cause of hearing loss( 19). This is true of hair cell loss 
due to acoustic overstimulation(20), and to the normal loss of hair cells due to aging 
(presbycusis). Certain clinically useful drugs, such as aminoglycoside antibiotics and the 
anti-cancer agent cisplatin, also have the deleterious side effect of selectively damaging 
OHCs(3). All three etiologies have in common not only the preferential loss of OHCs
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but also that basal turn (high frequency) OHCs are damaged before the apical turn (low 
frequency) OHCs.
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Chapter 2:

Gentamicin-induced Hearing Loss

Gentamicin is a clinically useful aminoglycoside antibiotic that attacks gram 
negative bacterial infections by binding to the 30s subunit of the bacterial ribosome(21, 
22). Unfortunately, one of the side effects of gentamicin treatment is hearing loss, 
especially in the high frequency range corresponding to the basal turn of the cochlea. 
Aminoglycoside ototoxicity generally results in bilateral, high-frequency hearing loss(3). 
This loss of hearing can progress to lower frequencies with extended treatment, 
sometimes continuing after the cessation of treatment (3, 23).

The extent and severity of ototoxicity depends on the particular aminoglycoside 
being administered. Neomycin affects hearing loss more severely than vestibular 
functions (balance), while gentamicin tends to cause vestibular deficiency before hearing 
loss is detected(3, 23). There is also considerable variation between patients, and the 
results of studies investigating the statistical proportion of patients developing hearing 
loss vary widely(22, 24-28). It is unclear why some patients are more susceptible to 
aminoglycoside ototoxicity than others, though several risk factors (such as perinatal 
asphyxia in infants, poor nutrition, stress, genetic mutations in the mitochondrial 12S 
ribosomal RNA, and meningitis) have been identified(3, 21, 22, 29, 30).Clearly, a better 
understanding of the mechanisms of aminoglycoside antibiotic ototoxicity is necessary in 
order to properly asses a patient’s etiology and assign a course of treatment.
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2.1) Morphology:

Cochlear aminoglycoside ototoxicity is characterized by an early loss of basal 
turn OHCs in all animal models (primarily, guinea pig, mouse, and cultured rat organ of 

Corti) (23, 29, 31, 32)and results in high-frequency hearing impairment consistent with 
the human progression of aminoglycoside ototoxicity. As the basal turn damage becomes 
more extensive and includes IHC loss, OHC death begins to extend in the apical 
direction(3, 23, 24, 32). The severity of hair cell loss is proportional to the dose of drug 
that has been administered(22). Repeated exposure to aminoglycosides leads to further 
damage, suggesting that total dose is as important as concentration(22).

Besides the damage to hair cells, degeneration of other cochlear structures has 
been observed in aminoglycoside ototoxicity. Retrograde damage to the auditory nerve 
follows the loss of IHCs(22, 33). Damage to the supporting cells of the organ of Corti is 
also noted following severe OHC loss(29), and the whole sensory epithelium can be 
reduced to a squamous cell epithelium in the most severe cases(3, 33, 34). Degeneration 
of the stria vascularis is also noted but does not appear to be required for OHC loss(3, 35, 
36). Still, the earliest and most sensitive indicator of cochlear damage is the loss of 
OHCs. Therefore, a main focus of the research reported here has been to determine why 
these cells are more vulnerable to aminoglycoside ototoxicity.

2.2) Gentamicin Uptake in the Organ of Corti

During systemic administration, cochlear uptake of gentamicin occurs primarily 
through the stria vascularis(37). This requires that strial cells take up gentamicin from 
the bloodstream and pass it through to the endolymph of scala media. Hair cells are 
thought to take up gentamicin through the transduction channels located in the tips of the
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stereocilia. However, other possible mechanisms of uptake have been proposed. The 
TRPV4 channel, expressed in strial and organ of Corti cells, has been shown to enhance 
the uptake of fluorescently coupled gentamicin in cultured cells(38). Additional 

proposed mechanisms of uptake include: an unspecified poly-amine transporter(39), 
vesicular transport at the base of the hair cells(40), endocytotic uptake at the apical 
surface of the organ of Corti(41), and the glycoprotein megalin(42).

The results of gentamicin uptake studies are conflicting. Soon after 
administration, it appears that there is a gradient of gentamicin uptake from apex (least) 
to base (greatest). However this gradient disappears at later time points, making any 
theory of differential gentamicin uptake between apical and basal hair cells suspect(3, 
43). There is also contradictory evidence about whether gentamicin is preferentially 
taken up by different cell types of the organ of Corti. Some studies indicate that hair cells 
are more likely to take up gentamicin, but others indicate that there is adequate uptake in 
the supporting cells, such as the inner and outer pillar cells and the Dieter’s cells(37, 44). 
Taken as a whole these results make the significance of differential rates of gentamicin 
uptake in ototoxicity, if they exist, unclear.

2.3) Proposed Mechanism

The predominant proposed mechanism of aminoglycoside-induced hearing loss is 
apoptosis brought on by the production of reactive oxygen species (ROS)(3, 22, 23). 
Apoptosis is programmed cell death that can be initiated externally by the activation of 
death domain receptors, or internally through a mitochondrially mediated mechanism. A 
variety of stimuli can induce apoptosis including lack of growth factors, developmental 
cues, and over-abundance of ROS. Apoptosis results in the organized breakdown of
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cellular components which are then packaged into membrane bound bundles as the cell 

degrades(45).
In this mechanism, the aminoglycoside forms a complex with free iron and 

generates free radicals by lipolysis (9)following the Fenton reaction by which iron reacts 
with hydrogen peroxide to form hydroxyl radicals(46). These radicals can then cause 
lipid peroxidation, oxidation of proteins, and DNA damage(46). It is interesting to note 
that the Fenton reaction does not require gentamicin in order to produce ROS and 
requires that hydrogen peroxide be present at the onset of ROS production. Also, there is 
no clear evidence as to where the free iron originates, or why there would be differences 
in the ROS production for OHCs and IHCs. However, an ROS-mediated mechanism is 
supported by numerous in vitro and in vivo studies showing that ROS increase following 
treatment with gentamicin(9, 47). Further, prior administration of antioxidants can 
ameliorate and even prevent gentamicin induced hearing loss (48-5l)in animal 
experiments. Iron chelators such as 2,2’-dipyridyl and deferoxamine provided partial 
protection from gentamicin-induced hair cell death(52), lending support to this proposed 
mechanism.

Apoptosis is thought to follow the increase in ROS. G-protein inhibitors, such as 

GDP-ßs, provided protection from gentamicin-induced hair cell death and increased 

activation of H-Ras following gentamicin treatment was shown in cultured rat sensory 
epithelium(53). Inhibition of Ras resulted in protection from gentamicin-induced hearing 
loss and reduced c-Jun activation, implicating Ras and c-Jun in the hair cell apoptosis 
caused by gentamicin. Inhibition of the proapototic factor Harakiri also reduced 
gentamicin-induced hearing loss, though hair cell death was not investigated(50).
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Still, many questions remain. The proposed ROS-mediated mechanism does not 
explain why OHCs are more vulnerable than IHCs to aminoglycoside toxicity. Nor does 
it explain the elevated sensitivity of basal OHCs. Moreover, the intermediate steps in the 
proposed ROS-mediated mechanisms have not been demonstrated in living organ of 
Corti cells.

2.4) The Role of Antioxidants in Ameliorating Ototoxicity

Many studies have been undertaken to evaluate the effectiveness of a variety of 
antioxidants in reducing the ototoxic effects of aminoglycoside antibiotics. Oral 
administration of N-acetylcysteine, which can be used as a precursor for the production 
of glutathione, has been noted to significantly reduce the severity of gentamicin-induced 
ototoxicity in hemodialysis patients(49). The most likely mechanism of protection is 
through its action as a free radical scavenger or the ability to act as a sulfhydryl 
compound and increase the reducing capacity of a cell(49). Flavanoids can be used as 
reducing factors in a variety of free radical scavenging reactions, and the flavanoid 
fraction of Drynaria fortunei (Gu Sui Bu), a common Chinese herbal treatment reported 
to reduce hearing loss from aminoglycosides, was also shown to effectively protect 
against and reduce guinea pig hearing loss when administered prior to intramuscular 
injection of gentamicin(54). L-carnitine, which is responsible for maintaining 
mitochondrial health and homeostasis as an essential part of fatty acid metabolism and by 
preventing lipid peroxidation, was shown to prevent gentamicin-induced hearing loss in 

guinea pigs(51). In another study, a-tocopherol was found to attenuate gentamicin- 

induced hearing loss in guinea pigs (50). Again free-radical scavenging is the proposed 

mechanism of this protective effect.
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It is important to note that most studies involving antioxidants have not compared 
the amounts or even the presence of ROS in the cells of the cochlea. Thus the methods of 
action are largely assumed and seldom if ever confirmed. Other mechanisms such as 
maintaining mitochondrial health are possible.
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Chapter 3:

NADH Metabolism and Reactive Oxygen Species 

Production

3.1) The Importance of NADH in ATP Production

One possible reason for the difference in OHC and IHC vulnerability to both 
acoustic trauma and ototoxic chemicals is differential metabolic load. The demand for 
ATP can be satisfied by one of two pathways: anaerobic metabolism or aerobic 
metabolism (Figure 3.1). Under anaerobic conditions, glucose is consumed in the 
cytoplasm, resulting in the reduction of the coenzyme nicotinamide adenine dinucleotide 
(NAD+ in its oxidized form) to NADHalong with production of adenosine triphosphate 
(ATP) and pyruvate. Pyruvate is then converted to lactate, consuming NADHand 
regenerating the NAD+ necessary for the subsequent breakdown of additional glucose. 
Much more energy can be gleaned from each molecule of glucose aerobically (thrity 
ATP) than anaerobically (two ATP) (45).

In aerobic metabolism, pyruvate from glycolysis crosses into the mitochondrial 
matrix by conversion to acetyl-CoA generating one NADH in the process. Acetyl-CoA is 
then acted on by the enzymes of the tri-carboxylic acid cycle (TCA cycle or Kreb’s 
Cycle), resulting in the production of ATP as well as the reduction of NAD+ to NADH 
and flavin adenine dinucleotide (FAD) to its reduced form FADH2(45). During the TCA 

cycle when isocitrate is converted to oc-ketoglutarate and subsequently to succinyl-CoA 2 

NADH are generated as carbon groups are removed. When NAD+ oxidizes
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Glucose, NAD+

Glycolysis ATP

Pyruvate, NADH

Figure 3.1: Metabolism summary. Glucose is used to convert adenosine diphosphate 
(ADP) to ATP and generates NADH and Pyruvate. Pyruvate can be utilized in anaerobic 
metabolism by lactate dehydrogenase oxidizing NADH to NAD+ in the process. 
Pyruvate can also be shuttled into the mitochondria (blue box) where it is used to 
generate more ATP and reduce more NADH.NADH and oxygen are then used in 
oxidative phosphorylation to generate ATP by oxidizing NADH to NAD+, transferring 
electrons to oxygen and generating water.
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malate to oxaloacetate another NADH is formed. The end result is that three molecules 
of NADH are formed for each turn of the Kreb’s cycle (four total ATP from each 
molecule of pyruvate or ten total from each molecule of glucose).

From there, NADH can donate electrons to the electron transport chain to produce 
even more ATP via the enzymes of oxidative phosphorylation. During this process 
electrons are removed from NADH at complex one and FADHt at complex two, and then 
shuttled through the other complexes. This drives the action of proton pumps, forming a 
proton gradient and potential difference across the inner mitochondrial membrane. The 
proton gradient is then utilized by the Fo-Fi ATPase to generate ATP. For each molecule 
of NADH oxidized to NAD+ 2.5 molecules of ATP are generated, making it a sensitive 
indicator of the energy capacity of the majority of eukaryotic cells(45). Since NADH is 
fluorescent while NAD+ is not, NADH levels can be monitored with minimal disruption 
to the cellular environment, allowing for investigation of the oxidative state of individual 
cells and tissue(6).

As Figure 3.1 indicates, there are a variety of possible responses to increased ATP 
requirement. Glycolysis can be up-regulated to increase production of ATP and NADH. 
In the absence of oxygen, lactate dehydrogenase can convert NADH back to NAD+, or in 
the presence of oxygen the NADH can be used in oxidative phosphorylation to generate 
more ATP. The vast majority of NADH-producing enzymes of the TCA cycle and 

glycolysis are regulated by substrate availability, ADP/ATP ratio, cyclic adenosine 
monophosphate (cAMP), calcium and NADH/NAD+ ratio. This complex regulation 
creates a system that is not easily understood by studying one factor alone(55). Calcium 
and ATP levels can be monitored in conjunction with NADH in order to determine the
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exact nature of metabolic changes in an experimental system. One example of this is that 
during oxygen deprivation NADH would be expected to build up in mitochondria as the 
TCA cycle continues. However with adequate oxygen, NADH would be expected to be 
depleted or, at the very least, remain constant. In this case, monitoring oxygen levels is 
necessary to distinguish between the NADH build up due to decreased consumption of 
NADH or increased production from the TCA cycle or other enzymes.

3.2) Reactive Oxygen Species

A secondary consequence of oxidative phosphorylation is the generation of free 
oxygen radicals, such as superoxide, and hydroxyl radicals. Free radicals of sufficient 
levels in the mitochondria can have deleterious effects such as mitochondrial DNA 
damage, protein oxidation, and, particularly, mitochondrial lipid peroxidation. The latter 
can result in the activation of mitochondrial apoptotic signaling pathways(56). 
Mitochondrial free radical generation resulting from incomplete reduction of 
oxygenduring oxidative stress may be the connection between mitochondria and hair cell 
death following gentamicin treatment. Several proposed treatments for the prevention or 
amelioration of hair cell loss are based on this idea(57). ROS are also known to damage 
proteins outside of the mitochondrion that are essential to maintaining cellular 
function(46). Among the known consequences of increased ROS is nuclear DNA 
damage which can halt cellular function and result in cell death.

NADH and its phosphate counterpart, NADPH, can also be generated during the 
breakdown of fatty acids in mitochondria(45). In this process reductases utilize the 
oxidized form of NADPH(NADP+) as an electron acceptor for the reduction of 

unsaturated fatty acids. This step is an essential precursor to ß-oxidation of unsaturated
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fatty acids, during which NADH is generated(45). NADH can then be utilized for 
oxidative phosphorylation and the production of ATP.

NADPH is especially useful as a reducing agent in processes for the scavenging 
of ROS. Reduction of hydrogen peroxide by glutathione requires NADPH to regenerate 
the original glutathione molecule. If NADPH is not in sufficient quantity then 
glutathione cannot be regenerated following hydrogen peroxide scavenging. This results 
in a reduced capacity of cells and mitochondria to deal with hydrogen peroxide 
production. Superoxide reduction by superoxide dismutase involves the production of 
hydrogen peroxide which then is reduced by glutathione. Because of its -0.320V 
reduction potential (-0.324V for NADPH), NADH and its phosphorylated counterpart, 
make excellent cofactors in reducing reactions and the scavenging of free radicals(46). 
Since NADPH fluorescence is indistinguishable from that of NADH, NADPH used 
during increased detoxification of ROS is detected as a decrease in fluorescence signal 
that cannot be separated from NADH fluorescence decrease due to metabolism without 
the use of inhibitors. For this reason the fluorescence signal detected in NADH imaging 
is often referred to as NAD(P)H. Thus NAD(P)H is not only an important part of the 
energy production process, but is also highly involved in the maintenance of cellular 
redox homeostasis.

3.3) Mitochondrial Permeability Transition

While not directly involved in energy metabolism or ROS production, the 
mitochondrial permeability transition (MPT) is intimately connected to both. MPT 
occurs when the mitochondria become permeable to molecules larger than 1500 dalton, 
and is thought to be due to the opening of the mitochondrial permeability transition pore
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(MPTP), a mega channel that has yet to be isolated(45). The MPTP must connect both 

the inner and outer membrane spaces of the mitochondria to the cytoplasm of the cell. 
This pore is blocked by cyclosporin A (CsA), considered the defining and only 
identifiable characteristic of the MPTP. This pore has been implicated in the early 
mitochondrial events of apoptosis. Therefore pro-apoptotic BCL-2 proteins are thought 
to be at least some of the components of the channel(45).

This channel can be opened by a variety of stimuli, including high mitochondrial 
calcium levels, oxidative stress, ADP depletion, high phosphate concentration, and low 
cellular membrane potential(45). A high membrane potential, high NADH concentration 
or low pH will have the opposite effect and prevent the transition. The opening of a large 
number of pores or the prolonged opening of a smaller number of pores eliminates the 
capacity of the mitochondria to produce energy. It is not particularly clear what other 
roles MPT has under normal physiological conditions besides the release of the 
mitochondrial contents during apoptosis. However, it remains possible that the MPTP 
may act as a release valve under stressful conditions of mitochondria, spilling defective 
mitochondrial contents into the cytoplasm until repairs have been made and normal 
function can resume. Despite all of the uncertainty in the specifics of MPT, it is still 
recognized as an important factor in understanding mitochondrial responses to a variety 
of stimuli(45).
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Chapter 4:

NADH Imaging Techniques as Tools for Studying 

Cellular Metabolism

4.1) Intensity

NADH imaging has been used as a probe of the respiratory state of mitochondria 
since the discovery that the reduced form is fluorescent while the oxidized form is not(6, 
58). NAD+ is reduced to NADH in the cytoplasm during glycolysis and is oxidized by 
the respiratory chain to reduce oxygen to water. When mitochondria are oxygen deprived, 
or cyanide poisoned, NADH is produced by glycolysis, but is not readily oxidized 
through the process of oxidative phosphorylation. As a result, the NADH concentration 
increases with a corresponding increase in fluorescence. In contrast, when electron 
transport is uncoupled from oxidative phosphorylation, NADH is rapidly oxidized to 
NAD+ and the fluorescence signal diminishes. Thus, as previously described, NADH 
fluorescence intensity is a relatively non-invasive indicator of the metabolic status of 
living cells. This technique has been used to measure the metabolic state of many 
tissues(8, 59-63). The studies described here are the first of this kind in the mammalian 
cochlea(4, 5).

In a review by Mayevsky and Rogatsky(64), NADH fluorescence was found to 
decrease with elevated metabolic rate, except in the case of anoxia, for a variety of tissue 
types. This agrees with results obtained in cardiac trabeculae(65). From these results, an 
increased demand for ATP as the result of metabolic stressduring ototoxicity (if such a
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stress exists) would be expected to result in decreased levels of NADH in mitochondria, 
having been converted to NAD+ in order to produce the needed ATP. However, it is also 
possible that the metabolic system of the cell will respond to increased ATP demand with 
increased NADH production through increased glycolysis and increased TCA cycle 
activity. If this increase matches the increased demand then no net change will occur. 
However, if the increased production exceeds the increased use of NADH then NADH 
fluorescence would increase. Depending on the availability of substrates and other 
regulatory molecules, any of these responses can be expected(55).

4.2) Fluorescence Lifetime Imaging

The fluorescence intensity is not the only fluorophore property that can be 
quantified. The fluorophore lifetime, that is the amount of time it takes for the 
fluorescent photons to be emitted following excitation, can also be measured and is an 
important quantity for calculating the concentration of a fluorophore in a given 
environment. The rate and quantum yield of fluorescent photoemission from a 
fluorophore depend on the molecule's intrinsic fluorescence decay rate, kf, as well as any 

non-radiative rates that depopulate the excited state, knr. The lifetime (t) of the excited 

state and the quantum yield (r|) are thus determined by a combination of intrinsic 

molecular properties as well as the interaction with the molecules in the local 
environment, and can be calculated from the aforementioned rates by the following:

T - ---- -̂---  Equation 4.1
k f  +  K r

r] = k f T Equation 4.2.
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Thus, changes in fluorescence intensity may be due to changes in either concentration or 
lifetime. Since NADH exists both in a free state with a short lifetime, and various 
protein-bound states with substantially longer lifetimes and higher quantum yields, only 
by explicitly measuring both lifetime and fluorescence intensity is it is possible to 
determine the actual concentration of various intracellular NADH pools(7, 8).

Therefore, fluorescence lifetime imaging (FLIM) may be used alone or in 
conjunction with intensity based techniques to investigate changes in NADH binding 
state and metabolism. During FLIM measurements, the sample is exposed to a brief 
(femtoseconds) pulse of excitation light. A fast photon-counting detector and timing 
electronics are used to determine the interval between the excitation and the first 
fluorescent photon to be detected. This measurement is collected for many pulses and a 
histogram of the intervals is compiled. From this histogram, a lifetime or series of 
lifetimes can be determined for each pixel in the image. Scanning the beam across the 
sample allows for determination of the lifetime(s) of all the pixels to create an image. 
This data can then be used to determine an average lifetime for all the fluorophores in the 
sample, concentrations and lifetimes of distinct pools of the fluorophore, if they exist, as 
well as the spatial distributions of pixels within an image exhibiting the various lifetimes.

Changes in the average lifetime of NADH have been shown in the cancerous 
transition(66), as a function of plating density of cultured cells(67), and during 
hypoxia(8). Such changes in NADH lifetime could result in miscalculation of NADH 
concentration if based solely on intensity. Vishwasrao et al. (8)explicitly showed that 
underestimation of the change in NADH concentration occurred when studying the 
transition from normoxia to hypoxia. These studies indicate that NADH fluorescence
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lifetime is closely tied to the relative rates of glycolysis and oxidative phosphorylation as 
cancer, cellular confluence and oxygenation are all known to affect the rates of these two 
metabolic processes. Thus, knowing the effective, or average, lifetime of NADH in a 
given cell is an important indicator not only of the true concentration of NADH but also 
of metabolic transitions occurring in natural and disease states.

Another potential use of NADH FLIM imaging is in tracking of changes in 
individual pools of NADH bound to various enzymes. It is conceivable that NADH will 
exhibit different lifetimes when bound to different enzymes. It follows that changes in 
populations of NADH bound to different enzymes could be detected by using FLIM 
imaging, providing a more detailed picture of metabolic shifts that occur following any 
number of stimuli. Thus, NADH FLIM has the potential to be a powerful tool for 
confirming the existence of speculated differences in OHC and 1HC metabolism and 
subsequent vulnerability to a variety of stressors such as aminoglycoside ototoxicity, 
acoustic trauma, and presbycusis.
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Chapter 5:

Material and Methods

5.1) Redox Imaging

Mice (CF-1 Charles River Laboratories, Boston, MA) were euthanized with 
carbon dioxide. Cochlea were immediately removed from the skull and placed into cold 
L-15 medium. Excess bone and tissue was trimmed away. Removal of the bone from the 
basal turn allowed the cochlea to sit level for mounting in 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 Figure 5.1. 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 IACUC approved protocol.

The organ of Corti was exposed to intense near-infrared illumination at 740 nm 
by two-photon laser-scanning microscopy. Femtosecond pulses of near-infrared 
illumination from a tunable Chameleon XR laser (Coherent Inc., Santa Clara, CA) were 
scanned across the sample by an LSM510 laser scanning microscope with a 40x, 0.8 NA 
water immersion objective (Carl Zeiss Inc., Thornwood, NY). The region of interest was 
located below the tectorial membrane, as shown in the inset of Figure 5.1, in which the 
focal plane has been indicated with a dashed line in the inset. An average laser power of 
55.0 ± 0.5 mW was used to excite intrinsic fluorophores. This fluorescence originated 
approximately 30 [im below the upper tissue surface of the preparation. The fluorescence 
emission was separated into two detection channels using a 500-nm long pass dichroic
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Organ of Corti

apical turn

40x wi 
objective

Figure 5.1: Diagram of the cochlear explant showing the opening in the last portion of 
the apical turn. The objective is focused into the hole, through the tectorial membrane to 
a plane indicated by the dashed line in the inset. Reprinted with permission (4).
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m irror(500 DCXR, Chroma Technology, Brattleboro, VT) and detected by 

photomultiplier tubes (PMTs) w ithout descanning. Blue fluorescence originating 

primarily from NADH was isolated using a custom-made bandpass filter (HQ460/80, 

Chroma Technology, Brattleboro, VT). Green fluorescence containing a mixture of 

NADH and Fp emission was isolated using an HQ540/60 bandpass filter (Chroma 

Technology, Brattleboro, VT). These channels were later unmixed for quantitative 

assessm ent of NADH and Fp fluorescence. Eight scans w ere  acquired and averaged 

to produce a single image. To obtain emission spectra from individual pixels, the 

fluorescence was diverted to a grating and detected in 22 11-nm bands with center 

wavelengths ranging from 382 nm to 620 nm using the META detector of the 
LSM510 microscope.

To assess the metabolic state  of hair cells, intrinsic fluorescence images were 

taken of the organ of Corti bathed in modified Tyrode's solution(135-mM NaCl, 5- 
mM KC1, 1-mM MgCb’öH^O, 1.8-mM CaCL^H iO , and 20-mM HEPES, supplemented 
with 5-mM glucose and 0.5% bovine serum albumen). The preparation  was incubated 

at room tem peratu re  in imaging medium with 10-pM sodium cyanide (NaCN) for 

five minutes before a second image was taken. The preparation  was then rinsed 

with modified Tyrode's solution and allowed to recover for 10 minutes. The 

addition of 10-pM carbonyl cyanide p-(trifluoromethoxy)phenylhydrazone (FCCP) 
was followed by a five minute incubation period at room tem peratu re  before the 

image acquisition.

The cellular fluorescence for IHCs and OHCs was averaged for each 

preparation and each treatm ent. The NaCN trea tm en t produced the greatest
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reduction of cellular NADH and Fp, while the FCCP-treated produced the greatest 

concentration of the oxidized forms of these molecules. To form a relative redox 

scale, the percent reduction of NADH was determ ined by

%R = r F - F  An n ,u

F - F\  n,i n,u J
•100 C c 1Equation 5.1

whereFn is the average cellular fluorescence obtained from the NADH channel, Fn,i is 

the average cellular NADH fluorescence from the inhibited, NaCN-treated 

preparation, and Fn,u is the average NADH fluorescence from the uncoupled, FCCP- 
treated preparation. All of these values correspond to the unmixed NADH 

fluorescence. Using the unmixed, Fp-fluorescence data the am ount of oxidized Fp 

was given by

% 0  = F fp F fp,'77 _ 77
V fpM fp.ij

•100, Equation 5.2

where again the subscript / denotes the inhibited, cyanide-treated preparation  and 

the subscript u denotes the uncoupled, FCCP-treated preparation. The uncertainty in 

the fractions was estimated using the standard erro r  of the means for the values 

obtained in each category and standard e rro r  propagation techniques(68).

To determ ine the stability of the organ of Corti preparation, intrinsic 

fluorescence images w ere  taken at five-minute intervals following the extraction 

and preparation of the cochlea. NADH fluorescence and Flavoprotein (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.
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5.2) Hemicochlea

Cochlea were removed from mouse as described previously, and fixed to a 
vibratome platform using superglue. After the glue was dry, the cochlea was immersed 
in L-15 media and cut along the center of the spiral (the modiolus). It was then secured 
to the stage for imaging and immersed in modified Tyrode’s solution.

5.3) Explant

Unless otherwise noted, post-natal day 28-31 FVB mice, an inbred strain of 
mouse with no known genetic hearing defects, were euthanized via CO2 inhalation 
followed by decapitation. Cochleas were removed from the skull and placed in warmed 
L-15 medium (Sigma) and vestibular bones were left attached. A small opening was 
made in the turn of interest. Explants were mounted on a stage and imaged in either 
modified Tyrode’s solution alone or with additional components as described in Table
5.1.

Solution Gentamicin GTTR CsA Hydrogen
Peroxide

Gentamicin 300 pg/ml 1 jig/ml
Gentamicin+
CsA

300 pg/ml 5 |iM
Hydrogen 
Peroxide + CsA

5 pM 100 pM
CsA Control 5 pM

Table 5.1: Experimental solutions. Controls were performed in modified Tyrode's 
solution alone unless otherwise noted. GTTR is gentamicin coupled to Texas Red.
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All solutions were warmed to 37°C for imaging unless specified elsewhere. All 
animal care and handling was in accordance with an approved 1ACUC protocol. All 
chemicals were obtained from Sigma (St. Louis, MO) unless otherwise specified.

5.4) Calcein and Propidium Iodide Imaging

Each preparation was incubated in 50-^M calcein (Invitrogen, Carlsbad, CA) and 
50-|ig/ml propidium iodide (PI) (Invitrogen) in L-15 medium for 15 minutes at room 
temperature before washing with modified Tyrode's solution. For imaging of calcein and 
PI, 488-nm excitation light from an argon ion laser was used on the confocal microscope. 
The fluorescence was passed through the Zeiss 488-nm dichroic, de-scanned through a 1- 
Airy unit pinhole, and calcein fluorescence reflected off of a 545-nm dichroic mirror 
before being passed through a 500-550-nm band pass filter in front of the PMT. PI 
fluorescence was passed through the 545-nm dichroic mirror and a 560-nm long pass 
filter before reaching the PMT. Images were taken of consecutive focal planes separated 

by 2.5 |im.

5.5) NADH imaging

The organ of Corti was excited using femtosecond pulses of near-infrared 
illumination from a tunable Chameleon Ultra laser (Coherent Inc., Santa Clara, CA) by 
scanned across the sample with an LSM510 laser scanning microscope using a 40x, 0.8 

NA water immersion objective (Carl Zeiss Inc., Thornwood, NY). The region of interest 
was located below the tectorial membrane (Figure 4.1), and required an average laser 
power of 80.0 ± 0.5 mW to excite intrinsic fluorophores. Successive focal planes were 

imaged in 2.5-|im steps for a total depth of 55-60 pm. The NADH fluorescence emission
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was selected using a 500-nm long pass dichroic mirror and detected by a PMT with the 
460/80-nm bandpass filter described previously. Four scans were acquired and averaged 
to produce a single image.

5.6) GTTR

Gentamicin coupled to Texas Red (GTTR) was provided by Peter Steyger, Ph.D., 
Oregon Health and Science University, Portland OR.

5.7) GTTR Imaging

GTTR was excited using a 543-nm HeNe laser on the confocal microscope. The 
fluorescence was passed through a 543-nm blocking filter, de-scanned through a l-airy 
unit pinhole and passed through a 545-nm dichroic mirror and a 565-615-nm band pass 
filter before collection at the PMT. For all preparations, scans were alternated between 
NADH and GTTR for each focal plane in the image series.

5.8) ROS Imaging

For detection of ROS, the preparation was incubated with 20-mM 
dihydrorhodamine 123 (dr 123) (Invitrogen) for 15 minutes, before imaging or addition of 
GTTR. Dr 123 was two-photon excited at 800 nm, and the fluorescence was collected 
through a 500-nm dichroic followed by a 535/40-bandpass filter. As before, we averaged 
4 scans to form an image and sequentially collected GTTR scans were alternated with 
dr 123 scans.
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5.9) FLIM Imaging

Isolated cochlea were incubated as specified in section 5.1 in modified Tyrode’s 

solution (control), ormodified Tyrode’s solution with 10-pM NaCN to inhibit respiration, 

or 10-|iM FCCP to uncouple electron transport from oxidative phosphorylation. 

Fluorescence lifetime imaging of two-photon excited NADH was performed using the 

740-nm mode-locked pulse train of a Coherent Chameleon Ultra Ti:S laser and the Zeiss 
LSM 510 NLO META multi-photon microscope. The intrinsic fluorescence associated 
with NADH in the wavelength range of 420-500 nm generated at the focus of a 60x water 
immersion objective (NA 0.9). The NADH fluorescence was isolated using a 500-nm 
long pass dichroic mirror and a bandpass filter (HQ 460/80, Chroma) and detected with a 
Hamamatsu H7422p-40 photon-counting PMT and Becker and Hickl 830 SPC, single
photon-counting electronics.Fluorescence lifetime imaging (FLIM) was conducted 
using80-mW laser power at the back aperture of the objective, with 180-second exposure 
times to determine the fluorescence decay kinetics at each pixel in the image.

5.10) Calcein and Propidium Iodide Analysis

For analysis of the explant, the image stacks were collapsed in order to determine 
if each individual cell was labeled with calcein (viable), or PI (compromised). For the 
hemicochlea, individual cells were labeled with either calcein or PI in each focal plane, 
and counted only if they had not been counted in the previous plane. This was repeated 
for each focal plane until all cells in the image stack were taken into account.
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5.11) lntensity lmaging Analysis 

Image analysis was performed in the same manner for all experiments. Individual 

cells were selected as regions of interest in each focal plane. The fluorescence intensity 

was summed over the entire volume of the cell and then averaged so that cell size would 

not bias the results. These averages were normalized to the first frame in order to take 

into account any discrepancy in transmission of the individual sample and day-to-day 

fluctuations in laser power. The normalized values for each cell type (IHC, OHC) were 

averaged across all preparations (N=4 throughout) to obtain a normalized value for the 

cell type. 

5.12) NADH FLIM Analysis 

It is often the case that the fluorophores contributing to the pixel intensity may be 

distributed in multiple environments (e.g. in bound and free states), and therefore a single 

pixel may in fact represent several lifetimes. In fact, much of the literature concerning 

analysis of fluorescence lifetime images has used a double exponential fit (66, 67). 

Becker and Hickl software was used to fit each pixel to both a single- and a double-

exponential decay according to the following equations: 

-t 

F(x,y,t) = A^{x,y)e*' Equation 5.3 

-t -t 

F(x,y,t) = A^x,y)e''^ + A,(x,y)e^-^ Equation 5.4 

where x and y are the pixel coordinates, A is the amplitude, x the lifetime. Then we 

performed an F-test (Eq. 5.5) to determine i f the additional fitting parameters were 

justified(68), 
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F = ^ v . z ( ^ y )  V\ZvAx >y) Equation 5.5
Zva(x>y)

withv representing the number of data points in the decay minus the number of fitting 

parameters (degrees of freedom), and X(x>y) being the goodness of fit for the associated 

exponential decay. An average lifetime for each pixel (x ave) can be calculated using the 

formula

X A r ,Tave = . ,-----= (1 -  R)rt + R t2 Equation 5.6

where R is the fraction of the fluorescence due to the long-lived component, Xi. R is 

given by:
AR = - ----- -----  Equation 5.7.(A, + A2)

The relative concentration of NADH contributing to each lifetime pool was 
determined as follows:

A( = — lh<J-2) < I(t)2 > C y  Equation 5.8

where Aj is the amplitude associated with the particular lifetime, r)j=ktTj, ()), is the
• i t  9detection efficiency, CTj ’ the two-photon cross section, <I(t) > is the time-averaged 

square of the laser intensity, Cj is the concentration, and V  is the excitation volume. Here 
it is assumed that NADH is the only fluorophore contributing to the signal, and that the 
detection efficiency and cross-section do not vary significantly for bound and free NADH 
(61 )and that lifetime varies because only knr varies and not kt.

The total number of photons (Ntot) detected during the decay is the integrated 
fluorescence decay rate or:
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ty* = EV< = [0 " * ) * , + K r,]2>, Equation 5.9 
( i 

where the last term is obtained using Equation 5.6. From this, it is clear that the decay 

amplitudes depend on the lifetime components as follows: 

_ (l-R)N^, Equation 5.10 
(l-R)^ + Rr, 

and 

RN 
A,= & Equation 5.1 1. 

(l-R)r, + Rr, 

As stated before in equation 5.8, these amplitudes are proportional to the concentration of 

N A D H in the pool with a particular lifetime such that 

A 
C < * = - Equation5.12. 

*i 
This ratio, in conjunction with Equations 5.10 and 5.11 was used to determine the 

concentration of N A D H corresponding to a particular lifetime. Histograms were made of 

these relative concentrations of N A D H for all pixels in each image. These lifetime 

histograms were fit with a series of Gaussian functions appropriate to the number of 

peaks necessary to obtain the best Chi Squared fit. The location of the peak of each 

Gaussian was used to determine the mean lifetime for a given pool of N A D H . These 

were averaged across the samplesto determine the mean lifetime and the standard error 

on the mean for each pool. The heights of the Gaussians fit to the lifetime distributions 

were used to represent the relative concentration. To determine the mean concentration 

and standard deviation for each lifetime pool, these relative concentrations were averaged 

across the sample. The analysis process was the same regardless of the incubation 

conditions of the sample. 
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5.13) Statistical Analysis

Statistical analysis was performed by several different mechanisms. For 
determination of significant differences between turns or cell types, 3-way ANOVA 
analyses were performed. For determination of statistical significance of differences 
between a test condition and a control where variances were found to be approximately 
equal, the standard two-tailed T-tests were performed. Two-tailed T-tests were also used 
for determination of statistical difference from a value of one. Significance was 
determined by a P<0.05, unless otherwise noted.

4 1



Chapter 6: 

Initial Studies of Redox Imaging of the Cochlea

In order to determine if NADH imaging was practical for the cochlea, I began 

work by performing standard redox imaging. An initial preparation technique was 

developed to expose the organ of Corti and create a window into the cochlea for imaging. 

The results indicated that responses o f the organ of Corti to treatment with metabolic 

inhibitors and uncouplers were typical of tissues employing oxidative phosphorylation. 

Deficiencies in the preparation were also noted during these experiments.

6.1) Spectrum of the Organ of Corti

Two-photon imaging of NADH ha been performed in a variety of tissues(59, 61,

6 6 , 69)but never before in the organ of Corti, so basic spectroscopy of unlabeled, living 

organ was necessary to confirm the presence of NADH in sufficient quantity for imaging. 

In Figure 6.1a, the spectrum of the intact organ of Corti with IHCs, OHCs and supporting 

cells is shown compared to a 1-mM solution of NADH. The points indicating the data 

obtained from the organ of Corti coincided very well with the line representing the 

spectrum of the NADH solution. The slight deviation from the solution at 550 nm is 

consistent with the presence o f Fp in the tissue. The presence of Fp within the cells of 

the organ o f Corti is supported by Figure 6.1b which shows the spectrum of OHCs 

isolated with papain. The spectrum of 10-pM flavin mononucleotide (FMN) is shown as 

the solid line for comparison with the cells (points). There was strong agreement 

between the shapes of the peaks and overall position.
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a

b

Figure 6.1: Spectra of the organ of Corti compared with solutions. The normalized 

fluorescence signalis shown as a function of wavelength, (a) The spectrum of freshly 

prepared cells (points) isoverlaid 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-//M FMN 

spectrum (line) obtained on the same detector. The points and error bars represent the 

mean and standard deviation of the fluorescence intensity from 1 1  individual cells. 

Reprinted with permission(4).

For the OHC data, a slight broadening o f the peak appeared compared to the 

solution. This can be explained by the blue shift of flavins that occurs upon binding(60).



If both free and enzyme bound flavins are contained within the sample, then the spectral 

peak will be broadened in the low frequency (blue) direction as seen in Figure 6.1b. 

Overall it is clear that NADH and Fp were present in the organ of Corti in sufficient 

levels for redox imaging to be practical. This allowed for the study of the tissue without 

the addition of extrinsic fluorescent probes.

It is important to note that there is significant overlap between the spectra of 

NADH and FMN in the range of 500-600 nm. In order to directly determine the 

oxidation state of NADH and Fp, separating the signals from the two fluorophores is 

necessary. W here previous studies (60)have chosen to infer Fp oxidation from the 

mixed data in the 500-550 nm range, this study used linear unmixing to separate NADH 

fluorescence from Fp fluorescence. This allowed for the first direct measure o f Fp 

oxidation using two-photon microscopy and direct confirmation of NADH oxidation state 

by Fp.

6.2) NADH and Fp Fluorescence Distribution

The unique architecture of the organ of Corti created an opportunity to easily 

employ metabolic imaging simultaneously for many cell types within explanted tissue. 

This organized structure is apparent in Figure 6.2 which shows images obtained from 

adjacent focal planes separated by depth intervals of 3 pm. In this image the different cell 

types are clearly identifiable. The Hensen cells appear in the uppermost row and are 

marked with an H in Figure 6.2. These cells show diffuse NADH and Fp fluorescence
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Figure 6.2: Two-channel pseudo-color images of the organ of Corti taken in serial slices 

at three micron intervals. NADH fluorescence is indicated in pseudo-color green and Fp 

fluorescence in pseudo-color red. Three rows of OHCs, a row o f pillar cells, and a row of 

IHCs are all visible. H indicates H ensen’s cells, O OHCs, I IHCs, and P pillar cells. The 

scale bar indicates 10 |im . Reprinted with permission (4)
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with scattered bright clusters. This was in agreement with the even distribution of 

mitochondria throughout the cytoplasm of these cells.

The next three rows had distinct bright rings of fluorescence and were clearly 

identifiable as the three rows of OHCs (noted by O in Figure 6.2). The rings o f bright 

fluorescence contained both NADH and Fp signal indicated by the green (NADH) and 

red (Fp) colors in Figure 6.2. The relative distribution of NADH and Fp varied along the 

length of the OHCs with greater NADH in the apical regions and more Fp near the basal 

pole. The next row was comprised of the inner and outer pillar cells, which cannot be 

resolved in the deeper images because they are pressed closely together. At greater 

depths, only the outer pillar was distinctly visible. The pillar cells are labeled with a P in 

Figure 6.2. These cells exhibit diffuse fluorescence with randomly distributed punctate 

regions of NADH and Fp signaled. The mitochondria of OHCs are distributed in a ring 

around the outside of the cell along the subsurface cisterna near the lateral wall. This 

mitochondrial distribution resulted in the bright rings of NADH and Fp fluorescence 

observed in Figure 6.2.

IHCs are labeled with an I in Figure 6.2. The individual cells were not easily 

distinguishable, though the nuclei were clearly visible as dark regions at the center of the 

cells in some focal planes and aid in the distinction between cells. The bright 

fluorescence contained scattered regions of punctate NADH and Fp fluorescence. These 

scattered bright regions are consistent with the known random distribution of 

mitochondria within the cytoplasm of IHCs. The remaining fluorescence was from the 

other supporting cells which are not easily distinguishable in either the NADH or Fp 

fluorescence image.
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The distinct NADH and Fp fluorescencedistributions of the different cell types as 

well as the highly organized structure of the organ of Corti made it possible to analyze 

each cell in the image independently. This allowed for grouping o f the data for 

individual cells into their respective cell types to make comparisons between IHCs and 

OHCs. Using NADH imaging in this manner to distinguish between cell types was also 

done with astrocytes and neurons(61).

6.3) NADH and Fp Redox Imaging Results

Confirmation of the mitochondrial source of the NADH and Fp signals belonging 

to OHCs and IHCs is evident after treating the organ of Corti with cyanide and the 

uncoupler FCCP. Following incubation with cyanide, the cells o f the preparation should 

be at their most reduced with maximal NADH signal and minimal Fp signal as cyanide 

blocks the transfer of electrons to oxygen and prevents the oxidation of NADH and Fp. 

As expected, when treated with 10-|aM NaCN, OHCs and IHCs showed increased NADH 

fluorescence (Figure 6.3d) when compared to the preparation before 

treatment(Figure6.3a). In the shown preparation, OHC NADH fluorescence increased to 

184% of the untreated cellular NADH fluorescence, while the fluorescence of IHCs only 

increased to 112%. The increase of NADH fluorescence was accompanied by a loss of Fp 

fluorescence that can be attributed 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- 

[iM FCCP solution.
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Figure 6.3: Images of NADH and Fp fluorescence of a single preparation in untreated, 

cyanide-treated and FCCP-treated cases. The top row the preparation was untreated. The 

middle row shows the same preparation was treated with 10-|iM NaCN and the bottom 

row the same preparation was treated with 10-|iM FCCP. The scale bar indicates 10 f^m, 

and the circles indicate the ROI for the IHCs. Reprinted with permission(4).
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Treatment with FCCP should result in the greatest oxidation state of the organ of 

Corti with maximal Fp fluorescence and minimal NADH fluorescence because FCCP 

carries protons across the inner mitochondrial membrane and abolishes the mitochondrial 

potential which drives the oxidation of NADH and Fp. When treated with FCCP, the 

NADH fluorescence dropped to 83% and 75% of the untreated OHC and IHC NADH 

fluorescence, respectively (Figure6.3g), and the Fp fluorescence increased to 112% and 

135%, respectively (Figure6.3h).

From these images, the average levels of reduced NADH and oxidized Fp were 

calculated, using Equations 5.1 and 5.2, from the changes in fluorescence intensity for 

both hair cell types independently. This was done for nine different preparations that 

were imaged at various time points afterextraction of the cochlea.Plotted in Figures 6.4a 

and 6.4b, the results showed an apparent relationship between the lengthof time that the 

cochlea was removed from the animal and the redox state o f the hair cells. IHC 

fluorescence appears to be stable during the first 35 minutes following the death of the 

animal with an average value o f 73% ± 12% reduced. At times longer than 35 minutes 

the amount of reduced NADH fell off quickly while the amount of oxidized Fp went up 

accordingly.

For OHCs, the results varied more dramatically, ranging from 89 ±10% reduced 

and 21± 19% oxidized for a preparation imaged 15 minutes after the death of the animal 

to 0 ± 10% reduced and 100 ± 13% oxidized at 50 minutes postmortem. The relationship 

did not seem to be linear, but appeared to be an exponential decay. Analysis of the OHCs 

of a single preparation (Figure6.4c) showed that the ratio of reduced NADH fluorescence 

to oxidized Fp fluorescence decreased in a similar manner. OHCs also began to swell as
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imaging time progressed with the longer time periods corresponding to a larger 

proportion of swollen cells.

The oxidation and reduction percentages totaled 100% within the uncertainty of 

the measurements. If the Fp and NADH are in equilibrium, the sum of the oxidized Fp 

and the reduced NADH should be 100%.When NADH and Fp fluorescence originates 

from mitochondrial sources, this is expected.However, not all two-photon metabolic 

imaging studies have not shown such excellent agreement(59, 60), and traditional 

confocal microscopic techniques have generally used the ratio of the NADH and Fp 

fluorescence rather than percent reduced or oxidized to study changes in metabolism(6 , 

58).

The average percentage of reduced NADH for the IHCs was 81.4% ± 11.2% for 

preparations imaged less than 45 minutes after the death of the animal, much higher than 

I have observed in cultured rat basophilic leukemia cells (45%-55% reduced, data not 

shown). Cells with a high percentage of reduced NADH and Fp are expected to have a 

large capacity ATP production. That the oxidized state predominated for preparations 

after 45 minutes following the death o f the animal indicates decreased capacity for ATP 

production via oxidative phosphorylation. It is unclear whether this increased oxidation 

resulted from lowered rates of regeneration of the reduced forms of NADH and Fp 

through glycolysis, the TCA cycle and ß oxidation, or strong up-regulation of oxidative 

phosphorylation to produce ATP.

The Fp fluorescence images had a much lower signal to noise ratio than those 

formed from NADH fluorescence. This is the result of concentrations of Fp several 

orders of magnitude lower than NADH in tissue. Fortunately, the two-photon action
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cross-section of Fp is more than three times that o f NADH at 740 nm(60), allowing for 

more efficient generation of Fp fluorescence. The overlapping NADH fluorescence and 

the Fp fluorescence spectra also complicated the issue, making it difficult to detect the Fp 

fluorescence because o f NADH fluorescence bleed-through into the green channel. 

Huang et al., suggested that greater specificity for NADH and Fp could be achieved by 

narrowing the spectral range o f the Fp detection channel(60). Unfortunately, decreasing 

the detection efficiency would result in further decrease of the signal to noise ratio for the 

Fp channel. Instead, careful calibration o f the cross talk between the two detection 

channels by linear unmixing allowed for the separation of the signal into pure NADH and 

Fp components. Given the measured fluorescence emission spectrum from organ of Corti 

cells (Figure 6.1), further improvement in measuring the weak Fp signal could be 

achievedby extending the detection band into the longer wavelengths.

These experiments clearly demonstrate the possibility of using NADH and Fp 

imaging techniques for the study of the organ of Corti. NADH imaging is preferred 

because o f the greater signal to noise ratio. Fp imaging provides a complimentary 

confirmation o f NADH results but is not necessarily worth the added effort in cases 

where NADH imaging alone provides adequate results. To perform any significant 

studies of the organ of Corti, stable levels of NADH over the appropriate time scale need 

to be achieved. Thus consideration of other preparations, and means of optimizing the 

explant preparation are both necessary before attempting further studies.
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Chapter 7:

Evaluation of Hemicochlea and Explant Preparations

Given the instability o f the original explant preparation used for the redox 

imaging experiments, I explored the use of the hemicochlea preparation, as well as, 

modifying the explant preparation. Calcein and propidium iodide (PI) were used to 

determine the proportion of cells surviving in each preparation after an hour. For the 

explant, further experiments were conducted to see if the NADH fluorescence stability 

could be improved by using modified Tyrode’s solution warmed to biological 

temperature.

7.1 Calcein and Propidium Iodide

To study the viability of the different preparations, calcein was used to determine 

if enzyme activity was present and PI to determine whether membrane integrity had been 

compromised. PI labels the nucleus of cells without intact membranes while calcein 

fluorescence is an indicator of active esterases in the cytoplasm. Therefore live, 

undamaged cells are expected to exhibit calcein fluorescence but not PI fluorescence. 

Staining with these two indicators showed that 85% of OHCs and 95% of IHCs were 

viable one hour after the death of the animal in this preparation as indicated in Figure 7.1. 

The hemicochlea exhibited only 5% cell survival for OHCs within the depth of the 

imaging field. IHC survival was comparable with that of the explant preparation.

Calcein and PI fluorescence indicated that the explant preparation was suitably 

viable for time periods of up to one hour. I was unable to obtain similar results using the
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IHC CHC1 OHC2 OHC3

Figure 7.1: Calcein and propidium iodide stained cells of the hemi-cochlea (a) and the 

explant (b). Calcein fluorescence (in green) indicates live cells, while propidium iodide 

fluorescence (indicated in red) shows cells with compromised membrane integrity. The 

percentage o f living cells (live/ (live+dead)) is shown for both the hemicochlea and the 

explant for IHCs and each row of OHCs for the hemi-cochlea (red) and the explant 

(green). The scale bars represent 10 (im.
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hemicochlea preparation that is employed by other laboratories(70, 71). Thereforel have 

determined that the explant preparation is preferred for the live cell studies used in this 

thesis.

7.2 NADH Stability

NADH imaging of the explant preparation in warmed media for the apical and 

middle turns showed that the NADH fluorescence levels remained stable (within error) 

over the course o f sixty minutes (Figure 7.2). The results of the NADH stability study 

showed great improvement in preparation longevity when compared to the previously 

reported data(4). This finding should not be surprising as it maintains the organ of Corti 

close to biological temperature where it is expected that enzyme function is optimal for 

maintaining homeostasis. The traditional practice of using chilled media when removing 

the organ of Corti may be preferred for fixed tissue assays as it would be expected to 

slow and even halt cellular processes allowing for more accurate capture of the state of 

the preparation at a particular instant in time. However for live tissue imaging, it is vital 

to maintain the natural working environment as much as possible to allow for the closest 

approximation to the function of the organ within the living animal.
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Figure 7.2: Normalized NADH fluorescence plotted for 3 different explant preparations 

with error bars indicating the standard error on the mean for OHCs (a) and IHCs (b).
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Chapter 8:

Gentamicin

As described previously, very little is known about the early events in gentamicin 

treatment, and the dynamic changes that occur immediately following treatment have not 

been extensively studied. Improvements in imaging technique have allowed for the study 

of the intact organ of Corti using fluorescence imaging to monitor changes in NADH 

fluorescence, ROS probes, and uptake o f fluorescently labeled drugs. This chapter is 

dedicated to determining the validity of hypotheses one and two using NADH imaging 

and imaging of the ROS probe dihydrorhodamine 123.

Hypothesis 1: Outer hair cells will exhibit a decrease in NADH fluorescence following 

gentamicin treatment with greater decreases for outer hair cells than inner hair cells and 

in the hair cells of the basal turn than those of the apical turn.

Hypothesis 2: ROS production due to gentamicin will be greater for outer hair cells than 

inner hair cells.

8.1) Gentamicin Uptake

Despite the exceptional vulnerability of basal turn OHCs to gentamicin treatment 

noted in the literature, there was no statistically significant difference in the GTTR 

fluorescence between turns or hair cell types of the organ of Corti as shown in Figure 8.1. 

The data exhibits a large variability that is likely the result of variations in the rate and
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Figure 8.1: GTTR fluorescence (normalized to the initial image) as a function of time 

after gentamicin treatment for IHCs, and OHCs of all three turns. There was no 

statistically significant difference between the different turns of each cell type or the 

different cell types in the same turn.
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extent of gentamicin uptake between individual cells rather than differences between the 

cell types or turns. The overall trend in this data showed increased GTTR fluorescence 

with incubation time as would be expected. This finding limits the likelihood of 

differential GTTR uptake being responsible for the differences in susceptibility of the 

OHCs and IHCs or the differences in cell survival for the different turns, and, therefore, 

further investigation of the mechanism of gentamicin-induced hearing loss is necessary.

8.2) The Effect of Gentamicin Administration on NADH and GTTR 

Fluorescence Intensity

Figure 8.2 shows representative images of NAD(P)H and GTTR fluorescence in a 

preparation 1 minute and 25 minutes after administration of gentamicin to the bath 

solution at two different depths. The GTTR fluorescence (red) appeared to enter at the 

most apical poles of both IHCs and OHCs and then diffused through the cells to their 

basal poles over time. At any time, not all cells of a given type are equally labeled. 

However, by the final images the majority o f OHCs in the focal plane exhibited 

significant labeling.

In contrast, the NAD(P)H fluorescence (green) showed a marked decrease in 

fluorescence in all cell types over time, but most dramatically in the OHCs. The NADH 

changes for the pillar cells of the apical turn showed the greatest change over time but 

without any discernable pattern. Figure 8.3 shows the normalized NADH fluorescence 

for IHCs (A), and OHCs (B) (the data are normalized to the controls for the specific turn 

in order to compensate for slight variations in NAD(P)H fluorescence stability between 

turns). For IHCs, the normalized NAD(P)H intensity of the middle turn never deviated 

significantly from one, indicating that there is no change in fluorescence over the imaging
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Figure 8.2:NAD(P)H (green) and GTTR (red) images of the basal turn of the organ of 

Corti. Images A and C correspond to focal planes at depths of 0 |im  and 25 |im  

respectively, one minute after the administration of gentamicin. The same focal planes 

are represented in B (0 (im) and D (25 |im ) after 25 minutes of incubation with 

gentamicin.
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period. However, the apex and base exhibited a fluorescence decrease at time periods of 

10 minutes and greater. The greatest significant decrease was to 87±5% at 25 minutes for 

the basal turn, and 91 ±2 % at 15 minutes.

On the other hand, OHCs showed a gradient of NAD(P)H fluorescence intensity 

decrease with the apical turn having the smallest fluorescence loss and the basal turn the 

greatest. The apical turn hair cells only exhibited a normalized fluorescence intensity 

significantly different from one at the time periods o f 5, 10 and 25 minutes after 

gentamicin administration. However, these values were generally greater than those of 

the middle turn, where the fluorescence values were significantly decreased from one as 

soon as 5 minutes and did not recover. For the middle turn the minimal normalized 

fluorescence of 91%±2% was also seen at 15 minutes after gentamicin treatment. In the 

basal turn there was a significant decrease (to 90% ±2%) in normalized fluorescence 

within five minutes of gentamicin exposure with the minimum fluorescence (85%±1%) 

being reached within 15 minutes. This level of NAD(P)H fluorescence decrease is 

similar to that seen during uncoupling of OHCs using FCCP(4).

Even though there appears to be no relationship between the uptake o f gentamicin 

and the hair cell type or turn of the organ of Corti, NAD(P)H fluorescence results clearly 

indicated trends of larger decreases in the basal turn than the apical turn. Since NADH 

fluorescence decreases were also more dramatic for OHCs than IHCs, the amount of 

gentamicin taken up does not seem to be the root cause of these effects. However, it is 

apparent that the response to gentamicin is different in hair cells of the basal turn than of 

hair cells of the apical turn and different between the two types of hair cells. As the data 

is normalized to the appropriate negative controls, differences in hair cell viability over
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time are expected to be accounted for. Thus, these results are in agreement with the 

expected changes in NADH fluorescence as predicted in Hypothesis 1.

8.3) Role of the Mitochondrial Permeability Transition Pore in 

Gentamicin Ototoxicity

In tissue and cultured cells, NAD(P)H fluorescence decreases sharply with the 

opening o f the mitochondrial permeability transition pore (MPTP). We administered 

cyclosporin A (CsA) to block the MPTP in our basal turn preparation. Adding CsA only 

to the modified Tyrode’s solution did not affect the stability of the preparation, as shown 

in Fig. 8.4, resulting in no significant decrease in normalized NAD(P)H fluorescence 

over time (data is normalized to the first image). Treatment with gentamicin resulted in 

the previously described decrease in NAD(P)H fluorescence over time. In similar 

experiments, addition of CsA to the modified Tyrode’s solution resulted in an increased 

the stability of NADH fluorescence in cells undergoing gentamicin challenge. Using 

hydrogen peroxide as a positive control for the CsA action showed similar results (Figure

8.4).

Treatment with CsA decreased the magnitude of the NAD(P)H fluorescence 

decrease in the basal turn OHCs. This finding is consistent with previous experiments 

indicating that OHC death due to gentamicin is ameliorated by administration with 

CsA(52). Treatment of our preparation with greater concentrations did not increase the 

effectiveness of this drug in ameliorating the NADH fluorescence decrease (data not 

shown). However, CsA administration does not completely prohibit gentamicin from 

affecting NAD(P)H fluorescence. This would indicate that multiple mechanisms are 

responsible for the NAD(P)H fluorescence decrease. Perhaps NAD(P)H
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Time (Minutes)

Figure 8.4:NAD(P)H fluorescence as a function of time, normalized to the initial image, 

for basal turn OHCs treated with CsA only, gentamicin only, hydrogen peroxide and 

CsA, or gentamicin and CsA. All data is statistically significant from the negative 

controls (CsA only) at all time points longer than ten minutes with PcO.Ol. There is no 

statistically significant difference between the CsA and gentamicin treated cells, and 

those treated with CsA and hydrogen peroxide.
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is being consumed at a greater rate because of a change in metabolic demand caused by 

the disruption of ion channels. It is also possible that increased use of NAD(P)H in 

maintaining redox homeostasis is causing the reduced NAD(P)H fluorescence.

8.4) Role of Reactive Oxygen Species in Gentamicin Ototoxicity

Because of the similarities of the effects of hydrogen peroxide and gentamicin on 

NAD(P)H fluorescence, ROS seemed a likely cause of the opening of the MPTP. The 

use of dr 123 fluorescence as a measure of ROS showed clear differences between IHCs 

and OHCs. For the IHCs, shown in Figure 8.5A, there was no statistically significant 

differences between the controls and the cochlea treated with gentamicin, though the 

trend showed a possible increase. Treatment with hydrogen peroxide as a positive 

control resulted in a significant increase in the dr 123 fluorescence as predicted.

However, as shown in Figure 8.5B, OHCs treated with gentamicin showed 

significantly decreased dr 123 fluorescence compared to the controls. This result was 

strikingly different from that obtained in IHCs. Treatment with hydrogen peroxide shows 

no significant difference from controls for the first five minutes, with a decrease in dr 123 

fluorescence at ten minute time point followed by a dramatic increase at the 15 minute 

time point which was followed by a steady decrease in dr 123 fluorescence thereafter 

possibly indicating self-quenching of the fluorescent probe.

The drl23  fluorescence trend for the IHCs indicates a possible but unconfirmed 

increase in the gentamicin-mediated ROS production in IHCs. However, for the OHCs 

the decreased d rl23  fluorescence indicates that ROS production is actually inhibited by 

gentamicin for this time interval, contradicting Hypothesis 2. This surprising result is 

inconsistent with the proposed mechanism of aminoglycoside ototoxicity and Hypothesis
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2. It could be the result o f competitive binding by gentamicin to elements o f the electron 

transport change that could decrease the consumption of oxygen and, likewise, the 

amount of ROS produced. These result may appear to disagree with those published by 

others, but it is important to note that in those studies were not performed in the 

explanted organ of Corti. However, it is possible that gentamicin treatment results in 

increased activity of ROS scavenging enzymes at early time points for OHCs. If 

production of ROS continues to be elevated over a long time, it is possible, and even 

likely, that the enzymes responsible for detoxification could eventually be overwhelmed. 

By unraveling the events from both shorter and longer timescales, a fuller understanding 

can be reached of these perplexities.

These studies indicate that ROS production is not responsible for the early events 

in gentamicin ototoxicity. However, this does not mean that ROS production is not 

significant at later time points. In fact early problems in metabolism could result in a 

lowered ability of the OHCs to detoxify the ROS produced. It is likely that these 

metabolic challenges could result in MPTP and the observed NADH fluorescence 

decrease.
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Chapter 9:

FLIM of NADH in the Cochlear Explant

As discussed in Chapter 3, FLIM is a useful tool for studying metabolic changes 

during the transition from precancerous to cancerous tissue, during changes in cell 

density of tissue cultures, and during hypoxia. In this chapter, FLIM was used to 

determine if metabolic differences exist between IHCs and OHCs. These differences 

could account for the different responses to gentamicin treatment as well as opening a 

new avenue for exploration of the underlying causes of ototoxicity from other sources, 

noise-induced hearing loss, and presbycusis. In order to evaluate Hypothesis 3, I 

preformed NADH FLIM for the organ of Corti and evaluated the results for the inner and 

outer hair cells separately. Comparison o f the results for the two different cell types 

allowed confirmation o f the hypothesis as stated below.

Hypothesis 3: Outer hair cells and inner hair cells will exhibit different NADH lifetime 

characteristics due to differences in metabolism.

9.1) Fluorescence Lifetime Compartmentalization

Figure 9.1 indicates the average lifetime of NADH in the organ of Corti. The 

OHCs, IHCs and pillar cells were all clearly visible, though the boundaries between the 

IHCs were not distinct. The longest lifetimes, indicated by the coolest colors cluster most 

intensely around the outer ring of the OHCs, while the shorter lifetimes appeared in 

punctuate regions within the central region of the OHCs. For the IHCs, the pattern of 

distributions was different. There was still clustering of the longer and shorter lifetimes
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into punctuate regions. However, these puncta were spread more evenly throughout the 

cytoplasm. The nuclear regions of the IHCs appeared as dimmer regions, indicating that 

there was NAD(P)H in the nucleus. The heads of the outer pillars exhibited puncta 

distributed similarly to the IHCs.

From the OHC lifetime location, it appeared that the longer NADH lifetimes were 

associated with the lateral wall mitochondria. The short lifetime puncta are likely the 

result of glycolytic enzyme clusters producing NADH, or some similar phenomena. The 

IHC lifetime distributions were consistent with their mitochondria being distributed 

evenly throughout the cytoplasm, as were those of outer pillar cells. The general 

compartmentalization trends did not appear to change with the treatment of cyanide or 

FCCP.

In examining the percentage contribution of the short lifetime, it was apparent that 

there are regions that completely lacked a short component in the double exponential fit. 

In these regions it is likely that NADH was primarily bound to enzyme and therefore 

would be expected to have longer lifetimes. From the images alone, it is difficult to see if 

there was a strong correlation between the areas with the longest lifetimes and these 

regions with very minute contributions from the short lifetime of the double exponential 

fit. However, it did appear that the regions with low concentration of short lifetime could 

correspond with regions of long lifetimes. It is interesting to note that long lifetime 

puncta were present in the nucleus as well as in the regions o f the hair cell that contain 

mitochondria. This indicates NAD(P)H binding occurs in the nucleus as well as other 

regions of the cell.
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A

Figure 9.1 NADH fluorescence lifetime images of the organ of Corti indicating the 

average lifetime (A) or the percentage contribution of the short lifetime, Xi (B). 

Corresponding color stripes indicate the color coding for the images. The scale bar 

represents 1 0  (im.

5600 ps

300 ps
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9.2) Fluorescence Lifetime Distribution

Histograms of NADH lifetimes resulted in a continuous distribution that exhibited 

several Gaussian peaks (Figure 9.2). Fitting Gaussian functions to these peaks, resulted 

in identification of distinct pools of NADH that were assigned an average lifetime 

determined by the center of the Gaussian distribution. The observed average lifetimes 

fell into consistent, statistically significant, groupings of four to five lifetimes per cell

type for each treatment, ranging from 450 ps, to 5100 ps (Figure 9.3).

Cell
Type

Treatment Ti (ps) X2 (PS) X3 (ps) x4 (ps) X5 (PS) t 6 (ps)

IHC FCCP 400±100
5±4%

1120±30 
8 6 ±6 %

3100±100
3±1%

4800±200
6±3%

Control 500±100
3±3%

1000±40
78±6%

1 2 0 0 ± 1 0  

11 ±7%
3000±200
3±1%

5100±100
5±1%

Cyanide 400±100
17±14%

1 0 1 0 ± 2 0

18+11%
3000±200
56±10%

4850±20
4.3±0.6%

5080 
5.1 ±0.7%

OHC FCCP 1090±20 
24± 13%

1180±60 
15±6%

2100±700
2 0 ±6 %

5100±50 
42±14%

Control 400±100
7±6%

990±60 
48± 13%

1190±70 
44±15%

2600±400
4±3%

5300±200
1 ± 1 %

Cyanide 800
6±5%

1060±20 
28±9%

1290±20
37±10%

2900±200 
11 ±4%

5400±200
14±8%

Table 9.1: Average 1MADH Fluorescence lifetim es (ps) and relative concentrations (%)

for IHCs and OHCs.

While treatment with cyanide or FCCP did not result in statistically significant 

changes for the individual average lifetimes, it did sometimes change the number of 

lifetimes present. The results can be seen in Table 9.1. From this data it can be 

concluded that treatment with metabolic inhibitors did not significantly affect the lifetime
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Figure 9.2: Representative continuous distribution of lifetimes in the organ of Corti. Red 

represents the relative concentration determined from the amplitudes of the individual 

lifetime(s) of all the pixels in the image. The overall fit is shown in yellow with 

individual Gaussians shown in green.
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IHC

Control Cyanide FCCP

OHC

Controls Cyanide FCCP

Figure 9.3: Average fluorescence lifetimes of the various pools of NADH for IHCs (A) 

and OHCs (B). Bars of the same color correspond to the same approximate lifetime. The 

only statistically significant (P<0.05) difference from control is indicated by the *.
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values when evaluated using a two-tailed T-test, so much as the presence or absence of 

these individual lifetimes. Thus it is reasonable to suppose that the various lifetimes are 

indicators of pools of NADH binding with specific enzymes. On treatment with cyanide 

or FCCP, binding of NADH to different metabolic enzymes would be expected, and 

therefore the presence or absence o f a particular lifetime could result.

9.3) Concentrations of NADH pools

From the histograms, it was also possible to obtain a relative concentration of 

NADH by determining the average height the Gaussian function. These concentrations 

could be associated to their corresponding pools, as shown in Figure 9.4. Here it became 

apparent there were shifts between the NADH pools occurring in response to treatment 

with cyanide and FCCP. This was likely the result of changes in the binding of NADH to 

different enzymes in response to the changing metabolic condition o f the cells as they 

attempted to continue ATP production.

For IHCs, treatment with cyanide resulted in an increase in the relative 

concentration of the 3800-ps lifetime, and the appearance of the 4800-ps lifetime, and the 

complete disappearance of the NADH contribution to the 1200 ps lifetimes. The 1200-ps 

lifetime also disappeared upon treatment with FCCP, and the 4800-ps lifetime appeared. 

However, FCCP treatment also resulted in the loss of the 5100-ps lifetime, which did not 

occur upon treatment with cyanide while the 1 0 0 0 -ps lifetime decreased significantly in 

following cyanide treatment but not treatment with FCCP.

For the OHCs, the 4800-ps lifetimes was never observed. However, all other 

lifetimes found in the IHCs were also found in the OHCs although the concentrations
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Figure 9.4: Relative concentrations (%) of NADH in the various pools for IHCs (A) and 

OHCs (B). Explants were either untreated (controls) treated with 10-jjM cyanide or 10- 

|im  FCCP. Approximate NADH lifetime (ps) for each pool is color coded as indicated in 

the legend. Statistical significance is noted by an * (P<0.05) or ** (P<0.01).
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differed. The most notable difference was that o f the 1200-ps lifetime, which had a 

significantly greater concentration in OHCs than IHCs, regardless of the metabolic 

treatment. Treatment with cyanide resulted in a significant increase in the 5100-ps 

lifetime pool for OHCs. It is important to note that this response was significantly 

different from that of the IHCs to cyanide. The OHC response to FCCP was also 

interesting. As with cyanide treatment, the concentration of the 5100-ps lifetime pool 

increased, but the concentration of the 1 2 0 0 -ps lifetime pool decreased significantly. 

This decrease in 1200-ps lifetime contribution is also seen in the IHC response to FCCP. 

However IHC and OHC responses to FCCP treatment differed in the response of the 

concentration of the 5 100-ps lifetime pool.

It is clear from these data that the concentrations of various pools of NADH 

changed during treatment with metabolic inhibitors and uncouplers. It is also clear that 

different cell types can have different responses, even within the same organ. From this 

evidence, the possibility emerges that diversity in metabolism can be detected and 

eventually used to explain variations in cell vulnerability to a variety o f stimulus and 

trauma. For the cochlea, it is apparent that there were not only innate metabolic 

differences between IHCs and OHCs indicated by the distributions in Figure 9.4A and B, 

but there were also important dissimilarities in the responses to metabolic perturbation.
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Discussion and Conclusions

The approaches used in this series of experiments are simply the first step in the 

exploration of the metabolism of cochlear hair cells in normal function and disease. 

Redox imaging was shown to be a viable tool for use in studying cochlear metabolism(4). 

With greater cell survival rates than the hemicochlea, the improved version of the explant 

preparation exhibited stable NADH fluorescence for periods o f an hour(5). These 

experiments open the doorway to new possibilities for understanding the cells of the 

organ of Corti.

Greater understanding o f gentamicin-induced hearing loss will hopefully lead to 

improved use of this drug, enabling more effective treatment o f gram-negative bacterial 

infections. The underlying mechanism must explain the increased vulnerability OHCs 

than IHCs, as well as, the decreased survival of basal turn hair cells compared with 

apical turn hair cells. The currently accepted mechanism of increased ROS production 

following gentamicin administration does not account for the differences in OHC and 

IHC survival or the increased cell death the basal turn of the cochlea. The only way to 

reconcile this model with the pathology has been to assume that for some currently 

unknown reason OHCs are more susceptible to apoptosis resulting from higher 

concentrations of ROS than IHCs, and that the basal turn cells are more susceptible than 

the apical turn cells(23). Differences in ROS scavenging mechanisms, differing 

mitochondrial protein modifications, and simple differences in normal metabolism could 

all possibly contribute to a difference in the cell responses to increased ROS production 

(45)for the reason discussed in Chapter 3.
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By using this preparation to study the organ o f Corti immediately following 

gentamicin treatment, the decrease in NADH fluorescence proposed in Hypothesis I was 

demonstrated and exhibited characteristics that were consistent with the known 

susceptibility o f the cells in the different turns of the organ of Corti. In the middle 

turnthe decrease was observed only in the OHCs and not in the IHCs(5). For the basal 

turn OHCs the NADH fluorescence decrease occurred first and was followed by a similar 

decrease in the IHCs NADH fluorescence. The maximal decrease of about 15% in OHCs 

is comparable to what was observed in uncoupling where the fluorescence decreased by 

approximately 17% following treatment with FCCP (Vindicating that this is a very 

significant decrease in OHC NADH. In the case o f gentamicin, this decrease was likely 

due in part to the opening of the MPTP. MPT can be an early event in mitochondrial- 

mediated apoptosis, as well as, a mechanism for restoring normal mitochondrial 

function(45), and thus opening o f the pore at earlier times for the OHCs and than the 

IHCs does agree with the known vulnerability of these two different cell types to 

gentamicin treatment. However, the cause o f MPT is not determined by these 

experiments, nor is the involvement of MPT completely certain.

The ROS production was less than controls for the OHCs, while the IHCs 

exhibited an increased rate of ROS production than controls. This is contrary to the 

Hypothesis 2. It also contradicts some of the long-term studies of gentamicin exposure in 

the organ of Corti(9, 24, 30). It needs to be pointed out that in many of the other 

experiments were performed in cultured organ of Corti from infant rats with undeveloped 

hearing rather than explants from young adult mice with fully developed hearing(9). I 

believe that the crucial developmental difference favors our model in this case. Also, it is
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possible that the OHC ROS scavenger system is quickly activated and then eventually 

overwhelmed, while the IHC ROS scavenger system activates more slowly, but functions 

for longer periods without being completely disrupted. It would be interesting to follow 

the preparation for longer periods of time to determine if this is indeed the case.

Nonetheless, metabolic differences between IHCs and OHCs exist as evidenced 

by the FLIM data, supporting Hypothesis 3. OHCs do not have the 4800 ps pool of 

NADH that appears in IHCs during times o f metabolic challenge presented by cyanide 

and FCCP. The OHCs also have a larger pool of NADH with a lifetime of 1200 ps. For 

the OHCs the response to metabolic challenge is an increase of the 5100 ps lifetime pool. 

There is some evidence to suggest that NADH lifetime varies upon binding to different 

enzymes(8 , 69, 72). According to Blinova et al. (72) the longest lifetime is likely to be 

NADH bound to complex one of the electron transport chain. This study did not measure 

the lifetimes of NADH bound to enzymes, and only attributed the longest lifetime to 

NADH bound to complex one because it exhibited the greatest fluorescence increase 

above background in gels. Also, this study only considered binding of NADH and 

enzyme without the addition of extra co-factors such as calcium, and did not demonstrate 

the increased NADH fluorescence with binding to malate dehydrogenase that has been 

seen in other studies. Attributingthe longest NADH fluorescence lifetime to complex I 

binding is questionable based on these findings. However. NADH bound to different 

enzymes is still likely to exhibit different lifetimes. At this time, it is just not possible to 

assign the NADH lifetimes to NADH bound to specific enzymes. Still, these differences 

could be the key to understanding increased vulnerability of OHCs and IHCs to stresses. 

Further experiments to determine which enzymes are responding to the cyanide and
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FCCP treatments need to be performed in order to fully understand the role that 

metabolic differences play in the response to metabolic challenge. With these 

experiments better interpretation of the results presented in this thesis will likely be 

possible, and the data here in will become even more valuable. However, it should be 

noted that this is the first direct evidence presented to support the hypothesized metabolic 

differences between these two hair cell types. Further investigation into these metabolic 

differences will likely prove valuable in achieving a better understanding of OHC and 

IHC function.

Another difficulty encountered for the interpretation of the FLIM data includes 

the assumption that the shortest lifetime(s) of NADH correspond to free NADH. This 

assumption has been widely made (62, 6 6 , 67, 69) in studies of NADH lifetime. 

However, anisotropy measurements are necessary in order to determine if a fluorophore 

is free or bound, and Vishwasrao (8 ) showed that there is a short lifetime species of 

NADH that is in fact bound to enzyme. Thus, the assumption that the 450 ps lifetime of 

NADH observed in the organ of Corti belongs to free NADH, while consistent with 

expectations, needs to be verified by anisotropy measurements.

It is quite clear that in spite of the advancements presented here there is much 

work to be done. Study of cytrochrome C release into the cytoplasm, and activity of 

caspases following gentamicin treatment will be helpful in determining how quickly after 

MPTP opening cell death is initiated, or if the MPTP is related to the initiation of 

apoptosis for gentamicin ototoxicity at all. Examining the rates of ROS production for 

longer periods o f time in the explant will help to determine if the OHCs mechanism of 

radical scavenging is eventually overwhelmed resulting in hair cell death, or if it is the
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initiation of apoptosis itself that causes the increase in ROS. Using explanted organ of 

Corti in the same experiments in direct comparison with cultured organ of Corti could 

also help to determine the validity of both model systems.

Beyond gentamicin there are a variety o f other disease states to be studied using 

metabolic imaging o f the cochlear explant. Examination of other aminoglycoside 

antibiotics would be valuable for determination if the mechanism for all aminoglycosides 

is shared or if there are important differences as might be expected from recent evidence 

that there are subtle differences in the ototoxicity resulting from the various 

aminoglycosides(43). Cisplatin, a chemotherapeutic agent, also shares many similar 

ototoxic effects and may have a similar mechanism of action(2, 3). Metabolism has been 

implicated in noise-induced hearing loss(2 ), and presbycusis, so both diseases are prime 

candidates for metabolic imaging studies.

In order to maximize the effectiveness of these studies, NADH FLIM imaging 

will also require further experiments. Using metabolic inhibitors of various NADH 

binding enzymes may allow for the association of particular lifetimes with specific 

enzymes. These studies may be performed in concert with studies of NADH in solution 

with different enzymes to determine if solution studies are relevant to the biological 

environment within the organ of Corti. If direct associations between NADH lifetime 

and NADH bound to various enzymes can be verified,a whole new level o f understanding 

can be reached for all of the above disease states and the normal function of the organ of 

Corti.

This research has indicated the value o f NADH imaging techniques to study 

disease and normal function of the living organ of Corti. New understanding of the
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metabolism of OHCs and IHCs is finally possible, even if further experimentation is 

necessary to clarify this understanding. It is clear that NADH fluorescence was an early 

indicator of changes in the OHCs that could be linked to the eventual death of these cells 

even in the absence o f differences in uptake of gentamicin and before the appearance o f a 

significant increase of ROS. These findings give the first look into the most immediate 

events following uptake of gentamicin into the organ of Corti. Expansion upon these 

critical beginning steps will very likely illuminate the mechanism of gentamicin induced 

hearing loss and normal function o f the OHCs and IHCs alike.
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ABBREVIATIONS

ADP: adenosine diphosphate

ATP: adenosine triphosphate

BM: basilar membrane

cAMP: cyclic adenosine monophosphate

CsA: cyclosporin A

FAD+: oxidized flavin adenine dinucleotide 

FADHt: reduced flavin adenine dinucleotide 

FMN: flavin mononucleotide 

Fp: flavoprotein

GTTR: gentamicin coupled to Texas Red 

IHC: inner hair cell

MPT: mitochondrial permeability transition

MPTP: mitochondrial permeability transition pore

NAD+: oxidized nicotinamide adenine dinucleotide

NADH: reduced nicotinamide adenine dinucleotide

NADP+: oxidized nicotinamide adenine dinucleotide phosphate

NADPH: reduced nicotinamide adenine dinucleotide phosphate

NAD(P)H: indistinguishable NADH and NADPH

OHC: outer hair cell

SV: stria vascularis

TCA: tri-carboxylic acid cyle

TM: tectorial membrane
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