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Abstract
Drug-Induced Ototoxicity is a widespread global problem occurring as a side
effect of otherwise effective therapies for conditions such as bacterial sepsis
(aminoglycosides) and cancers (platinum-based chemotherapy). It is becoming clear that
having the conditions requiring these drugs itself puts the patient at increased risk for
acquiring life-long hearing loss. This apparent clinical paradox places the provider in
difficult position where treating the life-threatening condition will most likely result in
poor hearing outcomes. Since these ototoxic therapies are both life-saving and
economically viable, understanding the mechanisms of hearing loss and developing
effective strategies to preserve hearing during treatment for life-threatening illness has
the potential to greatly enhance the quality of life in vulnerable patient populations.

Dedication
I humbly dedicate this work to those who cannot hear: I promise to listen to your
deepest concerns. For those who cannot speak: I promise to speak and advocate on your
behalf. And for those who are not heard: I promise to always speak up on your behalf.
For communication is the only way to achieve peace and prosperity.

1

1 – Introduction
Significance and Translational Relevance
Aminoglycoside antibiotics are an essential tool for battling serious infections.
Cisplatin chemotherapy is an effective therapy for certain cancers. While both of these
agents are effective clinical tools, a serious side effect is life-long hearing loss. These
drugs first enter the cochlea by crossing the blood-labyrinth barrier (BLB) – a collection
of tight-junction coupled endothelial and epithelial barriers that limit trafficking of
plasma constituents into the cochlear parenchyma. Inflammation, either systemic or
confined to the cochlea, enhances BLB trafficking of both these drugs, potentiating their
ototoxicity.
The mechanisms by which inflammation enhances the ototoxic potential of
aminoglycoside and chemotherapy is unknown and may include leukocyte-independent
or leukocyte-dependent processes. Inflammatory signaling could alter BLB physiology
by promoting re-arrangement of tight junctions altering paracellular trafficking routes
and/or transcellular routes, such as ion-channel mediated or non-specific pinocytosis.
Alternatively, neutrophil-mediated vascular injury is caused when neutrophils adhere to
inflamed endothelial cells and degranulate, releasing cytotoxic molecules that injure the
endothelium, degrade paracellular tight-junctions, and promote leukocyte diapedesis.
This body of work probes the hypothesis that neutrophil activity is required for
inflammation-enhanced BLB trafficking. To test this hypothesis, drug and neutrophil
trafficking across the BLB was investigated in mouse models of sepsis and altered
responses to inflammation. This translational research has the potential to point the way
forward to decreasing the ototoxicity of life-saving therapies in the clinic.

1.1 – Hearing Loss: An Overview
1.1.1 – Epidemiology and Scope of Problem
Hearing loss impacts approximately 5% of the global population and
disproportionately impacts underserved populations in developing countries (1, 2). Noise
exposure is a major cause of hearing loss and prevalence is higher among industrial
workers in countries with lax regulations such as Ethiopia (3), military combat veterans
(4), and professional musicians (5). In the United States, hearing loss affects around sixty
million people (mild unilateral hearing loss or greater) with about 6.6 million individuals
over the age of 12 experiencing severe hearing loss (unilateral >60dB-HL shift) (6).
Adults with hearing loss are more likely to have low educational attainment, lower
income (<$20,000/year per family), and un/underemployment (3.21, 1.58, 1.98; odds
ratios respectively) (7). Conversely, individuals from relatively impoverished
communities, such as Peru, are 4-7 times more likely to experience permanent hearing
loss during their life (8).
Collectively, these socioeconomic and quality of life factors make hearing loss a
quintessential challenge facing our global healthcare system. Preventing hearing loss and
treating existing hearing loss has the potential to improve social fulfillment, economic
potential and overall quality of life. Advocacy for early hearing screening, early
intervention, and avoiding ototoxic exposures (such as noise and ototoxic drugs) over a
lifetime are three important focus areas.

1.1.2 – Etiologies of Hearing Loss
Two main categories of hearing loss are congenital (9) and acquired (10-12).
Congenital etiologies include genetic molecular defects such as Usher and Alport
syndromes, anatomical malformations, and infections. Predominant causes of acquired
hearing loss include middle-ear disease, excessive noise, old age (presbycusis),
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infections, autoimmune/vascular pathologies, and ototoxic drug exposures such as
aminoglycosides and platinum-based chemotherapy.
Many genetic mutations are linked to congenital syndromes involving hearing
loss. For example, Usher syndrome is caused by mutations in one of a number of hair cell
tip-link (see appendix A for overview of hearing and related anatomy) related genes, such
as MYO7a (13), PCDH15 (14), or CDH23 (15, 16). These mutations all disrupt tip-link
to tip-link tethering and tension regulation; disruption prevents effective
mechanotransduction inducing eventual hair cell degeneration. Another common
congenital genetic syndrome is Alport syndrome where a type-4 collagen mutation leads
to basement membrane defects and cochlear dysfunction unrelated to hair cells (17, 18).
Alport syndrome is likely related to vasculopathy due to basement membrane thickening
and BLB dysfunction, especially at the capillaries of the stria vascularis.
Congenital, childhood, and adult acquired infections involving the labyrinth also
cause hearing loss, with cytomegalovirus as one of the leading etiological agents (19).
Mechanisms of hearing loss related to viruses such as cytomegalovirus include
inflammation; for example, reactive oxygen species (ROS)-producing infiltrating
macrophages persist in infected brains and cochleae for weeks (20). Even though
cytomegalovirus does not seem to directly infect hair cells, nearby infected epithelial and
neuronal cells promote cochleotoxic labyrinthine inflammation. Herpes simplex
labyrinthitis is another common pathogen that causes acquired hearing loss (21, 22).
Meningitis is a bacterial cause of hearing loss; interestingly, anti-inflammatory
glucocorticoid therapy spares hearing during meningitis, highlighting the inflammatory
component bridging infection and hearing loss (23, 24).
Middle-ear disease is a major cause of hearing loss, particularly in developing
countries and rural areas where pneumococcal vaccination is not routine (25-27). Chronic
otitis media causes morphological changes in the middle-ear, leading to conductive
hearing loss (28). Similar to labyrinthitis, immune cells infiltrating the middle-ear
produce host tissue damage. Healing of inflamed tissue results in cytologically and
morphologically distinct tissue architecture compared to before injury. Chronically,
inflammatory damage compounds and eventually compromises middle-ear function due
to ossicular ossification and degradation (29). Additionally, labyrinthine involvement is

5
common in middle-ear disease and can involve sensorineural hearing loss (30).
Furthermore, chronic conductive hearing loss leads to cochlear and CNVIII degeneration
(31).
Presbycusis is a general term for hearing loss of old age; it can be induced by
multiple etiologies such as hair cell or CNVIII degeneration, vascular degeneration, or
mechanical disruption of cochlear structures. Interestingly, there is an emerging
appreciation that presbycusis is related to long-term low-grade inflammation (32-34).
Chronic noise exposure over a lifetime can add up producing significant hearing loss
(35). Vascular pathology from diabetes can cause cochlear BLB dysfunction and hearing
loss (36, 37). Diabetes related hearing loss correlates with an individual's
neutrophil:lymphocyte ratio, demonstrating a link between diabetes, cochlear
vasculopathy, and inflammation (38). One hypothetical mechanism for the inflammatory
component of diabetes related hearing loss is immune cell targeting of glycosylated
basement membrane proteins identified as non-endogenous molecules via pattern
recognition and/or major histocompatibility receptors.
Drug-induced iatrogenic hearing loss is a substantial worldwide clinical problem.
Aminoglycoside antibiotics and platinum-based chemotherapies are two classes of
ototoxic drugs that are therapeutically effective but induce life-long hearing loss. The
mechanisms by which these drugs induce hearing loss are of central interest in this body
of work.

1.2 – Systemic Inflammatory Response Syndrome
(SIRS), Sepsis, Shock, Multi-Organ Dysfunction
Syndrome (MODS), and Compensatory Antiinflammatory Response Syndrome (CARS)
1.2.1 – Clinical Definition
Systemic inflammatory response syndrome (SIRS) is a broad diagnosis defined by
meeting two out of four clinical criteria (Table 1.2.1 (39, 40)). Conceptually, SIRS is a
systemic illness response to a serious bodily insult. SIRS has both infectious and noninfectious etiologies (Fig 1.2.1). Potential causative insults include substantial bodily
trauma, such a motor vehicle accident, serious burn, or major chemical/drug toxicity.
When SIRS criteria are met with documented infection the diagnosis is sepsis. Serious
localized infection can disseminate to the blood (bacteremia, viremia, or fungemia) and
seed anatomically distant sites worsening the burden of infection. Pathogen-associated
molecular patterns (PAMPs) induce expression and systemic release of pro-inflammatory
factors. In all cases of SIRS (infection or not), diffuse danger signals trigger body-wide
inflammation.

1.2.2 - Pathophysiology of SIRS and significance of neutrophilmediated vascular injury
SIRS is initiated by generalized immune stimulation by PAMPs and/or damageassociated molecular patterns (DAMPs) (41, 42). PAMPs and DAMPs are two broad
classifications of molecules that share similar structural motifs. DAMPs derive from
cellular damage, and PAMPs derive from pathogenic organisms. Some examples of
DAMPs include peroxidized lipids, heat-shock proteins, DNA/RNA, S100 proteins, and
saccharides such as hyaluronan/hyaluronic acid. PAMP examples include double
stranded RNA, unmethylated CpG motifs, viral membrane proteins, lipoteichoic acid,

8
peptidoglycan, and formyl peptides. Lipopolysaccharide (LPS), an endotoxin produced
by gram-negative bacteria, is a key PAMP used in inflammation research; LPS induces
an experimental model of sepsis that is of central importance to this body of work.
PAMPs and DAMPs both share structural similarities although differ substantially.
DAMPs and PAMPs act to stimulate non-specific innate immune sensors called
pattern recognition receptors (PRRs). Transmembrane toll-like receptors (TLR)
(transmembrane receptors) (43) and cytoplasmic inflammasomes which include the nodlike receptors (cytoplasmic receptors) (44) are the two primary families of PRRs. The
array of PAMP and DAMP structures are sensed by the diverse set of pattern recognition
receptors which have promiscuous binding pockets capable of binding to multiple
structural motifs. PRR signaling converges with expression of pro-inflammatory
cytokines and chemokines. The exact profile of cyto/chemokine expression depends on
which TLR(s) and/or inflammasome(s) are activated. For example, bacteria will elicit a
tumor-necrosis factor response activating granulocytes via the MyD88-dependant
pathway and viruses elicit an interferon response via the TRIF-TRAF pathway promoting
NK and T-cell activity.
LPS primarily binds TLR4 (45). TLR4 activation causes NF-kb translocation to
the nucleus promoting pro-inflammatory cytokine and chemokine transcription (Fig.
1.2.2.A). Cyto/chemokinemia ensues precipitating SIRS. Other common experimental
models of sepsis include cecal ligation and puncture, which is a surgically controlled
bowel perforation and peritonitis paradigm (46, 47). Controlled infection with bacterial
microbes is another experimental paradigm for sepsis, although it can be difficult to
control the morbidity and mortality using live pathogens. For this work we have elected
to utilize the LPS endotoxemia model due to the systemic inflammation induced by
systemic LPS and for the ability to induce predictable morbidity mortality over a cohort.
Furthermore, our experiments did not include treatment with anti-bacterial agents and
therefore would not necessarily benefit from using live pathogens (48).
A central pathologic feature of SIRS is "capillary leak syndrome (49, 50)."
Anionic vessel glycocalyx is stripped away from the blood vessels, revealing leukocyteendothelium adhesion molecules that promote leukocyte diapedesis (51, 52). When
leukocytes such as neutrophils (the most abundant and first line immune cell in the body)
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adhere to cytokine-activated endothelium, they degranulate, releasing cytotoxic
molecules such as metalloproteinases (53), ROS-producing enzymes such
myeloperoxidase (54, 55), and cationic pore-forming peptides such as LL-37 (56).
Collectively these cytotoxic molecules damage endothelial cells and intercellular tight
junctions, a process known as neutrophil-mediated vascular injury (Fig. 1.2.2.B) (57).
Another term for this neutrophil activity is NETosis (neutrophil extracellular traps); a
specialized form of cell death where NETs are released. NETs consist of anionic nuclear
DNA net decorated with the aforementioned cationic cytotoxic neutrophil derived
macromolecules and enzymes. Endothelial cells also increase vascular permeability via
leukocyte-independent mechanisms, such as cytoplasmic re-localization of cell-cell
junction molecules (58) or auto-degradation of tight junctions via endogenous protease
activity (59-61). These pathological processes enhance capillary permeability, allowing
plasma and albumin to leak into the extravascular spaces.
Loss of intravascular plasma and albumin exacerbates cardiovascular stresses,
further worsening SIRS/sepsis, lowering blood pressure and increasing heart/breath rate
(62-64). Eventually, systemic hypoperfusion develops (septic shock). After significant
hypoperfusion, multi-organ dysfunction syndrome and multi-organ failure syndrome
develop (65). SIRS-related morbidity and mortality depends on the degree of organ
damage and organ failure.

1.2.3 – Compensatory Anti-inflammatory Response Syndrome
(CARS)
A pioneer in the field of SIRS, Bone, put it simply by reiterating Newton's
mantra, "for every action there is an equal and opposite reaction (66)." Thinking about
compensatory anti-inflammatory response syndrome (CARS) in this way is useful for a
simplistic conceptual framework. SIRS is characterized by intense systemic inflammation
orchestrated by pro-inflammatory cyto/chemokines. CARS is the opposite and is
characterized by intense immunosuppression. IL-10 is a key regulator of CARS; IL-10
expression is stimulated by pro-inflammatory cues and serves as a negative-feedback
regulator to dampen host-tissue damage and restore homeostasis (67).
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Key features of CARS include IL-10 and prostoglandin E2 production,
lymphocyte/leukocyte apoptosis and deactivation, leukopenia, hypothermia, and
enhanced susceptibility to infection. This enhanced susceptibility to infection represents a
turning point in critically ill patients. In individuals with sepsis this a window for
opportunistic infection to completely take over with poor prognosis. In an individual with
non-septic SIRS, such as a poly-trauma patient, abstaining from major surgery during
CARS can improve patient survival and outcomes as major surgery poses significant
infection risk. In patients with sepsis, the IL-6/IL-10 ratio can predict survival with a
lower ratio favoring poor prognosis (68). Efforts to assess and diagnose CARS are
ongoing and a definitive diagnostic for CARS has not yet been identified or developed
(69).

1.2.4 – Clinical Management of SIRS and Sepsis
Management of patients who meet SIRS criteria largely depends upon etiology
and the acute problem(s) (70). If the case is non-infectious, such as poly-trauma,
management is geared towards acute surgical management, cardiovascular support;
adequate fluid resuscitation with addition of crystalloid or albumin, and cardiac pressors
(70). In cases of sepsis, swift empirical antibiotic therapy improves survival (71-73).
Notably, time to treatment initiation is correlated with favorable outcome (73). Repeat
blood cultures and identification of the infectious nidus (or nodes) is essential. Ideally,
antibiotic therapy is geared towards specific bacterial species with clinical evidence of
infection. However, in many cases and particularly early in hospital admission,
antimicrobial therapy is broad and non-specific as to cover many potential pathogens
until therapy can be narrowed based on known pathogen(s). Notably, aminoglycosides
are often utilized as first-line broad-spectrum antibiotics (74).
Immunostimulation and immunosuppression during sepsis is a critical balancing
act. Too much immune activation contributes to pathogen-independent SIRS pathology
while too little immune activity (CARS) allows infection to run wild. To this end both
immunosuppression (75) and immunostimulation (76, 77) strategies have been developed
and tested for therapy during SIRS, sepsis, and CARS. An extreme example of
immunosuppression is that of humans with inactivating TLR4 mutations. Even though
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TLR4 mutation protects against endotoxemia (78), affected individuals experience
recurrent infections and typically pass away in their early teens due to sepsis (79).
Innate immunity is essential for surviving sepsis. However, over-stimulation of
innate immunity enhances mortality. This delicate immune balancing act holds promise
for emerging sepsis therapies. The future of sepsis therapy may include methods to gauge
a patient's immune status more accurately than is currently possible including whiteblood cell assays, quantitative pro-inflammatory biomarker measurements, and other to
be determined technologies. Once a clinical determination of what kind of immune
response a patient is mounting (or not) a therapeutic immunotherapy intervention could
be initiated to tip the scales of the immune system up or down in the patient's favor.
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Table 1-2-1: Clinical Criteria for SIRS Diagnosis (39).
Clinical diagnosis of SIRS requires meeting two of the four criteria.

Any two of the following meets clinical SIRS criteria
Pediatric (40)

Adult (39)

Temperature >38.5°C or <36.0°C

Temperature >38.0°C or <36.0°C

Tachypnea: >2SD above normal for age
breaths/min

Tachypnea: >20 breaths/min

Tachycardia: >2SD above normal for age
beats/min, or <10th percentile if <1-yearold

Tachycardia: >90 beats/min

White blood cell count: Elevated or
decreased total count based on normal
values for age, or >10% immature
neutrophils (band cells)

White blood cell count: >12,000/ml or
<4,000/ml
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Figure 1.2.1: Overlap and etiologies of infection, sepsis, and SIRS. Modified from (39).
Overlap of Sepsis and SIRS syndromes along with etiologies. Note that endotoxemia is
one way to induce SIRS and is a model for gram-negative bacterial sepsis
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Fig. 1.2.2: TLR4 signaling and downstream neutrophil mediated vascular injury.
(A) LPS binds TLR4 and via MyD88 accessory protein activity signals to cause NFkb
transcription factor translocation to the nucleus promoting transcription of proinflammatory cyto/chemokines. (B) NMVI occurs when cyto/chemokine activated
neutrophils adhere to cytokine-activated endothelium and degranulate releasing
cyototoxic molecules which degrade intercellular tight junctions promoting neutrophil
diapedesis.

1.3 – Drug-induced Ototoxicity
1.3.1 – Overview of Ototoxic Drugs
Drug induced ototoxicity is a permanent side-effect of clinical aminoglycoside
antibiotic and platinum-based chemotherapy treatment. Salicylates, loop-diuretics,
erythromycin, and vancomycin are some other ototoxic drugs. Ototoxic drugs also tend to
be synergistically ototoxic with one another such as loop-diuretics in combination with
aminoglycosides. While molecular targets differ between these ototoxic agents, a key
pathophysiological process is ROS generation, which provides insight into shared
ototoxic mechanisms (section 1.6).

1.3.2 – Focus on Aminoglycoside Antibiotics
Aminoglycoside antibiotics are polycationic polysaccharides. Streptomycin,
derived from Streptomyces griseus, was the first aminoglycoside purified by humans
(80). Aminoglycosides isolated from other Streptomyces species include kanamycin,
actinomycin, and tobramycin. Multiple semi-synthetic aminoglycoside analogs have been
developed with the goal of outwitting resistant bacterial strains, avoiding toxicities, and
for patentability (81).
Aminoglycoside bacterial selectivity stems from inhibition of the 30S ribosomal
subunit, specifically inhibiting prokaryotic protein synthesis. However, aminoglycosides
also bind the eukaryotic mitochondrial ribosomes, causing eukaryotic cross-toxicity (82).
Certain human mitochondrial rRNA mutations that increase affinity for aminoglycoside
binding enhance susceptibility to ototoxicity (83, 84).
Another mechanism of action and bacterial selectivity is binding to anionic
phospholipids of biological lipid bilayers (85, 86) and inhibition of endosomal
phospholipase (87). Non-specific binding of aminoglycosides to anionic biomolecules
induces phospholipidosis and inactivation of transmembrane biomolecules (88). Because
bacterial cell membranes are anionic and eukaryotic membranes are zwitterionic,
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aminoglycosides selectively bind to and disrupt bacterial cellular membrane homeostasis.
Some aminoglycosides such as streptomycin enhance Ca leak from cell-free liposomes
2+

while others such as gentamicin enhance liposome leak to a lesser degree. However,
aminoglycoside pore forming activity is less than well characterized pore forming agents
such as ionomycin (89). This mechanism is reminiscent of endogenous polycationic
amphiphilic anti-microbial peptides which share structural similarities to more
hydrophilic and less amphipathic aminoglycosides. In fact, a new class of antibiotics
based on aminoglycosides has been developed to mimic the action of anti-microbial
peptides by adding hydrophobic groups to enhance the amphiphilicity of the drugs (90,
91). Amphipathic aminoglycosides bind to phospholipid bilayers and penetrate the
hydrophobic surface forming membrane pores and biomolecular flocculation (92)
Cellular stress from aminoglycoside exposure results in hair cell apoptosis and
necrosis (93). While blocking protein synthesis is a prominent feature of cytotoxic
activity, ROS production is a hallmark of aminoglycoside ototoxicity and is ameliorated
by overexpression of ROS scavenging superoxide dismutase in transgenic mice (94).
Aminoglycosides are permeant and complete blockers of non-specific cation and Ca

2+

channels; examples include TRPV4 (95), TRPA1 (96), and notably the hair cell MET
channel (97-100). Through this blocking activity, aminoglycosides disrupt Ca

2+

homeostasis (101, 102) and uncouple mitochondrial respiration (103-105), which
partially explains leukocyte-independent ROS production. Cochlear ROS also derive
from ternary interactions between aminoglycosides, ferritin, and polyunsaturated fats
(106).
Cell death from amionoglycoside induced ROS production and protein synthesis
inhibition can cause cellular necrosis and release of innate inflammation promoting
DAMPs. Aminoglycosides can also independently activate the NLRP3 inflammasome
(107). In vitro, neutrophil-derived ROS production increases upon aminoglycoside
exposure, highlighting the leukocyte contribution to aminoglycoside-induced oxidative
stress (108). Indeed, NFkb is activated by aminoglycoside treatment, promoting innate
inflammation (109). Atorvastatin (110) and dexamethasone (111) both act to dampen
NFkb activity and are nephro/otoprotective during aminoglycoside therapy.
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Overall, DAMP induced inflammation and associated ROS production enhances
hair cell death processes by both cell-intrinsic and leukocyte-mediated cytotoxic
mechanisms. These mechanisms act together to cause organ damage; the cochlea is both
more sensitive to toxicity and also has a lesser affinity for recovery/repair compared to
other effected organs such as the kidneys.

1.3.3 – Focus on Platinum-Based Chemotherapy
Cisplatin was first synthesized in 1844 by Italian chemist Michele Peyrone (112).
However, it was not until 1965 that biophysicist Barnett Rosenberg accidentally
discovered cisplatin's cell cycle inhibitory activity while studying electrical field effects
on bacterial growth. Rosenberg noticed that electrolysis products from a platinum
electrode (cisplatin) inhibited E. coli growth (113). Follow-up studies in a mouse model
of leukemia and sarcoma demonstrated cisplatin's anti-neoplastic activity (114). Today,
cisplatin and other related platinum adducts are standard of care for germ-line tumors
such as medulloblastoma, neuroblastoma, and hepatoblastoma in pediatric patients, and
for advanced metastatic cancers (115). For other platinum-based chemotherapies that
penetrate endothelial barriers to a lesser degree, such as carboplatin, ototoxicity is
dependent upon BLB disruption.
When cisplatin is dissolved in water the chloride atoms undergo substitution
reactions with water to yield cis-[Pt(NH ) (H O) ] , a potent electrophile. Aquated cisplatin
3 2

2

2

+

most notably forms coordinate covalent bonds with the purine ring nitrogen atoms of
nucleic acids to cross-link and prevent DNA replication (116). Blocking the S-phase of
cell division explains cisplatin's anti-neoplastic activity by preventing cancer and other
highly proliferative cell populations from replicating. Similarly, cells less capable of
repairing DNA (such as prokaryotes) are hypersensitive to the cytotoxic activity of
cisplatin (117). Aquated cisplatin also avidly reacts with proteinaceous cysteine and
methionine residues, often resulting in protein inactivation (118, 119)
Cisplatin interacts with a number of molecular transporters and ion channels
(120). Some of these proteins work to keep cisplatin out and others provide pathways for
cisplatin to enter cells and organs. For example, the copper transporter is a primary
transporter for trafficking cisplatin into cells (121). Cisplatin also interacts with the multi-
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drug resistance transporters (MDRs), which function to keep toxins out of barrier organs
(including the brain, eyes, and ears) and into detoxifying organs (such as the liver).
Although expression of the prototypical MDR, MDR1 (also known as p-glycoprotein)
increases following cisplatin treatment (122), cisplatin does not interact directly with this
protein (123). One notable transporter is the electrogenic organic cation transporter 2
(OCT2), which some studies suggest is expressed in cochlear hair cells and may be a
therapeutic target by blocking with cimetidine (124-126). While OCT2 works to transport
cisplatin into hair cells, other multi-drug resistant proteins work to pump cisplatin out.
Cisplatin is a substrate for the multi-drug resistant protein 2 (MRP2) ATPase which
actively pumps cisplatin out of cells; genetic upregulation of MRP2 makes cells more
vulnerable to cisplatin, and downregulation protects cells against toxicity (127, 128).
Cisplatin interferes with Ca homeostasis by direct and permeant block of non2+

specific cation channels and other Ca permeable channels. Some of these channels
2+

include L-type and T-type calcium channels, and TRP channels such as TRPV1. Cisplatin
interacts with the MET channel of hair cells (129, 130) similar to aminoglycosides.
Cisplatin also blocks other mechanosensitive channels including TREK-1, and VSORC
(131). Cisplatin-Texas Red also appears in hair cells of rats two hours after systemic
treatment (132). These interactions add up to interfere with physiological Ca flux,
2+

stressing cells and promoting apoptosis/necrosis (133). Despite this wealth of literature
suggesting that cisplatin directly interacts with Ca channels, some still debate whether
2+

cisplatin directly interacts with and permeates calcium channels or if cisplatin modulates
Ca channels indirectly (120).
2+

Aquated cisplatin also avidly binds glutathione, quickly depleting endogenous
ROS-scavenging capacity. Depletion of glutathione potentiates cellular oxidative stress
from both endogenous and cisplatin-induced free radical species (134-136). Free-radical
mediated cellular stress from ROS and reactive nitrogen species (RNS) damages
molecular and cellular components, promoting apoptosis (lower cisplatin concentration)
and necrosis (higher cisplatin concentration) (137). Oxidative stress is particularly
cytotoxic to highly metabolic cells such as cochlear hair cells, renal tubular cells, and
neurons. Similar to aminoglycoside ototoxicity, highly metabolic cells are more sensitive
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to cisplatin cytotoxicity provides insight to the drug's principal toxicities of ototoxicity,
nephrotoxicity, myelotoxicity, and neurotoxicity.
Similar to aminoglycosides, cisplatin's cytotoxic activities act together to generate
DAMPs, promoting innate inflammation. STAT1 is induced by cisplatin therapy and
contributes to ototoxicity, blocking STAT1 via round window application of siRNA
protects hearing in a rat model (138). STAT1 is induced by pro-inflammatory NFkb
translocation to the nucleus and is upstream of pro-inflammatory cytokines such as IL-1
and TNFa. Blocking TNFa with the monoclonal antibody etanercept protects hearing in
the same cisplatin ototoxicity model (138) demonstrating the importance of inflammation
in cisplatin ototoxicity and the multiple potentially therapeutic molecular targets along
the pro-inflammatory pathway.
Cytotoxic mechanistic overlap between aminoglycosides and platinum
chemotherapy is substantial. While the molecular targets of the two drugs do differ, the
pathophysiological response to these drugs is quite similar. Specifically, inflammation
and ROS production are key common mechanisms underlying ototoxicity.
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1.4 –Blood-Labyrinth Barrier – An Introduction
1.4.1 – The Endothelial Barrier Concept
1.4.1.1 – Endothelial Barriers
The concept of a blood-brain-barrier developed when Ehrlich first observed that
various azo-based dyes injected systemically into animals were excluded from the brain
but not from other organs in the body (139). In later experiments, Goldmann (a student of
Ehrlich's) injected dye into the CSF and noticed that it remained confined to the CNS
(140). Dyes are also excluded from other organs such as the retina, gonads, and the
cochlear labyrinth. The concept that some substances are selectively excluded from some
tissues versus others led to the concept that specialized semi-permeable vascular anatomy
regulates molecular trafficking at these organs.
Further experiments demonstrated that different molecules traffic at varying rates
into organs with these specialized barrier properties. Molecular properties such as
molecular weight, electrostatic charge, hydrophobicity, and conformational threedimensional structure determine the vascular trafficking rate constant. For example,
albumin, a large molecular weight negatively charged and hydrophilic molecule, is
excluded from the brain, while the small hydrophobic uncharged molecule propofol
rapidly enters brain parenchyma. Mechanisms regulating differential molecular
trafficking depends upon individual molecular properties, endothelial cell barriers, as
well as pathological, non-physiological, states of the barrier.

1.4.1.2 – Molecular Properties Regulating Trafficking Properties
Molecular weight and radius spatially regulate what spaces a molecule can traffic
through (141). This is particularly important when the trafficking mechanism is passive
diffusion through capillary fenestrae, e.g., paracellular trafficking. For example, in mice
deficient in the tight-junctional molecule claudin-5, molecules under 800 Da can traffic
into brain parenchyma while larger molecules may not (142).
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Molecular conformation also contributes to trafficking selectivity. As a general
rule, determining the smallest molecular radius based on conformational molecular
modeling and analysis can predict radius-selective trafficking. The equilibrium constants
molecular conformations and the rate constants for the conformational changes in each
direction may also impact trafficking. If the majority of a given molecule exists, in a
conformation that excludes it from the barrier, the trafficking rate constant will be low
and correlate with the rate constant of conformational change to the barrier-permeable
conformation (143).
Net ionic charge is also a substantial determinant of barrier permeability (144).
Vascular barriers tend to exclude anions, while cations are overall more permeable.
Trafficking of neutral molecules are not affected by these charge-related trafficking
determinants and hydrophilic neutral molecules are ideal for studying passive paracellular
trafficking properties. Negatively charged glycocalyx, which lines the vascular
endothelium, repulses negatively charged molecules via electrostatic forces; loss of
glycocalyx during pathological states such as vascular inflammatory states modulates the
barrier ionic selectivity. Another way that ionic charge effects trafficking properties is
with regard to ion channels. Ionic charge effects trafficking via ion channels as well due
to the impact of electrostatic interactions within the pore and the opening of the pore on
charge selectivity. For example, polycationic aminoglycoside antibiotics are permeable to
some non-selective cation channels such as the MET channel of hair cells (see section
1.3.2).
Hydrophobicity and hydrophilicity are perhaps the most influential determinants
of barrier permeability. Very hydrophobic molecules passively diffuse across vascular
barriers by dissolving in cellular lipid-bilayer membranes and re-partitioning into tissue
parenchyma. Conversely, very hydrophilic molecules cannot passively diffuse across
vascular barriers as they are not lipid soluble and therefore may not integrate into
membrane lipid bilayers. The degree of molecular partitioning can be attributed to and
predicted by the hydrophobicity index, which is the molecular portioning coefficient
between water and octanol (Fig. 1.4.1) (145).
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1.4.1.3 – Endothelial Barrier Properties Regulating Trafficking Properties
Molecules traffic across vascular barriers by five prototypical mechanisms
including: passive diffusion, non-specific pinocytosis/transcytosis, ion-channel mediated
permeation, specific transporter mediated trafficking, and (pathological) paracellular
diffusion (Fig. 1.4.2). Other less well described and elusive trafficking mechanisms have
also been reported such as passive diffusion through transient transcellular pore structures
related to leukocyte transcellular migration (146).
As described in section 1.4.1.2, passive diffusion is dependent upon the
hydrophobicity of the molecule of interest and can be predicted by the hydrophobicity
index.
Endocytotic mechanisms play a significant role in barrier transport. Barrier
capillary beds demonstrate fewer caveolae under ultrastructural electron microscopy
examination compared to other non-barrier systems (147, 148). Pinocytotic activity acts
to traffic essential compounds from serum into tissue parenchyma. For example, during
infection and inflammatory states, pinocytotic activity increases (149). One hypothesis is
that enhanced pinocytosis during infection increases tissue parenchymal concentrations
of immunoglobulins to promote pathogen neutralization and leukocyte recruitment.
Transport of substances through ion channels and other pore structures, such as
aquaporins assist in the maintenance of ionic and osmotic homeostasis. While these
proteins have natural ligands which they transport, other non-endogenous molecules also
permeate via this mechanism. For example, both cisplatin chemotherapy and
aminoglycoside antibiotics are permeable blockers to non-specific cation channels such
as TRP channels (96) and hair cell mechanotransduction channels in a concentration
dependent manner (97, 130, 150).
Similar to ion channels, specific carrier-mediated transport selectively traffics
substances into and also keeps substances out of tissue parenchyma. For example,
sodium-glucose like transporter 2 (SGLT2) co-transports Na and glucose into brain
+

tissues via secondary active co-transport. Organic anion transporters (OATs) are organic
anion anti-porters which exchange endogenous dimethyldicarboxylate into cells and
exogenous organic anions out of cells (151). Other specific transporters such as amino
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acid transporters work collectively together to define the molecular selectivity of
endothelial barriers.
Lastly, paracellular trafficking between endothelial cells is minimal at baseline in
barrier vascular beds. On the other extreme is the fenestrated vascular system of the liver
where blood is contiguous with liver parenchyma. After certain pathologies such as autoimmune vasculitis, stroke, trauma, and endotoxemia pathological paracellular trafficking
routes not present under homeostatic conditions emerge. A common thread in the
mechanism of each of these pathological trafficking routes is an inflammatory
component. Overall, alterations in tight-junctional architecture develop by both
endothelial independent and leukocyte-dependent interactions with endothelial barrier.

1.4.2 – The Blood-Labyrinth Barrier
1.4.2.1 – Overview of Cochlear Blood Supply
Axelsson published the first unambiguous description of human and guinea pig
otological vascular anatomy in 1968 (152); still, considerable variation in nomenclature
pervades the scientific and medical literature. This section will summarize the findings of
Axelsson's work.
Inner-ear tissues are fed by the labyrinthine artery, which derives from the
vertebral-basilar-anterior inferior cerebellar – labyrinthine. Once in the acoustic meatus,
the labyrinthine artery divides into the anterior vestibular artery and common cochlear
artery. The common cochlear artery terminally divides into the vestibulo-cochlear artery
and the cochlear artery.
The vestibular branches of the vestibulo-cochlear branch supply the basal end of
the cochlea, vestibular and semicircular canals. The cochlear branch follows the spiral
course of the modiolus and is known as the spiral modiolar artery.
Arterioles regularly radiate from the spiral modiolar artery and are named
radiating arterioles. Radiating arterioles supply either the spiral lamina/ basilar
membrane or the lateral wall. In rodents, these circulations are separate; the vasculature
of the spiral lamina/ basilar membrane does not anastomose with that of the lateral wall.
In humans, communicating vessels of the later wall and basilar membrane exist near the
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region of the external spiral sulcus and the insertion of the basilar membrane on the
lateral wall; these anastomoses are uncommon.
Circulation of the spiral lamina and basilar membrane originates from radiating
arterioles penetrating the spiral lamina in the direction of the organ of Corti. Arcading
spiral branches come off of radiating arterioles at ninety-degree angles. Depending upon
where in the spiral lamina/ basilar membrane these branch points occur determines the
name of the branch. The vessel of the basilar membrane is the most distal of these vessels
and underlies the region under cochlear hair cells. In the middle is the vessel of the
tympanic lip. Closest to the modiolus are limbus vessels which reside within the spiral
limbus; limbus vessels are unique in that they are the most tortuous of these vessels and
are a major source of vascularization of this region. Speculations suggest that limbus
vessels may contribute to endolymphatic regulation (see section 1.4.2.4). At regular
intervals, the vessel of the basilar membrane and vessel of the tympanic lip coalesce into
radiating venules which feed in to the spiral modiolar vein which runs the same course as
the spiral modiolar artery. After a capillary region, the radius of limbus vessels increases
and these venules turn course back towards the spiral modiolar vein. Often these spiral
limbus venules never coalesce with the radiating venules from the vessels of the basilar
membrane and tympanic lip but instead insert directly into the spiral modiolar vein.
Sometimes limbic vessels do anastomose with radiating venules from vessels of the
basilar membrane and tympanic lip close to the spiral modiolar vein.
Circulation of the cochlear lateral wall begins with radiating arterioles passing
through the apical aspect of the scala vestibuli and reaching the superior aspect of the
cochlear lateral wall where these arterioles then divide into capillary networks. These
capillary networks then converge around the inferior lateral wall in the scala tympani
region where venules are formed. Radiating venules then traverse the inferior aspect of
the scala tympani to reconnect with the spiral modiolar vein. Named vessels between the
arterial and venous sides of lateral wall circulation project at roughly ninety-degree
angles and form spiraling arcades, similar to the spiral lamina/basilar membrane
circulation. These vessels include, from apical to basal aspect, the vessel of the scala
tympani, vessel of the vestibular (Reissner's) membrane, the stria vascularis capillary
network or the scala media, the vessel of the spiral prominence, and venules of the basilar
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membrane. Well defined and mostly straight-coursing vessels define the apical and basal
boundaries of the stria vascularis with polygonal capillary arrangements intervening
these boundaries. Arterio-venous shunts are common in the cochlear lateral wall
circulation with anastomosing vessels connecting structures such as the vessel of the
vestibular membrane and the vessel of the spiral prominence. The function of these
arterio-venous shunts is not known although speculation suggests they help regulate
cochlear blood pressure, cochlear temperature, and to fine tune cochlear blood flow.

1.4.2.2 – Multiple Barriers Comprise the Blood-Labyrinth Barrier
Endolymph, which fills the scala media, and perilymph, which fills the scala
tympani and scala vestibuli, are plasma ultra-filtrates with unique compositions. Similar
to CSF, endolymph and perilymph are produced by specialized vascular beds and their
compositions are maintained by selective trafficking at the blood-labyrinth barrier (BLB).
Similar to the BBB, the BLB concept derives from the observation that changes in
plasma composition are selectively reflected in the cochlear lymphatic fluids (153).
Specialized vascular and epithelial structures of the inner-ear collectively form the
BLB, which is further sub-divided into the blood-perilymph and blood-endolymph
barriers. Within these barriers, there are multiple endothelial and epithelial cell barriers,
which isolate the blood from the cochlear lymphatic fluids (Fig 1.4.4). Collectively, these
barriers work to regulate the specialized fluid compositions of the inner-ear. The origins
of these specialized lymph fluids is still under active investigation and discussed in detail
below.

1.4.2.3 – Blood-Perilymph Barrier
The blood-perilymph barrier is defined by the structures bordering perilymph,
specifically, the simple cuboidal epithelium lining the bony portions of the scala tympani
and scala vestibuli, the most apical and inferior aspects of the spiral ligament, Reissner's
membrane, and the basal aspect of the basilar membrane/ spiral lamina. Further barriers
are delineated by the spiral ligament capillaries where the extracellular fluid beyond these
capillaries is similar to perilymph. With the exception of the stria vascularis region, the
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spiral ligament is considered contiguous with the perilymphatic compartment. Tightjunction coupled basal cells demark the border between the stria vascularis and spiral
ligament. Perilymph is similar to CSF in composition with high sodium, low potassium,
and low protein. Perilymph is continuous with cerebrospinal fluid via three structures, the
cochlear aqueduct, the vestibular aqueduct, and the modiolus via the internal auditory
canal housing CNVIII (154). The cochlear and vestibular aqueducts are small direct
communications filled with loose connective tissue similar to dura mater. Small pores in
the modiolus allow CSF communication between the CNVIII sheath and perilymphatic
spaces (155).
Where perilymph derives is debated. Some suggest that perilymph is a plasma
ultrafiltrate and primarily derives from vessels close to the scala vestibuli and in
particular, the vessel at the vestibular (Reissner's) membrane (152). As circulation in the
scala tympani is venous, this region is speculated to reabsorb perilymph. Indeed,
differences in perilymphatic composition of the scala vestibuli versus the scala tympani
(156) support the hypothesis that perilymph is produced in the scala vestibuli and moves
towards the scala tympani, slowly changing composition as perilymph bulk flow
progresses towards the oval window of the scala tympani. Others have suggested that
perilymph may derive from the vascular spring coiled vessels of the modiolus (152).
Studies where the cochlear aqueduct is obliterated (measures vascular contributions)
versus where an animal is exsanguinated (measures CSF contributions) estimate that 22%
of perilymph derives from the CSF via the cochlear aqueduct and 78% from cochlear
vascular ultrafiltrate (157). Studies such as this however have limitations; perilymph
production is measured by measuring fluid volume exudation from a small apical
cochleostomy. When the perilymphatic space is opened, and the cochlea is no longer a
closed system, the positive pressure equilibrates with the surroundings which enhances
the outflow of perilymph. This scenario is termed "perilymphatic gusher" (158). Another
limiting assumption is that when an animal is exsanguinated and the animal expires, the
CSF contribution to perilymph production rate remains similar to the in vivo situation.
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1.4.2.4 – Blood-Endolymph Barrier
Endolymph is a specialized lymphatic fluid found only in the scala media. Unique
characteristics include high K and low Na concentrations coupled with an 80-100 mV
+

+

electric potential, which increases the driving force of ions through the hair cell MET
channels, enhancing hearing sensitivity. Endolymph's unique composition is produced by
electrochemical pumps on marginal cells and is maintained by the tight-junction coupled
epithelium lining the scala media. The blood-endolymph barrier is defined by the
epithelial linings of Reissner's membrane superiorly, the basilar membrane and spiral
limbus inferiorly, and the marginal cells of the stria vascularis medially. Three cell types
predominate in the stria vascularis including the basal cells laterally, interdigitating
intermediate cells, and marginal cells which contact endolymph; endothelial cells form
the strial capillary network which weave through intermediate cells. Pericytes
periodically contact strial blood vessels and regulate strial capillary flow and endothelialstrial barrier integrity (159). Perivascular resident macrophage-like melanocytes, also
known as strial dark cells, are a monocyte derived cell population and contribute to
blood-strial barrier integrity (160-163).
Similar to perilymph, the origin of endolymph is also debated. Possible origins
include the stria vascularis, the vessels of the spiral limbus (152), and perilymphatic
communications via aquaporins (164). The lymphatic fluid may derive from ultrafiltrate
from the stria vascularis, ultrafiltrate from the spiral limbus vessels, aquaporins on
Reissner's membrane, or a combination of the three sources. The spiral limbus region is
an intriguing prospect in that the vessels in this region are fenestrated and these
fenestrations are regulated by cells and cellular structures similar to those of astroglial
end-feet of the BBB (152). While the contributions of the fluid component of endolymph
is debated, good evidence exists that the ion content of endolymph is predominantly
regulated by the marginal cells of the stria vascularis (165). In particular, Na-K-ATPase
expression is significant on the medial surface of marginal cells which contact
endolymph (166). The endolymphatic compartment does not communicate with
perilymph or CSF and thus its generation and reabsorption are a closed system.
Endolymph reabsorption likely occurs at the endolymphatic sac, where specialized
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phagocytic cells clear any larger molecular weight molecules or cellular debris and
features a vascular bed similar to the area postrema. Obliteration of the endolymphatic
sac induces endolymphatic hydrops as a result of increased endolymphatic hydrostatic
pressure, inducing Meniere's disease (167). This observation provides strong evidence
that the endolymphatic sac absorbs endolymph.
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Barriers to progress
A main barrier to progress is the spatial resolution of
current imaging methods, which cannot resolve the
localisation of increased BBB permeability in the original
trauma and the tissue that surrounds it. Additionally,
barrier tissues have not been regarded as therapeutic
targets, and because there is a lack of defined models for
specific CNS injuries that translate to human beings, the
progress of translational science in injury and the brain
barriers is slowed. Progress is also hindered by the cost of
imaging equipment, the need for teams of scientists and
engineers to carry out imaging studies of brain injury,
and the limited cross-disciplinary research into the BBB.
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Fig 1.4.3: Schematic summarizing the cochlear blood supply. Reproduced identically
from Axelsson 1968 (152).
(A) Major arteries: VA = vertebral artery, BA = basilar artery, AICA = anterior inferior
cerebellar artery, LA = labyrinthine artery, SMA = spiral modiolar artery. (B) Radial
section of a half turn (framed in A and E): SV = scala vestibuli, SM = scala media, ST =
scala tympani, N VIII = acoustic nerve. Cross-hatched areas are avascular. (C) Radial
section of the external wall: VSSV = vessel of the scala vestibuli, VSVM = vessel of the
vestibular membrane, SVS = stria vascularis, VSSP = vessel of the spiral prominence,
VLBM = venules at the basilar membrane. (D) Transverse section of the spiral lamina:
VSBM = vessel of teh basilar membrane, VSTL = vessel of teh tympanic lip, LVS =
limbus vessels. (E) Major veins: SMV = spiral modiolar vein, VCAQ = vein of the
cochlear aqueduct.

33

Hair Cells
Sprial Limbus

Fig 1.4.4: Schema demonstrating the multiple barriers collectively comprising the BLB.
The BLB consists of multiple barriers that collectively form the BLB. The bloodendolymph barrier is defined by the tight-junction couples endothelial cells sealing the
scala media and the blood-perilymph barrier that seals the scala tympani and scala
vestibuli. There is also the blood strial barrier which forms the barrier between the blood
vessels of the stria vascularis and strial parenchymal spaces; see blow up for anatomical
detail for the stria vascularis. Other less-defined and less studied vascular regions in the
organ of Corti and spiral limbus region may also possess barrier properties.

1.5 – Hearing Restoration and Otoprotective Strategies
– Insight to Ototoxic Mechanisms
1.5.1 – Hearing Restoration Strategies and Treatments
Treatment initiatives to restore hearing loss can be divided into three distinct
strategies: assistive, restorative, and regenerative. Assistive hearing devices, commonly
referred to as hearing aids, amplify acoustic stimuli to bring the stimulus above an
impaired hearing threshold. For individuals with light to moderate shifts in hearing
threshold (<50dB-HL) these devices do help. One problem with this strategy is that
acoustic amplification accelerates noise-induced hearing loss, as loud sound is
continuously introduced to the auditory canal (168). Another approach is bone-anchored
hearing aids which take advantage of bone conduction. These devices are particularly
helpful in cases of conductive hearing loss where normal air-conduction and sound wave
transduction through the middle-ear is impaired due to sequelae of chronic middle-ear
disease. Conduction-based hearing aid devices can also induce sensorineural hearing loss
(169) highlighting the limitations of acoustic amplification hearing restoration strategies.
Hearing restoration can be achieved with cochlear implants. These unique biointerfacing machines are the first and most successful functional bionic prosthesis in
modern medicine. Cochlear implants consist of a linear electrode array which is inserted
through the round window or a small basal cochleostomy. The electrode is then advanced
into the scala tympani. These devices work by direct electrical stimulation of spiral
ganglion nerve fibers emanating from the cochlear modiolus. Sound is picked up by an
externally worn microphone worn close to the ear's pinna and the sound is binned into
frequency batches by a speech processor before radio-frequency transmission to the
electrode array. Different electrodes along the array are stimulated depending on the
frequency distribution of the incoming sound. Because spiral ganglion nerve fibers are
tonotopically organized with high-frequency sounds encoded by the basal cochlear fibers
and low-frequencies by the apical fibers, cochlear implants can restore frequency
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perception. However, electrical stimulation of the organ of Corti stimulates a wider
population of neighboring spiral ganglion nerve fibers, resulting in frequency resolution
degradation in comparison to the intact cochlea. The result is perception of "vocoded
speech," which colloquially speaking sounds like a robot. Coding of sound intensity is
achieved by increasing the intensity of electrical stimulation, which increases the spike
rate of acoustic nerve fibers. Cochlear implants can miraculously restore hearing to even
the most profoundly hard of hearing individuals.
A limitation of cochlear implants is long-term cochlear fibrosis which leads to
device failure (170). Because cochlear implant materials poorly mimic native tissue and
do not express molecules which lend to the body's recognizing the material as "self," a
foreign body reaction inevitably ensues leading to long-term fibrous encapsulation of the
device. Because the foreign body reaction is mediated by the immune system, steroideluting cochlear implant materials have been developed to try to slow down the foreign
body reaction. (171-174). Additionally, spiral ganglion neurons degenerate at an
accelerated rate over the life of an individual experiencing hearing loss and may
degenerate even faster with cochlear implantation (175). One strategy to try and enhance
neuron survival is elution of small molecular mimics of neurotrophic factors BDNF and
TrkB (176, 177). Another approach utilizes the electronic stimulation of the electrode
array for electroporation and localized neurotrophic gene therapy (178).
Regenerative strategies aim to replace cells and anatomical features that were
once in the hearing apparatus but for a number of reasons have degenerated as a result of
some ototoxic insult. A major breakthrough in the area of hair cell regeneration came
with the generation of mechanosensitive hair cell-like cells from induced pluripotent and
embryonic stem cells (179). While hair cell-like cells are an exciting advancement in the
field, the challenge remains how to functionally integrate these hair cell-like cells into a
damaged cochlea in a functionally meaningful way. For other structures in the auditory
pathway such as the tympanic membrane this has not been an issue as the arrangement of
tympanic membrane epithelial cells is a homogenous sheet. Seeding of bone marrow
derived stem cells onto a perforated tympanic membrane promotes closure of the
perforation (180, 181). However, the cochlea's highly specialized and particular cytoarchitecture is a significant barrier to meaningful bio-integration of stem-cell derived hair
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cells. To this extent, bio-scaffolding approaches have been developed for which hair cells
could presumptively re-populate in an organized and physiologically meaningful pattern
(182). Another hair cell regeneration strategy derives from the observation that chickens
who lose their hair cells from ototoxic insult regenerate via transdifferentiation from
surrounding organ of Corti support cells (183). Later it was discovered that this same
transdifferentiation route can occur in mammals (184) and can be promoted via
manipulation of stem cell related signaling pathways such as Notch (185), Atoh1 (186),
and Math1 (187). Advancement of hair cell regeneration to a point of effective clinical
application is likely far in the future.

1.5.2 – I.V. Hydration, Peak Drug Level Monitoring, and
Other Passive Otoprotective Strategies.
1.5.2.1 – Hydration and Peak-Plasma Concentration Monitoring
Aminoglycoside and cisplatin ototoxicity is dose dependent and related to
cumulative area under the curve (AUC) as defined by integrating blood plasma
concentration over time (Equation 1.5.1.1) (188-190). Thus, the risk of ototoxicity (191)
can be managed by monitoring drug plasma concentration over time (192, 193).
Constructing a concentration versus time plot allows calculation of the AUC for
modeling of customized pharmacokinetic models for individual patients to optimize
dosing regimens (194).
Favorable clinical outcome is also related to peak plasma concentration (195) and
therefore achieving both clinical efficacy and avoiding ototoxicity is a fine balancing act.
The patient's hydration status is key for two reasons: 1) a dehydrated patient will attain a
higher peak plasma concentration after an equivalent mg/kg dose versus a well hydrated
patient, and 2) efficient drug metabolism requires adequate hydration for hepatic
metabolism and renal excretion of the pharmaceutical. This concept is highlighted in
dialysis patients with chronic renal failure and hence impaired aminoglycoside excretion
and greatly increased AUC (196, 197).
)

Equation 1.5.1.1: 𝐴𝑈𝐶 = ∫* 𝐶& 𝑑𝑡, where C =Plasma concentration of drug
p
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1.5.2.2 – Once-Daily Aminoglycoside Dosing
Aminoglycoside toxicity is related to dosing frequency; once-daily dosing
exposes patients to a lower risk of nephrotoxicity (198, 199), with no increased risk for
ototoxicity when compared to continuous i.v. infusion or splitting the total daily dose into
multiple daily doses (200-203). Once-daily dosing has a number of advantages. First, it is
simple for the healthcare team as it eliminates the opportunity for inconsistencies in the
timing of dosing or slight differences in healthcare worker administration of the drug.
Giving a larger dose once a day also means a higher peak-plasma concentration and time
where the peak plasma concentration is greater than the minimum inhibitory
concentration (MIC), and overall smaller AUC. Together, peak-plasma concentration
greater than the MIC and smaller AUC means improved bacterial killing and toxicity risk
minimization.

1.5.3 – Acetylsalicylic Acid Otoprotection
1.5.3.1 – Aspirin: History and Pharmacology
Acetylsalicylic acid (aspirin) was first synthesized in 1897 by Hoffman and
Eichengrün (204) by acetylation of salicylic acid and is the prototypical non-steroidal
anti-inflammatory drug (NSAID). Tea brewed with salicylic acid rich willow bark
provides relief for arthritis, analgesia during childbirth, and (unsuccessfully) for malaria
(204). Historical accounts of salicylic acid teas date back as far as the Egyptian Empire,
the Roman Empire (204), and indigenous civilizations of the Americas (205, 206). In
1964 nearly 16-billion aspirin tablets were consumed annually (207, 208) and aspirin
remains one of the most consumed pharmaceuticals in the world today (209). In the
United States an estimated 43-million people take aspirin on a regular basis.
Aspirin produces anti-inflammatory effects by permanent inactivation of
cyclooxygenase enzymes COX-1 and COX-2 via acetylation of serine residue 530 at the
active site (210). COX enzymes metabolize arachidonic acid into intermediate cyclic
endoperoxidases which are further metabolized to pro-inflammatory molecules including
prostacyclins, prostaglandins, thromboxanes (all synthesized by COX1 and 2) and
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leukotrienes (synthesized by 5-lipoxygenase). For example, the thromboxane TXA

2

promotes platelet aggregation and increased vascular tone. PGI decreases vascular tone
2

and inhibits platelet aggregation. Although these signaling molecules have opposite
effects, the net effect of aspirin is decreased platelet aggregation and increased vascular
tone.
Overall, these effects sum to produce anti-inflammatory action. Inflammation
relaxes vessels and aspirin hinders this process. Platelet aggregation begins signaling
cascades leading to neutrophil NETosis which positively feeds into more inflammation
(211). Platelet aggregation also positively feeds back to produce more pro-inflammatory
cytokine/chemokine to activate local vascular endothelium and leukocytes.

1.5.3.2 – Aspirin is Reversibly Ototoxic
Salicylic acid ototoxicity was first reported in the scientific literature in 1855 by
Italian chemist Cesare Bertagnini shortly after humans isolated pure crystalline salicylic
acid from willow bark (212), although many incorrectly credit Müller (213) as the first
known author reporting such hearing aberrations (209). Large doses of salicylic acid, in
the range of 7-15g/day taken for rheumatic arthritis, produce substantial tinnitus, which is
alleviated upon therapy cessation. Reversible ototoxicity also occurs with acetylsalicylic
acid (aspirin) (214).
Early experiments studying aspirin ototoxicity in squirrel monkeys demonstrated
increased hearing thresholds with no histological changes by light microscopy and also
no ultrastructural changes by electron microscopy (207). Other feline, guinea pig, and
amphibian studies in-vivo and in-vitro have demonstrated both decreased compound
action potentials measured at the round window and decreased cochlear microphonics,
suggesting aberrations in cochlear hair cells. In contrast, other studies have observed only
decreased compound action potentials but not cochlear microphonics suggesting no
cochlear involvement (215). Indeed, aspirin does activate NMDA receptors expressed on
the basolateral surface of hair cells (216) with a concomitant decrease in primary auditory
cortex activity (217). There is also a vascular mechanism as aspirin decreases cochlear
blood flow through vasoconstrictive properties. Aspirin-induced vasoconstriction and
associated decreased blood-flow correlates with elevated hearing thresholds (218).

40
Overall, evidence exists for ototoxic mechanisms at each step of hearing transduction
from the cochlea up to the cortex.

1.5.3.3 – Aspirin is Otoprotective During Aminoglycoside and Cisplatin
Treatment
Oxymoronically given aspirin's ototoxic properties, aspirin is otoprotective for
both aminoglycoside and cisplatin therapy as well as noise-induced hearing loss in both
animal models and clinical studies (93, 219-223). Doses used in these studies are less
than an ototoxic dose. In guinea pigs, sub-cutaneous treatment with sodium salicylate
(not aspirin) at 100mg/kg reduced gentamicin-induced hearing loss from 60-70 dB-HL in
the gentamicin-alone group to less than 20 dB-HL. This was accompanied by protection
of cochlear hair cells (222). In a human clinical trial sponsored by the Chinese military,
aspirin reduced the incidence of meeting hearing loss criteria from 13% to 3% (93, 223).
Aspirin also protects against cisplatin therapy without compromising oncolytic
activity of the drug (219, 220). Similar to that seen in aminoglycoside therapy, sodium
salicylate administered subcutaneously at 100mg/kg to rats reduced a moderate hearing
threshold shift of about 30 dB-HL back to baseline levels. Examination of hair cells also
demonstrated protection against hair cell loss.
Similar to other phenolic compounds, aspirin is an electron acceptor and rapidly
reacts with and neutralizes ROS (224). Thus, aspirin acts as an electron sink, mopping up
ROS. At higher doses, aspirin can paradoxically increase ROS production, likely via
mitochondrial uncoupling (225). Aspirin also mops up extrinsically produced ROS from
inflammatory cells stimulated by stressed and dying cochlear parenchymal cells. One
hypothesis is that aspirin's otoprotective mechanism likely lies between antiinflammatory COX inhibitory activity and ROS scavenging.
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1.5.4 – Sulfur-based Otoprotection
1.5.4.1 – Glutathione is the Prototypical Endogenous ROS Scavenger
Glutathione (GSH, gamma-glutamyl-cysteine-glycine) is the primary endogenous
ROS scavenging molecule. GSH reacts with ROS and condenses with another GSH
molecule, forming the oxidized S-S bonded dimer GSSG, which is then reductively
cleaved by glutathione reductase to replenish the GSH stores. GSH is essential for staving
off free radical-mediated cellular and organ parenchymal damage and buffering excess
free radical production from overactive and oxidatively uncoupled mitochondria (226).
Younger mammals are more sensitive to ototoxins and maturation/expression of
glutathione-S-transferase correlates with the end of this sensitive period (227).
Deficiency in glutathione levels predisposes the body to pathologies with inflammatory
etiologies such as neurodegeneration including dementia (228) and parkinsonism (229),
idiopathic pulmonary fibrosis (230), enhanced ischemia-reperfusion injury (231),
increased paracetamol hepatotoxicity (232), poor outcomes in HIV-positive individuals
(233, 234), congenital nonspherocytic hemolytic anemia (235), as well as many other
pathologies.
GSH-like molecules with sulfur-containing functional groups have demonstrated
protection against many toxicities including ototoxicity, nephrotoxicity, bone marrow
toxicity and others (236-240). Like the thiol group on the cysteine residue of GSH, other
molecules with thiol and sulfide groups can undergo oxidation reactions, neutralizing free
radical species. A common theme in thiol-based protection against drug-induced
toxicities and other non-drug related pathology is that free radicals are involved in the
pathological mechanism.

1.5.4.2 – Sodium Thiosulfate is Otoprotective
Sodium thiosulfate (STS) is an inorganic reducing agent utilized for gold
extraction from mining ore (241, 242) and has the classic medical use as an antidote for
cyanide poisoning (243). Because STS (like all sulfur based chemoprotrectants) can form
strong coordinate covalent bonds with cisplatin, thereby inactivating it, STS is useful for
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managing the medical complication of cisplatin extravascular extravasation (244, 245).
Cisplatin inactivation can also neutralize excessive cisplatin levels after supradose
exposure to maximize chemo-efficacy (246). Another use is for prophylaxis against
intravascular calcium salt precipitation (calciphylaxis) in dialysis patients (247, 248).
Otto et al. first described STS as an otoprotectant in 1988 (249). Since then,
multiple reports have confirmed this finding demonstrating successful cisplaitn
otoprotection in both animal models (250-252) and human clinical trials (253-255).
Importantly, systemic treatment with STS does not diminish antineoplastic effects of
cisplatin as long as STS administration is delayed (256-258). After systemic
administration, STS rapidly enters the cochlear perilymph (259). Local intra-tympanic
installation of STS into the middle-ear is another efficacious strategy to avoid decreased
antineoplastic activity while maintaining otoprotection (260, 261).
Although less extensively investigated than other sulfur-based otoprotectants,
STS also demonstrates efficacy protecting against aminoglycoside ototoxicity (262, 263).
However, otoprotection is less appreciable in comparison to D-Met. Interestingly, no
reports of STS otoprotection for noise-induced hearing loss exist, which is surprising
given the theme of sulfur-based otoprotective efficacy against multiple ototoxic
pathologies.

1.5.4.3 – N-Acetyl Cysteine (NAC) is Otoprotective
NAC is acetylated L-cysteine, a net anion and prodrug for L-cysteine in-vivo.
NAC is rapidly metabolized by cytochrome p450 enzymes in the liver into L-cysteine
and subsequently converted into GSH. Thus, NAC replenishes GSH stores, boosting
antioxidant activity. Like STS, NAC is also otoprotective and nephroprotective during
cisplatin therapy in both human (264, 265) and animal models (252, 266, 267). NAC also
demonstrates otoprotective activity in the contexts of aminoglycoside (268-271) and
noise-induced hearing loss (266, 272). This overlap in protection against multiple
pathologies fits with the theme of an overarching ototoxic mechanism.
In the context of cisplatin ototoxicity, NAC demonstrates efficacy in both preclinical and clinical studies. Key conclusions from these studies (similar to STS)
highlight the importance of route of administration, dose, and timing (273). Specifically,
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the need for i.v. or i.a. administration is essential as first pass metabolism in the i.p. or
p.o. routes likely inactivate NAC making treatment ineffective. Furthermore, i.a.
administration is more effective in comparison to i.v. One small scale clinical study
looking at intra-tympanic injection of NAC into the middle ear space demonstrated some
protection in two patients although they concluded their study was under-powered and
were unable to reach statistical significance between cohorts (274). Secondly, a dose
around 400mg/kg is also required which is a higher dose of NAC in comparison to other
clinical applications such as mucolysis or paracetamol overdose. Lastly, timing is
essential to avoid any possible tumor protection. Pro-dosing with NAC decreases
cisplatin efficacy while 4 hour delayed administration is chemoprotective without
decreasing anti-tumor activity (275)

1.5.4.4 – D-Methionine is Otoprotective
L-methionine, an endogenous amino acid, reacts with ROS, yielding Lmethionine sulfoxide (MetO), which has two diastereomers, S-MetO and R-MetO. MetO
in cysteine-free proteins is a biomarker for oxidative stress in-vivo (276). Methionine
sulfoxide reductase (Msr) can remove the sulfoxide group, regenerating the native thioether group. There are two isoforms of sulfoxide reductase: MsrA reduces S-MetO, and
MsrB reduces R-MetO. Thioredoxin and thioredoxin reductase can reduce methionine
residues incorporated in proteins (277).
D-amino acids were classically believed to exist biologically only as components
of bacterial cell walls and bacterial derived antibiotics, but not in eukaryotic organisms
(278). However, discovery of dermorphin isolated from the South American tree frog,
Phyloomedusa sauvagei, broke this dogma and opened the door for discovery of more
endogenously functional polypeptides with D-amino acids in other metazoa (278, 279).
D-amino acids are actively transported across the rat intestinal epithelium in-vitro (280)
and deaminated to the corresponding a-keto acid where they are either further
metabolized in the citric acid cycle or re-aminated to produce the corresponding L-amino
acid for incorporation into peptides and proteins (281)
D-Met otoprotection was first described in 1996 by Campbell et al. in rats treated
with cisplatin (282). D-Met protects against noise-induced hearing loss (283, 284),
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aminoglycoside-induced hearing loss (285-287), and platinum chemotherapy-induced
hearing loss (282, 288). For cisplatin otoprotection, the mechanism of action is partially
explained by covalent bonding to and inactivation of cisplatin, opening the possibility
that D-Met may protect tumor cells from cisplatin activity (289). This possibility is
circumvented by local D-Met administration via trans-tympanic injection into the middleear space, which provides otoprotection without compromising antineoplastic activity
(290). Furthermore, the mechanism of ototoxicity cannot be fully explained by covalent
inactivation of cytotoxic platinum-adducts since otoprotection affects hair cells (282) and
the stria vascularis (291). Additionally, L-Met also confers otoprotective activity (292,
293), suggesting that the non-specific antioxidant activity of methionine protects the
cochlea rather than some D-Met specific stereo-interaction (294).

1.5.5 – Designer Aminoglycosides
Because the binding pocket between bacterial and mitochondrial ribosomes
varies, any particular aminoglycoside will have varying affinities for each ribosome. Xray crystal structure determination has allowed for rational drug design and development
of a synthetic aminoglycoside with enhanced specificity for prokaryotic ribosomes (295,
296). This aminoglycoside is less ototoxic compared to traditional aminoglycoside
antibiotics (297, 298). Presumably, the decreased ototoxicity is due to decreased
mitochondrial ribosomal inhibition. This highlights the important link between off-target
aminoglycoside activity at the eukaryotic ribosome, ROS production, and the mechanistic
link of these to cochlear toxicity.

1.6 – Commonalities in Ototoxic and Otoprotective
Mechanisms
A range of otoprotective agents with varying molecular targets protect hearing
against diverse ototoxic etiologies, which illuminates the theoretical crossover between
ototoxic and otoprotective mechanisms. For example, D-Met protects against NIHL,
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cisplatin-induced and aminoglycoside-induced hearing loss. The same is true for NAC,
STS, aspirin, and anti-inflammatory steroids.
Despite stark differences in molecular targets of ototoxic insults such as
aminoglycosides, platinum chemotherapy, noise, and labyrinthine infection; post-insult
and peri-infectious inflammation are common threads in the otopathological processes
resulting in permanent hearing loss. ROS are extensively described in each of the aforementioned ototoxic pathologies, but where is the source of ROS? We know that ROS
derive from both cochlear parenchymal cells and also from infiltrating inflammatory
cells. Furthermore, inflammatory cells in the blood can easily interact with vascular
endothelium. Otoprotective agents likely work to decrease the ROS burden from all of
these sources in a non-specific manner.
Innate inflammation from release of DAMPS, and PAMPs in the setting of
infection, may be a common nidus for initiation of the pathophysiology resulting in
hearing loss. Antagonizing either class of pattern recognition receptors may be a
druggable receptor upstream of ROS that may also work to decrease the ROS burden.
Indeed, glucocorticoid therapy blocks leukocyte activities albeit via different receptors
and signaling pathways. Exploring the various checkpoints along the inflammatory
cascade may provide both insight to basic mechanisms of hearing loss and provide new
strategies to ameliorate hearing loss.
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2.1 - Abstract
One Sentence Summary: Endotoxemia-mediated inflammation potentiates
cochlear uptake of aminoglycosides and subsequent cochleotoxicity.
Abstract: The ototoxic aminoglycoside antibiotics are essential to treat severe
bacterial infections, particularly in neonatal intensive care units. Using bacterial
lipopolysaccharides (LPS) as an experimental model of sepsis, we tested whether LPSmediated inflammation potentiates cochlear uptake of aminoglycosides, and permanent
deafness. Low dose LPS (endotoxemia) greatly increased cochlear levels of
aminoglycosides, vasodilated cochlear capillaries without inducing paracellular flux
across the blood-labyrinth barrier (BLB), or elevating serum drug levels. Low dose
endotoxemia increased serum, and also cochlear, levels of inflammatory markers. These
LPS-induced changes, classically mediated by TLR4, were significantly attenuated in
TLR4-hyporesponsive mice. Multiday dosing with aminoglycosides during chronic low
dose endotoxemia induced significantly greater hearing threshold shifts compared to nonendotoxemic controls. Thus, endotoxemia-mediated inflammation enhances
aminoglycoside trafficking across the BLB, and potentiated aminoglycoside-induced
ototoxicity. These data indicate that patients with severe and life-threatening infections
are at greater risk of aminoglycoside-induced deafness than previously recognized.
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2.2 – Introduction
Severe Gram-negative bacterial infections, including meningitis, bacteremia, and
respiratory infections in cystic fibrosis, are treated with aminoglycoside antibiotics like
gentamicin (299-301). These drugs can induce permanent and debilitating hearing loss,
particularly in neonates. About 80% of 600,000 admissions into neonatal intensive care
units (NICU) in the United States receive aminoglycosides each year (302). The rate of
hearing loss in NICU graduates (from all etiologies) is 2 to 4% compared to 0.1 to 0.3%
of full-term births from congenital etiologies (303). Aminoglycoside-induced ototoxicity
could contribute substantially to this increased rate of hearing loss in the NICU
population. The irreversibility of hearing loss, particularly in pediatric cases before
language development, has extensive quality-of-life implications (304-307).
The mechanisms by which circulating aminoglycosides cross the blood-labyrinth
barrier (BLB) into the cochlea remain unconfirmed. We previously reported that, in vivo,
these drugs predominantly cross the BLB into the stria vascularis and are trafficked via
marginal cells into endolymph (308). Once in endolymph, these drugs rapidly enter
cochlear hair cells via mechanoelectrical transduction (MET) channels located on their
apical membranes and induce hair cell death (97, 308-310).
Serious infections induce systemic inflammatory response syndrome, elevating
serum concentrations of nitric oxide, vasoactive peptides, and inflammatory proteins that
can modulate the vascular permeability of the blood-brain barrier (BBB) (311-313).
Vasoactive peptides also modulate cochlear uptake of gentamicin across the BLB (314).
However, most studies of ototoxicity involve healthy preclinical models, and the effect of
induced systemic inflammation on ototoxicity has only recently been reported (315).
Here, we used bacterial lipopolysaccharide (LPS) to induce endotoxemia in a classic
experimental model of sepsis and inflammation (316) in mice to test the hypothesis that
systemic inflammation modulates cochlear concentrations of aminoglycosides and
inflammatory markers, and exacerbates aminoglycoside-induced ototoxicity.
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2.3 – Results
Fluorescently-tagged gentamicin [gentamicin–Texas Red (GTTR)] is an excellent
tracer of gentamicin in vivo (308, 310, 314, 317-320). By conjugating Texas Red to
gentamicin (450 to 477 daltons, three isoforms), the hydrophobicity of the resulting
conjugate (1151 to 1179 daltons) is increased, whereas serum pharmacokinetics are
slowed, providing greater spatiotemporal imaging and a higher signal-to-noise ratio in
heterogeneous cellular structures like the cochlea compared to radiolabeled
aminoglycosides or immunohistochemistry (308, 310, 321-323). The cytoplasmic
intensity of GTTR fluorescence is dose-dependent unlike gentamicin
immunofluorescence, where the greater abundance of epitope binding sites can
overwhelm the number of available antibodies (310, 317). Thus, changes in cochlear
uptake of aminoglycosides can be quantitatively assayed using GTTR and confocal
microscopy (310, 314, 317, 320).

2.3.1 - Strial uptake of GTTR is enhanced by LPS-induced endotoxemia
In Dulbecco’s phosphate-buffered saline–treated (DPBS)–treated mice that
received an intraperitoneal injection of GTTR 1 hour before fixation, intense fluorescence
delineated the strial capillaries of the cochlear lateral wall, with moderate diffuse
fluorescence distributed throughout the stria vascularis (marginal cells, intrastrial tissues,
and basal cells; Fig. 2-1A-B), as previously described (310). The spiral ligament
fibrocytes exhibited reduced intensities of GTTR fluorescence compared to strial cells
(Fig. 2-1A-B, and fig. S1A), also as seen previously (310). Mice intravenously injected
with LPS (1 mg/kg) 24 hours before an intraperitoneal injection of GTTR 1 hour before
fixation had more intense GTTR fluorescence in all regions of the cochlear lateral wall
compared to DPBS-treated mice (Fig. 2-1A-B). DPBS- or LPS-treated mice injected with
hydrolyzed Texas Red (hTR) 1 hour before fixation displayed negligible fluorescence
within the lateral wall, as previously described (310, 319).
The mean pixel intensity of GTTR fluorescence was obtained from xy optical
sections and plotted for specific regions of interest [ROIs; marginal cells, intrastrial
tissues (minus capillary structures), basal cells, and spiral ligament fibrocytes] at 1 and 3
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hours after GTTR injection (Fig. 2-1C and fig. S1). In DPBS-treated mice, absolute
fluorescence was greatest in marginal cells, with stepwise decreasing fluorescence in
intrastrial and basal cells, with a significant drop in spiral ligament fibrocytes (fig.
S1A; P < 0.05). Strial and spiral ligament fluorescence was significantly greater in basal
segments compared to that in apical segments for each ROI (fig. S1A; P < 0.01).
GTTR fluorescence was dose-dependently elevated in selected cell types with
increasing LPS dose (Fig. 2-1C and fig. S1B). At 1 hour, significant increases in GTTR
fluorescence were observed in every ROI of basal lateral wall segments dosed with LPS
(1 mg/kg or higher) (Fig. 2-1C and fig. S1B; P < 0.01 or P < 0.005). A similar pattern of
increased uptake was observed in the apical coil but with more variable significance (fig.
S1B; P > 0, P < 0.05, P < 0.01, or P < 0.005). At 3 hours, GTTR fluorescence in lateral
wall cells continued to show dose-dependent elevations with increasing LPS dose,
reaching significance at LPS of 2.5 and 10 mg/kg (Fig. 2-1C and fig. S1B; P < 0.05
or P < 0.01). The rank order of GTTR fluorescence intensity in individual cell types
(marginal cells > intrastrial layer > basal cells >> spiral ligament) was generally
maintained with increasing LPS dose, with more variable degrees of significance with
increasing LPS dose and time (fig. S1A). Strial GTTR fluorescence was significantly
greater for each ROI in basal segments compared to that in apical segments in DPBS- or
LPS-treated mice (fig. S1A; P < 0.01). These data indicate that LPS dose-dependently
increased GTTR trafficking across the BLB, particularly in the basal coil of the cochlea,
the region most associated with the onset of drug-induced hearing loss and sensory cell
death (324, 325).
In cochlear outer hair cells (OHCs), LPS-induced increases in GTTR fluorescence
were consistently observed at 1 hour after GTTR injection compared to DPBS-treated
mice, particularly at higher LPS doses (>1 mg/kg), and trended toward significance at
higher doses of LPS (≥2.5 mg/kg) at 3 hours after GTTR injection (fig. S2, A and B). In
apical coils, LPS did not consistently modulate GTTR fluorescence in OHCs 1 hour after
GTTR injection and trended toward significance at 3 hours with higher doses of LPS (≥1
mg/kg). These data suggest that LPS accelerated GTTR entry into basal OHCs and that
dynamic increases in GTTR uptake kinetics at later time points, or by apical OHCs, were
dissipated by the low doses of GTTR used here.
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2.3.2 - Renal function is impaired at higher doses of LPS
Endotoxemia and sepsis affect vascular function in multiple organ systems and
can induce decreased glomerular filtration rates and renal dysfunction (326). Because
GTTR is readily taken up by renal proximal tubules (318, 320), decreased glomerular
filtration rates and renal dysfunction should reduce proximal tubule uptake of GTTR. As
an internal control, we assessed renal GTTR fluorescence intensities during endotoxemia.
In DPBS-treated mice, 1 or 3 hours after GTTR injection, GTTR fluorescence was
localized as intense puncta close to the lumen and as diffuse fluorescence in the
cytoplasm of proximal tubule cells, whereas distal tubule cells had visibly less diffuse
fluorescence and no puncta (fig. S3A), as seen previously (318). In LPS-treated mice,
diffuse GTTR fluorescence within proximal tubule cells at 1 hour was significantly
reduced only at LPS of 10 mg/kg compared to that in DPBS-treated control tissues (fig.
S3C; P < 0.001). At 3 hours, cytoplasmic fluorescence in proximal tubule cells of DPBStreated mice was markedly increased compared to that at 1 hour (fig. S3C) due to longer
exposure. However, at 3 hours, only mice treated with LPS (10 mg/kg) had significantly
less cytoplasmic GTTR fluorescence compared to DPBS-treated mice (fig. S3; P < 0.05),
as expected during endotoxemic shock (326).

2.3.3 - Low-dose LPS increases cochlear but not serum concentrations of
aminoglycosides
Given that LPS (10 mg/kg) can decrease both glomerular filtration rates (326) and
renal uptake of GTTR (fig. S3), we assessed serum concentrations of GTTR 24 hours
after LPS administration using immunoturbidimetry. Serum concentrations of GTTR
were significantly higher in mice dosed with LPS (2.5 and 10 mg/kg) than in DPBStreated mice at 1 or 3 hours after GTTR injection (Fig. 2-2A and tables S1-S2; P < 0.01
and P < 0.05, respectively). Serum concentrations of GTTR in mice dosed with LPS (0.1
and 1 mg/kg) were not statistically different from controls at 1 or 3 hours of GTTR
exposure (Fig. 2-2A and table S2). Serum concentrations of GTTR in mice dosed with
LPS at 2.5 mg/kg were significantly higher than in mice treated with LPS at 0.1 and 1
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mg/kg at both 1- and 3-hour time points (Fig. 2-2A and table S2; P < 0.05 and P < 0.01,
respectively). To verify that serum concentrations for unconjugated gentamicin were not
altered by exposure to LPS (1 mg/kg) for 24 hours, we used enzyme-linked
immunosorbent assays (ELISAs). Both GTTR and gentamicin serum concentrations were
unchanged in LPS-treated mice compared to those in DPBS-treated mice at 1- and 3-hour
time points after drug injection (Fig. 2-2B-D). Serum gentamicin was lower at 3 hours
after injection, whereas GTTR has a longer serum half-life, as described previously
(310). In contrast, cochlear concentrations of both GTTR and gentamicin were
significantly increased in LPS-treated mice compared to those in DPBS-treated mice at
both 1 and 3 hours after injection (Fig. 2-2C and E; P < 0.05).
Six mice at higher LPS doses died within 24 hours after LPS injection (table S1),
as predicted (327). However, LPS at 1 mg/kg was not fatal, as expected (327), yet
induced acute weight loss (fig. S4A) associated with endotoxemia and sepsis (328).
Given that LPS at 1 mg/kg did not increase serum concentrations, yet elevated cochlear
concentrations, of GTTR and gentamicin, we used LPS at 1 mg/kg for subsequent
experiments.

2.3.4 - Low-dose LPS does not increase paracellular flux across the BLB
Endotoxemia can change the volume of distribution for drugs, including
gentamicin (329). hTR (also known as sulforhodamine 101; molecular mass, 679) is a
membrane-impermeant fluorophore (330, 331). We used hTR to test whether exposure to
LPS for 24 hours enhanced paracellular flux across the BLB into the interstitial spaces of
the stria vascularis and spiral ligament (332), using neonatal (P6) mice with an immature
BLB as a positive control (318, 333). In P6 mice treated with the hTR for 1 hour,
fluorescence was distributed throughout strial tissues, with weaker intensities in strial
marginal and basal cells (Fig. 2-3A and fig. S5A). The spiral ligament of P6 mice
exhibited less fluorescence compared to strial tissues (fig. S5A; P < 0.01). In adult
DPBS- and LPS-treated mice exposed to hTR for 1 hour, significantly less fluorescence
was observed in strial cells and spiral ligament fibrocytes compared to that in P6 mice
(Fig. 2-3A and fig. S5A; P < 0.05 or P < 0.005). No statistical differences in hTR
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fluorescence could be observed between DPBS- and LPS-treated adult mice for any ROI
(Fig. 2-3A and fig. S5A).
Morphometry of cochlear lateral wall tissues revealed that the diameters of strial
capillaries in P6 pups were visibly and significantly larger than those in DPBS-treated
adult mice (Fig. 2-3B-C, and E, and Table 2-1; P < 0.0001). LPS treatment significantly
vasodilated a subset of both apical and basal strial capillaries in adult mice compared to
DPBS-treated mice (Fig. 2-3D-E, fig. S5C, and Table 2-1; P < 0.0001), resulting in a
bimodal distribution of capillary diameters indicative of acute inflammation. Intriguingly,
fixed strial capillary diameters may underestimate actual physiological diameters (334).
These data indicate that the BLB was relatively impermeable to hTR in adult mice
compared to the immature and more permeable BLB of neonatal pups, as has been found
for another fluorophore, FM1-43 (335, 336). Furthermore, the paucity of hTR flux across
the BLB of adult mice was not altered by LPS treatment, suggesting that the physical
integrity of the adult BLB was retained despite LPS-induced vasodilation of strial
capillaries.

2.3.5 - Low-dose LPS induces robust proinflammatory marker expression
We previously reported that two inflammatory-mediated vasoactive peptides—
histamine and serotonin—can modulate cochlear uptake of GTTR (314). Twenty-four
hours after LPS injection, serum histamine concentrations were not modulated, whereas
serum serotonin concentrations were significantly decreased in a dose-dependent manner
in LPS-treated mice (Table 2-2 and fig. S6; P < 0.05 or P < 0.001). This suggested that
the loss of vasoconstrictive serotonin is associated with strial vasodilation and potentially
increased strial vascular permeability to aminoglycosides.
LPS binds to and activates Toll-like receptor 4 (TLR4) to induce the secretion and
transcription of acute-phase inflammatory cytokines and chemokines that orchestrate
immune responses (337, 338). Given that LPS enhanced cochlear uptake of
aminoglycosides, we assessed whether LPS modulated serum and cochlear expression of
acute-phase inflammatory markers. Six hours after injection, LPS significantly elevated
serum concentrations of all acute-phase proinflammatory proteins tested: TNFα (tumor
necrosis factor α), IL-1α (interleukin-1α), IL-1β, IL-6, IL-8 (also known as KC,
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CXCL1), MIP-1α (macrophage inflammatory protein–1α), and MIP-2α (Fig. 2-4A). In
cochlear homogenates, LPS significantly elevated protein concentrations of all earlyphase proinflammatory markers, particularly IL-6 and IL-8, but not IL-1β (Fig. 2-4B).
LPS significantly elevated the anti-inflammatory cytokine IL-10 in serum but not in
vascular-perfused cochlear homogenates [Fig.2- 4A (P < 0.05) and B, respectively].
Exposure to gentamicin for 3 hours did not modulate serum or cochlear inflammatory
protein concentrations (Fig. 2-4A-B), indicating that gentamicin (at the doses used here)
was not a confounding factor. Overall, LPS-induced changes in the serum concentrations
of acute-phase proinflammatory proteins were reflected in cochlear homogenates, except
for IL-1β and the anti-inflammatory cytokine IL-10 (Fig. 2-4A-B).
Twenty-four hours after LPS injection in C57BL/6 mice, plasma concentrations
of most tested inflammatory proteins were not elevated (or were below the limit of
detection) (fig. S7A), consistent with previous findings (339). Although IL-6 and MIP-1α
concentrations remained significantly elevated compared to those in DPBS-treated
controls, they were substantially lower compared to those in the 6-hour time point (Fig.
2-4A and fig. S7A). In cochlear homogenates of C57BL/6 mice 24 hours after LPS
injection, concentrations of all tested inflammatory proteins were significantly elevated,
particularly IL-6, IL-8, and MIP-1α (Fig. 2-5A and fig. S7D). These findings suggested
that LPS triggers robust inflammatory responses both systemically and in the cochlea
within 6 hours. Furthermore, 24 hours after LPS injection, cochleae continued to exhibit
significantly elevated concentrations of tested inflammatory proteins (Fig. 2-5A), akin to
that induced by middle-ear administration of LPS or bacteria (340, 341).
To determine whether increased cochlear inflammatory protein concentrations
were due to local (parenchymal) gene transcription, mRNA levels were assayed 6 or 24
hours after LPS injection (with or without gentamicin). At 6 hours, LPS significantly
increased mRNA expression (by fivefold or greater) for all eight inflammatory genes
tested, particularly Il-6, Il-8, and Mip-1α (Fig. 2-4C). Gentamicin alone did not modulate
cochlear mRNA expression of any inflammatory genes tested (Fig. 2-4C). Twenty-four
hours after LPS injection, cochlear mRNA levels remained significantly elevated for
most inflammatory genes tested, except Tnfα and Il-1β (fig. S7G), with greater increases
for later-expressing acute-phase cytokines: Il-6, Il-8, and Mip-2α (Fig. 2-5B and fig.
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S7G). These data show that LPS challenge up-regulated cochlear mRNA transcription for
inflammatory proteins within 6 hours, with sustained mRNA transcription for laterexpressing acute-phase inflammatory proteins at 24 hours, as in other organs during
endotoxemia including the liver, lung (338), brain (342), and eye (343).

2.3.6 - LPS-mediated inflammation is reduced in TLR4-hyporesponsive
C3H/HeJ mice
The C3H/HeJ mouse strain is homozygous for an inactivating short-nucleotide
polymorphism in TLR4, resulting in greatly attenuated inflammatory responses to LPS
exposure (45). Twenty-four hours after LPS injection, plasma concentrations of all tested
inflammatory proteins in C3H/HeJ mice, and the control C3H/HeOuJ mouse strain, were
not different from those in DPBS-treated mice of the same strain (fig. S7A-C). Unlike
control C3H/HeOuJ mice, C3H/HeJ mice did not experience significant weight loss (fig.
S4B; P < 0.001).
LPS significantly elevated cochlear homogenate concentrations of all acute-phase
proinflammatory proteins 24 hours after injection in control C3H/HeOuJ and C57BL/6
mice compared to those in DPBS-treated mice of the same strains (Fig. 2-5A and fig.
S7D-F; P < 0.05). Several inflammatory proteins (TNFα, IL-6, IL-8, MIP-1α, and MIP2α) were more elevated in C57BL/6 mice compared to those in C3H/HeOuJ mice after
LPS treatment (Fig. 2-5A). Crucially, several, mostly later-expressing acute-phase
inflammatory proteins (IL-1α, IL-6, IL-8, and MIP-1α) were significantly attenuated in
cochlear homogenates of LPS-treated C3H/HeJ mice compared to those in LPS-treated
C3H/HeOuJ and C57BL/6 mice (Fig. 2-5A; P < 0.05).
Similar trends were seen with cochlear mRNA levels for tested inflammatory
genes for both C3H/HeOuJ and C3H/HeJ mice after LPS treatment. LPS significantly
increased cochlear mRNA expression of most inflammatory markers tested (not Il-1β) in
C3H/HeOuJ mice, particularly later-expressing acute-phase proinflammatory
cytokines: Il-6, Il-8, Mip-1α, and Mip-2α (fig. S7H). In contrast, LPS did not modulate
cochlear mRNA expression for tested proinflammatory markers in C3H/HeJ mice (fig.
S7I). When mRNA expression was compared between strains, there was attenuated
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mRNA expression for later-expressing acute-phase proinflammatory cytokines (Il-8,
Mip-1α, and Mip-2α) in LPS-treated C3H/HeJ cochleae compared to that in LPS-treated
C57/BL6 and C3H/HeOuJ mice, and also for that in Il-6 compared to that in LPS-treated
C57BL/6 mice (Fig. 2-5B). mRNA expression of early-phase proinflammatory genes
(Tnfα, Il-1α, and Il-1β) was weakly or not significantly elevated in all three mouse
strains. mRNA for the anti-inflammatory cytokine Il-10was transcribed at significantly
higher levels in C3H/HeJ mice compared to that in control C3H/HeOuJ or C57BL/6 mice
(Fig. 2-5 and fig. S7G-I; P < 0.05). These data demonstrate that cochlear expression of
acute-phase inflammatory markers was up-regulated in LPS-treated control C3H/HeOuJ
and C57BL/6 mice, and this up-regulation was attenuated for later-expressing
inflammatory markers in TLR4-hyporesponsive C3H/HeJ mice 24 hours after LPS
injection (Fig. 2-5).

2.3.7 - Cochlear lateral wall uptake of GTTR is attenuated in endotoxemic
C3H/HeJ mice
Given that LPS-mediated inflammatory responses are attenuated in TLR4hyporesponsive C3H/HeJ mice, we hypothesized that LPS-enhanced GTTR uptake would
also be attenuated in the cochlear lateral wall of TLR4-hyporesponsive C3H/HeJ mice.
We injected C3H/HeJ and control C3H/HeOuJ mice with LPS and, 24 hours later,
injected GTTR. We found significantly enhanced GTTR fluorescence in strial cells and
fibrocytes of LPS-treated C3H/HeOuJ mice compared to that in DPBS-treated
C3H/HeOuJ mice (Fig. 2-6 and fig. S8A; P < 0.05). LPS also significantly enhanced
GTTR fluorescence in strial cells (but not fibrocytes) in LPS-treated C3H/HeJ mice
compared to that in DPBS-treated C3H/HeJ mice (Fig. 2-6 and fig. S8B; P < 0.05).
Crucially, however, LPS-enhanced GTTR uptake was significantly attenuated (P < 0.05)
in marginal cells, intermediate cells, and fibrocytes, with a downward trend in basal cells,
in TLR4-hyporesponsive C3H/HeJ mice compared to that in control C3H/HeOuJ mice
(Fig. 2-6). The residual expression of inflammatory markers and cochlear uptake of
GTTR in C3H/HeJ mice was likely due to the activation of other innate immune system
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receptors, such as TLR2 (344). These data indicate that TLR4-mediated inflammation
mediated (at least in part) LPS-enhanced cochlear uptake of GTTR.
LPS significantly dilated a subset of strial capillaries in C3H/HeOuJ mice
compared to DPBS-treated C3H/HeOuJ mice, as we observed for C57BL/6 mice (Fig. 23E-F, and Table 2-1; P < 0.0001). Endotoxemia also significantly dilated a smaller
subset of strial capillaries in TLR4-hyporesponsive C3H/HeJ mice compared to DPBStreated C3H/HeJ mice (Fig. 2-3G and Table 2-1; P < 0.0001). However, the degree of
capillary dilation in LPS-treated C3H/HeJ mice was significantly attenuated compared to
that in LPS-treated C3H/HeOuJ mice (Fig. 2-3G and Table 2-1; P < 0.0001).

2.3.8 - Repeated low-dose LPS exposure exacerbates kanamycin ototoxicity
Because LPS-induced endotoxemia increased the cochlear uptake of
aminoglycosides, we hypothesized that chronic exposure to LPS would exacerbate
aminoglycoside-induced ototoxicity, as determined by auditory brainstem response
(ABR) threshold shifts. Given that chronic dosing with gentamicin is systemically lethal
to mice, we used a related aminoglycoside—kanamycin—with a well-established
protocol (324). One group of C57BL/6 mice received LPS (1 mg/kg) the day before
kanamycin treatment and on the 5th and 10th day during a 14-day course of kanamycin
treatment (700 mg/kg, twice daily). ABR thresholds were obtained from age-matched
mice 1, 10, and 21 days after kanamycin treatment, and shifts from pretreatment
thresholds were determined (Fig. 2-7A-B, figs. S9-S11, and tables S3-S5). At all time
points, DPBS- and LPS-treated mice had negligible threshold shifts. One day after
chronic dosing, kanamycin induced significant threshold shifts at 16, 24, and 32 kHz
compared to DPBS- and LPS-treated mice (fig. S11A and table S3), as expected (324).
Endotoxemia exacerbated the frequency range of kanamycin-induced threshold shifts (12
to 32 kHz) compared to age-matched control mice not treated with kanamycin (fig. S11A
and table S3).
The 3-week recovery time point is a well-established primary benchmark for
many preclinical ototoxicity studies (324, 345, 346). At 21 days after treatment,
kanamycin-treated mice exhibited a significant permanent threshold shift (PTS) only at
32 kHz compared to DPBS- and LPS-treated mice. Mice that received both LPS and
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kanamycin had greater and more significant PTS at 16, 24, and 32 kHz compared to
kanamycin-treated mice or mice treated with DPBS or LPS alone (Fig. 2-7A and table
S5). Mice receiving both LPS and kanamycin also had significant PTS at 12 kHz
compared to mice treated with DPBS or LPS alone and at 8 kHz compared to mice
treated with LPS alone (Fig. 2-7A and table S5). During the 3-week recovery period,
kanamycin-induced threshold shifts did not change significantly at individual frequencies
between time points (fig. S11A-C). However, there was a loss of significant threshold
shifts at 16 and 24 kHz in kanamycin-treated mice at 10 and 21 days after treatment
compared to that in DPBS- and LPS-treated mice that were present 1 day after treatment
(fig. S11A-C, and tables S3-S5). This likely reflected the onset of slight, nonsignificant
threshold shifts in DPBS- and LPS-treated mice at 10 and 21 days after treatment (fig.
S11A-C). Endotoxemia, however, increased the degree of kanamycin-induced threshold
shifts at 21 days and over a wider frequency range (8 to 32 kHz) compared to 1 day after
treatment (fig. S11A-C, and tables S3-S5). These increased threshold shifts trended
toward significance at higher frequencies and reached statistical significance at 32 kHz
(P < 0.05). Thus, endotoxemia significantly exacerbated kanamycin-induced PTS.
Drug-induced PTS and sensory hair cell death occur in a dose-dependent fashion
(324). To verify whether endotoxemia exacerbated kanamycin-induced hair cell death,
we obtained cytocochleograms of cochlear hair cell survival at 21 days after treatment
(Fig. 2-7B and tables S7-S9). DPBS- and LPS-treated mice had minimal hair cell loss,
mostly at the extreme basal (very high frequency) region of the cochlea. Kanamycin
induced OHC loss over a wider frequency range in basal cochlear locations, but this was
not significant compared to age-matched control mice. LPS-induced endotoxemia
significantly enhanced kanamycin-induced OHC loss, and over a much wider frequency
range (8 to 64 kHz), compared to non-endotoxemic mice. These data indicate that
endotoxemia exacerbated kanamycin-induced OHC death.
We then used hTR to test whether chronic LPS and kanamycin exposure altered
the flux of membrane-impermeant hTR across the BLB. Significant threshold shifts were
present immediately after chronic treatment with kanamycin, with or without LPS, at 16,
24, and 32 kHz compared to DPBS- and LPS-treated mice (figs. S11D-S12 and table
S6). Cytocochleogram data revealed significantly greater OHC loss in the basal (32 to 64
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kHz) regions of LPS + kanamycin–treated mice compared to that in all other groups (fig.
S11E and table S8). Nonetheless, no differences in hTR fluorescence intensity were
detected in strial cells or spiral ligament fibrocytes between LPS + kanamycin–treated
mice and control DPBS– or chronic LPS–treated adult mice (fig. S11F). However, all
cochlear ROI in adult mice had significantly less fluorescence compared to that in P6
mice (figs. S5B and S11F). Thus, neither chronic endotoxemia nor chronic kanamycin
treatment that induced auditory threshold shifts and OHC loss increased the flux of hTR
across the adult BLB.
In endotoxemic mice, there was more kanamycin-induced OHC loss, over a wider
frequency range, at 3 weeks compared to that immediately after treatment (Fig. 2-7B, fig.
S11E, and table S9). There was also more OHC loss in mice treated with kanamycin
only in the 16- to 32-kHz frequency region, corresponding to the PTS in this region 3
weeks after treatment, compared to that immediately after treatment (Fig. 2-7, fig. S11DE, and table S9). These increasing losses of OHCs during the recovery period after
ototoxic insult have been described previously (347). LPS- and DPBS-treated mice also
had significant OHC loss in the 32- to 64-kHz region compared to 3 weeks earlier (table
S9) that was attributed to the onset of strain-specific age-related hearing loss in these 11week-old mice (348). Nonetheless, kanamycin-induced OHC loss in endotoxemic mice
greatly exceeded these age-related losses (Fig. 2-7B and tables S7 and S9).

2.3.9 - Acute LPS-induced endotoxemia does not alter ABR thresholds
Transtympanic injection of LPS can induce ABR threshold shifts in a dosedependent manner (349, 350). Systemic LPS (0.5 mg/kg per day for 2 days) did not
change ABR thresholds or endolymphatic potentials (315). Because chronic LPS alone
did not induce ABR threshold shifts at 6, 16, or 27 days after the last LPS injection (Fig.
2-7 and figs. S9-S11), we tested whether acute systemic LPS exposure modulated
auditory thresholds. Twenty-four hours after injection with LPS (1 mg/kg), no significant
threshold shifts were observed within, or between, DPBS- or LPS-treated mice groups
(fig. S13). The persistence of sensitive auditory function during acute LPS challenge
suggests that the physical integrity of the BLB remained intact, because physical
disruption of the BLB is thought to impair sensitive cochlear performance (332).
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2.4 – Discussion
The easy availability and low cost of aminoglycosides contribute to their frequent
use worldwide (325). Clinical use of aminoglycosides is limited because of the risk of
acute nephrotoxicity and, more critically, permanent hearing loss. The risk of ototoxicity
is proportional to the dose and duration of aminoglycoside therapy (325). Additional
factors predisposing patients to aminoglycoside-induced ototoxicity include age, renal
dysfunction, mitochondrial mutations, and concurrent exposure to other ototoxic drugs
(like loop diuretics) or noise (351-356).
We used LPS-induced inflammation as a model for aminoglycoside
pharmacotherapy of severe Gram-negative bacterial infections. LPS binds to ubiquitous
TLR4 receptors to initiate immune response signaling cascades (337, 338). Lysis of
bacteria by aminoglycosides and immune cells releases LPS and other bacterial ligands
into the interstitial and vascular fluids, potentiating the inflammatory response (the
Jarisch-Herxheimer reaction) (357, 358).
We found that low doses of LPS (≤1 mg/kg) significantly increased the
expression of acute-phase inflammatory markers in serum, plasma, and cochlear tissues,
mimicking low-grade sepsis. Furthermore, acute or chronic endotoxemia did not
modulate the paracellular flux of membrane-impermeant hTR across the BLB, nor
attenuate cochlear function. Nonetheless, LPS-induced endotoxemia increased cochlear
concentrations of GTTR and gentamicin, without modulating the serum concentrations of
these compounds. Simultaneous exposure to chronic endotoxemia and kanamycin
significantly increased PTS and OHC death compared to age-matched mice treated with
kanamycin, LPS, or DPBS alone.

2.4.1 - Endotoxemia and cochlear inflammation
Until recently, the cochlea had been considered an immunologically privileged
compartment (359). Here, we show that endotoxemia can elevate cochlear expression of
inflammatory markers. Although vascular inflammatory proteins could potentially be
trafficked across the BLB, significantly elevated serum concentrations of IL-1β and IL10 were not reflected in cochlear tissues, implying that the BLB is not passively
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permeable to serum inflammatory proteins. Endotoxemia also significantly increased
cochlear mRNA expression of inflammatory proteins. A similar parenchymal response to
endotoxemia has been observed in ocular, pulmonary, and cerebral tissues (339, 342,
343). The cochlear expression of inflammatory markers was greatly attenuated in LPStreated mice with hyporesponsive TLR4, as was strial vasodilation and GTTR uptake.
Thus, endotoxemia-induced inflammation appears to be associated with changes in BLB
physiology that enhanced cochlear loading with gentamicin.
Because cochleae are pooled from several mice to determine cochlear
inflammatory marker protein concentrations and mRNA levels, it was not possible to
correlate any potential tonotopic gradient in inflammatory protein expression with GTTR
uptake, auditory threshold shifts, and OHC loss in the basal regions of the cochlea. To
accomplish this correlative analysis will require development of more sensitive
biochemical or quantitative immunofluorescence techniques.
Endotoxemia alone did not induce ABR threshold shifts, corroborating a recent
study showing that low-dose LPS exposure has little effect on endolymphatic potentials
and auditory thresholds (315). Disruption of the physical integrity of the strial BLB is
thought to elevate ABR thresholds (332). This implies that the BLB remained physically
intact, even though endotoxemia enhanced aminoglycoside trafficking across the BLB.

2.4.2 - Trafficking across the BLB
Several mechanisms have been proposed for the trafficking of small compounds
like aminoglycosides across tight junction–coupled endothelial barrier layers, like the
BBB and the BLB (see fig. S14). Paracellular flux across the BLB is not thought to occur
under normal physiological conditions (308, 360) but may arise during inflammation, as
has been reported for the BBB (312). Pathophysiological opening of paracellular routes
can occur by immune cell–dependent and immune cell–independent mechanisms (361).
In our panel, IL-8 and MIP-2α, strong chemotactic signals for immune cell recruitment
and diapedesis into the parenchyma beyond the blood vessels (362, 363), were greatly
elevated. Immune cells are capable of secreting cytotoxic molecules that disrupt tight
junctions between adjacent endothelial cells, opening paracellular trafficking routes
(364). Alternatively, the tight junction coupling between adjacent endothelial cells could
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break down independently of immune cell activity, allowing paracellular flux through
disrupted endothelial tight junctions (365). Although we did not use markers for immune
cell–mediated injury or electron-dense tracers, the lack of hTR flux into the intrastrial
tissues of adult mice contraindicated a major contribution by paracellular trafficking
during acute endotoxemia. Furthermore, chronic endotoxemia with or without chronic
kanamycin treatment did not increase hTR flux across the adult strial BLB, corroborating
analogous experiments with mannitol after chronic ototoxic drug treatment (360).
Unlike membrane-impermeant hTR, GTTR rapidly traversed the adult BLB into
strial tissues and entered cochlear hair cells within 30 min (308, 310, 318), suggestive of
transcellular trafficking across the BLB. This could occur via several mechanisms
characterized in other cell systems. Aminoglycosides and GTTR can permeate through
nonselective cation channels, including the MET channel expressed by hair cells (97,
309) and TRPV4 channels expressed by endothelial cells (95, 366). The sodium-glucose
transporter-2 traffics aminoglycosides into cells and facilitates aminoglycoside-induced
cytotoxicity (367). LPS treatment can up-regulate endothelial cation channel expression
(368). If endotoxemia increases the expression of aminoglycoside-permeant ion channels
or transporters, it will be crucial to determine whether these channels enable LPSenhanced trafficking of aminoglycosides across the BLB.
Endocytotic and transcytotic trafficking across the BLB has been described
previously (369) and is increased during endotoxemia in noncochlear capillary beds
(370). Although aminoglycosides strongly interact with negatively charged phospholipid
membranes (371), hydrophobic passage (or diffusion) through the membrane is slow
(372). How endotoxemia potentiates aminoglycoside trafficking routes across the BLB
remains to be determined.

2.4.3 - Endotoxemia exacerbates ototoxicity
Chronic kanamycin dosing induced PTS at only 32 kHz. Endotoxemia
significantly exacerbated the degree of kanamycin-induced PTS at 32 kHz and at
additional lower frequencies. Furthermore, endotoxemia significantly potentiated the
degree of kanamycin-induced OHC death, predominantly in the basal region of the
cochlea. These data support previous observations that bacteremia and hyperthermia (an
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experimental model for sepsis-induced fever) enhanced aminoglycoside-induced
ototoxicity in humans and mice, respectively (373, 374). Endotoxemia also potentiated
aminoglycoside-induced nephrotoxicity (375) and heightened the degree of cisplatininduced PTS (376).
Kanamycin-induced OHC loss occurred in a narrower tonotopic range than druginduced PTS, as reported previously (324, 377). This mismatch between the broader
frequency ranges of PTS and narrower tonotopic regions of OHC loss has been attributed
to functional dysregulation of the stria vascularis, hair cell mechanotransduction, and/or
synaptic activity in surviving hair cells (309, 377, 378). Although partial recovery of
auditory function after kanamycin treatment has been described previously, it only
occurred in regions with lower threshold shifts and greater OHC survival (377). The basis
for this partial recovery is thought to be drug clearance from cochlear tissues, facilitating
the repair of hair cell and strial physiology incurred during sublethal toxicity to resume
optimal auditory function (322, 377, 379). However, once threshold shifts exceed >40 dB
(akin to the LPS + kanamycin group), no functional or anatomical recovery of hair cells
occurred, resulting in a PTS (377, 380).
Endogenous inflammatory responses to Gram-negative bacterial infections are
crucial to controlling infection and host survival. However, the clinical use of the lifesaving bactericidal aminoglycosides can inadvertently heighten the existing inflammatory
response via bacteriolytic release of endotoxins, that is, the Jarisch-Herxheimer reaction
(357, 358, 381), to potentiate both cochlear uptake of aminoglycosides and ototoxicity.
Thus, efforts to ameliorate aminoglycoside-induced ototoxicity (and nephrotoxicity)
using pharmacotherapeutic agents, for example, D-METhionine (381), should also aim to
demonstrate otoprotection in preclinical models with induced inflammation.
The progression of acute-phase inflammation is characterized by changing
expression patterns of specific inflammatory proteins over time (337, 338), whereas the
onset of aminoglycoside-induced ototoxicity in mice requires several days of
administration (324). We tested inflammation-enhanced cochlear uptake of
aminoglycosides only at 24 hours, and this potentiated uptake could be greater at other
time points after induction of endotoxemia. We induced endotoxemia using LPS
from Escherichia coli, yet LPS from other bacteria can also activate TLR4. It will be
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important to determine whether other TLR signaling cascades (particularly TLR3 for
viremia) also potentiate aminoglycoside-induced ototoxicity. If inner-ear inflammation
increases the penetration of non-ototoxic antibiotics (for example, cephalosporins) into
the cochlea, then this phenomenon could better preserve auditory and vestibular function
during bacterial labyrinthitis (382).
We conclude that endotoxemia-induced inflammation potentiated ototoxicity by
increasing aminoglycoside trafficking across the BLB into the cochlea. In toto, these data
suggest that patients receiving aminoglycoside pharmacotherapy for life-threatening
bacterial infections are at greater risk of ototoxicity than previously recognized.

2.5 – Materials and Methods
2.5.1 - Study design
The objective was to test the hypothesis that LPS-induced inflammation increased
cochlear concentrations of aminoglycosides without renal dysfunction or increased serum
aminoglycoside concentrations in C57BL/6 mice. We verified LPS-induced systemic and
cochlear inflammation using multiplex ELISAs and quantitative reverse transcription
polymerase chain reaction (RT-PCR) (341) in C57BL/6 mice and in mice with
hypofunctional TLR4 activity (C3H/HeJ) and their strain control (C3H/HeOuJ). We then
tested whether LPS-induced inflammation exacerbated aminoglycoside-induced
ototoxicity using a well-established protocol for C57BL/6 mice (324). All experiments
were approved by the Institutional Animal Care and Use Committee of Oregon Health &
Science University (OHSU) and followed the ARRIVE (Animals in Research: Reporting
In Vivo Experiments) reporting guidelines (383).

2.5.2 - Serum and cochlear concentrations of GTTR, gentamicin, serotonin,
and histamine
GTTR was prepared as before (317). Mice, chosen at random, received a tail vein
injection of DPBS or LPS, followed by an intraperitoneal injection of GTTR (2 μg/g),
gentamicin (20 μg/g), or hTR (2 μg/g molar equivalent to GTTR) 24 hours later (fig.
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S15). LPS-treated mice received one dose (0.1, 1, 2.5, or 10 mg/kg) of LPS (E.
coli serotype 0111:B4). One or 3 hours after GTTR, gentamicin, or hTR injection,
cardiac blood samples were obtained before cardiac perfusion with DPBS followed by
4% paraformaldehyde, and cochleae and kidneys were immersion-fixed. Fixed tissues
were counter-labeled with Alexa 488–conjugated phalloidin and examined by confocal
microscopy for fluorophore intensity or capillary diameter analyses by operators blinded
to treatment groups (317). Serum concentrations of the gentamicin epitope of GTTR were
obtained by OHSU Diagnostic Services (310). Serum and cochlear concentrations of
gentamicin or GTTR were also assayed by ELISA according to the manufacturer’s
instructions (EuroProxima) to determine concentrations. Serum serotonin and histamine
concentrations were obtained using ELISA kits (Rocky Mountain Diagnostics).

2.5.3 - Inflammatory protein and mRNA analyses at 6 hours
C57BL/6 mice were randomly grouped and treated as described in fig. S16. For
multiplex ELISAs, cochleae were homogenized before performing multiplex ELISAs in
duplicate (341). For quantitative RT-PCR, excised cochleae were placed in RNAlater
(Ambion) and stored at 80°C.
Tissue RNA was extracted, reverse-transcribed using an RT first-strand kit,
2

prepared for RT-PCR using custom PCR arrays optimized for reaction conditions,
primers, and probes (SABiosciences), and analyzed using the SABiosciences PCR Array
Data Analysis Web Portal (341).

2.5.4 - Inflammatory protein and mRNA analyses at 24 hours
Twenty-four mice for each strain (C57BL/6, C3H/HeOuJ, and C3H/HeJ) were
randomly grouped and treated as shown in fig. S16. For ELISAs, six cochleae from three
mice per sample were pooled in protein extraction buffer before multiplex ELISA, in
triplicate. Absolute protein concentrations from DPBS-treated mice were subtracted from
LPS-treated mice, and the 95% CIs derived from Student’s t test were propagated. For
mRNA levels, RNAs from each pair of cochleae were obtained and complementary DNA
samples analyzed in triplicate using RT qPCR Primer Assays read on an Applied
2
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Biosystems Step One Plus qRT-PCR. Relative expression levels were calculated using
the ∆∆C method normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH).
t

2.5.5 - Ototoxicity studies
ABRs to pure tones were used to obtain measures of cochlear function before and
after treatments to determine threshold shifts (317, 367). For toxicity studies, mice were
randomly divided into four groups: (i) DPBS only, (ii) LPS only, (iii) kanamycin only,
and (iv) LPS plus kanamycin (fig. S17). Mice received kanamycin (700 mg/kg) (or
DPBS) twice daily for 14 consecutive days (324). Mice received a tail vein injection of
LPS (1 mg/kg) (or DPBS) the day before kanamycin treatment and on the 5th and 10th
day during kanamycin treatment. ABRs were obtained before kanamycin treatment and 1,
10, and 21 days after kanamycin treatment before fixation and cytocochleogram analyses
by operators blinded to treatment groups (324). Additional mice in each group received
hTR for 1 hour after ABR testing on day 14 of chronic LPS and/or kanamycin treatment,
before fixation and processing for hTR fluorescence intensity and cytocochleogram
analyses as described above. Neonatal pups (P6) were used as positive controls.

2.5.6 - Statistical analyses
Statistical analyses were chosen on the basis of data under analysis. In brief,
Wilcoxon signed-rank test was used for GTTR intensity analyses, the Mann-Whitney U
test for ordinal variables (for example, Fig. 2-2A), and Student’s unpaired t test for
single-variable analyses (for example, Fig. 2-2B-E). For vasodilation analyses, we used
one-way ANOVA with Tukey post hoc tests. For ELISA studies in C57BL/6 mice, we
used a one-way ANOVA with Bonferroni multiple comparison correction with familywise 95% confidence levels, whereas comparisons of mRNA levels in C57BL/6 mice
were determined as significant if the 95% CI did not overlap with 1 (control-treated
baseline). To compare ELISA and mRNA data between strains, a one-way ANOVA with
either Bonferroni or Dunnett’s post hoc tests and a family-wise 95% confidence level was
used. For ABR and cytocochleogram analyses, we used two-way ANOVA with
Bonferroni or Tukey post hoc tests. The statistical analyses used, number of replicate
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measurements, and number of mice are stated in each figure legend or in the
Supplementary Materials. P values <0.05 were considered significant.
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2.6 – Figures and Tables

Fig. 2-1. Cochlear lateral wall uptake of GTTR is enhanced by LPS.
(A) In xz planes of the cochlear lateral wall 1 hour after GTTR injection, F-actin labeling
(green) revealed tight junctions (arrowheads) between marginal cells (MC), with
amorphous labeling in basal cells (BC; arrows). In DPBS-treated mice, intense GTTR
fluorescence (red) distinguished strial capillaries (c), with less intense fluorescence in
marginal cells, intrastrial layer (IS), and basal cells of the stria vascularis. The spiral
ligament (SL) fibrocytes presented substantially less intense GTTR fluorescence
compared to strial cells. LPS-treated mice displayed more intense GTTR fluorescence in
the lateral wall (right panel) compared to DPBS-treated mice (left panel). (B) A focal
series of xy planes through marginal cells, intrastrial tissues, basal cells, and fibrocytes at
successively lower xy planes in the z axis, 1 hour after GTTR injection. LPS-treated mice
exhibited more intense GTTR fluorescence in grayscale (right panels) compared to
DPBS-treated mice (left panels). Scale bar, 50 μm. (C) Mean pixel intensities of GTTR
fluorescence in lateral wall ROIs (excluding capillary structures) are dose-dependently
increased with increasing doses of LPS at 1 and 3 hours after GTTR injection (relative to
DPBS-treated mice at 1 hour), with statistical significance in every cell type at 1 hour of
LPS (1 mg/kg or higher dose) (*P < 0.05, **P < 0.01, ***P < 0.001, Wilcoxon signedrank test; error bars, SEM; n as in table S1).
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Fig. 2-2 Low-dose LPS does not alter serum concentrations but does alter cochlear
concentrations of aminoglycosides.
(A) Using immunoturbidimetry, GTTR serum concentrations were significantly higher in
LPS (2.5 and 10 mg/kg)–treated mice than in controls at 1 or 3 hours. There was no
difference between DPBS-treated mice and those dosed with LPS at 0.1 and 1 mg/kg, nor
between mice dosed with LPS at 2.5 and 10 mg/kg. Serum concentrations of GTTR in
mice treated with LPS at 2.5 mg/kg were significantly higher than in those treated with
LPS at 0.1 and 1 mg/kg at both time points (P < 0.05). Elevated serum GTTR
concentrations in mice treated with LPS at 10 mg/kg showed borderline significance at 1
hour compared to those treated with LPS at 0.1 and 1 mg/kg (P = 0.087 and P = 0.053,
respectively) and variable significance at 3 hours (P = 0.27 and P = 0.028, respectively;
see also table S2; *P < 0.05, **P < 0.01, ***P < 0.005, Mann-Whitney U test; n as in
table S1). (B and D) Using ELISA, serum concentrations of GTTR or gentamicin were
not statistically different between DPBS-treated and LPS (1 mg/kg)–treated mice at 1 or
3 hours after injection. (C and E) Cochlear concentrations of GTTR or gentamicin (GT)
were significantly increased in LPS (1 mg/kg)–treated mice compared to those in controls
at 1 or 3 hours after injection (*P < 0.05, Student’s unpaired t test; n = 4 per group). Error
bars, SEM; a.u., arbitrary units.
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Fig. 2-3.LPS does not alter BLB permeability but vasodilates basal strial capillaries.
(A) The relative mean intensities of hTR fluorescence in marginal cell (MC), intrastrial
tissue (IS), basal cell (BC), and spiral ligament (SL) layers from P6 pups were
significantly elevated compared to the same ROIs in adult mice. There was no difference
in hTR fluorescence of lateral wall ROIs between DPBS- and LPS-treated adult mice
[*P < 0.05, ***P < 0.001, two-way analysis of variance (ANOVA) with Bonferroni post
hoc tests; n = 6 cochleae per group; error bars, SD]. Absolute fluorescence intensities are
shown in fig. S5A. (B and C) In P6 mice, the lumen of strial capillaries, revealed by
phalloidin labeling, was larger than in adult DPBS-treated mice (endothelial cells
indicated by white arrowheads). (D) Twenty-five hours after LPS treatment, a
subpopulation of strial capillaries were dilated compared to DPBS-treated mice (C). Scale
bar, 20 μm. (E) Strial capillary diameters in P6 mice were wider than those in DPBStreated adults (see also Table 2-1). LPS-treated adult mice had a subset of dilated strial
capillaries, resulting in a bimodal distribution. (F) LPS also dilated a subset of strial
capillaries in C3H/HeOuJ mice compared to DPBS-treated C3H/HeOuJ mice. (G) In
TLR4-hyporesponsive C3H/HeJ mice, LPS dilated fewer strial capillaries compared to
LPS-treated control C3H/HeOuJ mice (F), resulting in an asymmetrical bimodal
distribution. A Gaussian regression curve fit was applied to obtain the bimodal peak
means in Table 2-1.
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Fig. 2-4. Low-dose LPS induced major inflammatory responses in serum and cochleae
within 6 hours.
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(A) Significant increases in selected serum inflammatory proteins were observed 6 hours
after LPS (±gentamicin) injection compared to DPBS-treated mice (±gentamicin; n= 10
per cohort). (B) Significant increases in cochlear inflammatory proteins were observed 6
hours after LPS (±gentamicin) injection for TNFα, IL-1α, IL-6, IL-8, MIP-1α, and MIP2α (but not IL-1β and IL-10) compared to DPBS-treated mice [±gentamicin; n = 5 per
cohort; 4 cochleae per sample; measured in duplicate; *, significant difference after oneway ANOVA with Bonferroni multiple comparison correction and a family-wise 95%
confidence level; error bars, 95% confidence intervals (CIs) derived from
Student’s t test]. (C) Significant increases in cochlear mRNA for selected inflammatory
markers were observed 6 hours after LPS (±gentamicin) injection when normalized to
DPBS-treated mice [n = 6 per cohort; 2 cochleae per sample; *, significant difference if
the 95% CI does not overlap with 1 (that is, DPBS-treated mice baseline)]. Gentamicin
did not modulate serum or cochlear expression of inflammatory proteins or mRNA for
inflammatory markers.
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Fig. 2-5. TLR4-mediated cochlear inflammatory markers are attenuated in C3H/HeJ
mice.
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(A) All selected acute-phase inflammatory proteins (except for IL-10) were significantly
elevated in cochleae from LPS-treated C57BL/6 and C3H/HeOuJ mice compared to those
from DPBS-treated mice of the same strain. Several inflammatory proteins (TNFα, IL-6,
IL-8, MIP-1α, and MIP-2α) were more elevated in C57BL/6 compared to those in
C3H/HeOuJ mice after LPS. In TLR4-hyporesponsive cochleae from C3H/HeJ mice,
only a subset of inflammatory proteins (IL-1α, IL-6, IL-8, and MIP-1α) were elevated
after LPS, with small differences between the means for TNFα and IL-10. Expression of
predominantly later-expressing inflammatory markers (IL-1α, IL-6, IL-8, and MIP-1α)
was significantly attenuated in LPS-treated C3H/HeJ mice compared to that in LPStreated C3H/HeOuJ and C57BL/6 mice (n = 4 per cohort; 6 cochleae from 3 mice per
sample). (B) In C57BL/6 and C3H/HeOuJ mice, significant increases were observed in
cochlear expression of Il-1β, Il-6, Il-8, Il-10, Mip-1α, and Mip-2α mRNA after LPS
treatment when normalized to DPBS-treated mice. These increases were attenuated for Il8, Mip-1α, and Mip-2α in LPS-treated C3H/HeJ mice compared to those in LPS-treated
C3H/HeOuJ mice. Il-10 mRNA expression was significantly higher in C3H/HeJ mice
compared to that in C3H/HeOuJ and C57BL/6 mice (n = 4 per cohort; 2 cochleae from 1
mouse per sample). Error bars, 95% CI derived from Student’s t test; *, significant
difference compared to C3H/HeOuJ mice after one-way ANOVA with Dunnett’s post
hoc tests and a family-wise 95% confidence level. See also fig. S6.
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Fig. 2-6.LPS-induced GTTR uptake by lateral wall cells is attenuated in TLR4hyporesponsive C3H/HeJ mice.
The fold change in GTTR intensity in LPS-treated mice over DPBS-treated mice is
shown. GTTR fluorescence was significantly enhanced in strial marginal (MC),
intermediate (IC), and basal (BC) cells, as well as fibrocytes (FC) of LPS-treated
C3H/HeOuJ mice compared to that in DPBS-treated C3H/HeOuJ mice. LPS also
significantly enhanced GTTR fluorescence intensities in strial cells (but not fibrocytes) in
LPS-treated C3H/HeJ mice compared to that in DPBS-treated C3H/HeJ mice. Note that
LPS-induced GTTR uptake was significantly attenuated (P < 0.05) in marginal cells,
intermediate cells, and fibrocytes in C3H/HeJ mice compared to that in C3H/HeOuJ mice
(*P < 0.05; n = 8 per bar; error bars, 95% CI derived from Student’s t test; significance
was determined if 95% CI did not overlap with 1; P < 0.05, unpaired one-way t test
#

between strains; see fig. S8 for raw data).
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Fig. 2-7. Chronic endotoxemia potentiates kanamycin ototoxicity.
(A) Three weeks after chronic LPS (or DPBS) exposure ± kanamycin (see fig. S13), ABR
threshold shifts for LPS-only mice (n = 5) were not different from DPBS-treated mice
(n = 4). Kanamycin alone (n = 5) induced a small but significant PTS at only 32 kHz
(**P < 0.01) compared to DPBS-treated mice. Mice that received LPS + kanamycin (n =
6) had significant PTS at 16, 24 ( P < 0.01), and 32 kHz ( P< 0.05) compared to those
##

#

treated with kanamycin, DPBS, or LPS only (**P < 0.01). Mice receiving LPS +
kanamycin also had significant PTS at 12 kHz compared to those treated with DPBS or
LPS only ( P < 0.05 and P < 0.01, respectively), or LPS-only mice at 8 kHz ( P < 0.05).
ф

†

Error bars, SD. All statistical results were produced using two-way ANOVA with
Bonferroni post hoc correction with 95% family-wise confidence intervals. (B)
Cytocochleogram for mice in (A) revealed that OHC loss in the basal cochlear regions
was greater and over a wider frequency range in LPS + kanamycin–treated mice
compared to that in mice treated with LPS, DPBS, or kanamycin alone. Mean cochlear
length = 6.84 (±0.79, SD) mm. Error bars, 95% CI derived from Student’s t test. See also
figs. S9 to S11 and tables S5 and S7 for statistical comparisons using two-way ANOVA
Bonferroni post hoc correction with 95% family-wise confidence intervals.
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Table 2-1. Vasodilation of strial capillaries by LPS.
In basal coils, strial capillary diameters in P6 pups were significantly larger than those in
DPBS-treated C57BL/6 adult mice (****P < 0.0001). LPS dilated a subset (45%) of
strial capillaries in adult mice. The population of capillary diameters in LPS-treated
C57BL/6 mice was significantly greater compared to that in DPBS-treated C57BL/6 mice
(P < 0.0001). LPS also dilated a subset (50%) of strial capillaries in C3H/HeOuJ mice. In
TLR4-hyporesponsive C3H/HeJ mice, LPS dilated a smaller subset (22%) of strial
capillaries. The population of capillary diameters in LPS-treated C3H/HeJ mice was
significantly greater compared to that in DPBS-treated C3H/HeJ mice (P < 0.0001). The
population of capillary diameters in LPS-treated C3H/HeJ mice was significantly smaller
compared to that in LPS-treated C3H/HeOuJ mice (P < 0.0001, one-way ANOVA with
Tukey post hoc tests). In apical coils, LPS dilated a subset (45%) of strial capillaries in
C57BL/6 mice. The population of apical strial capillary diameters in LPS-treated
C57BL/6 mice was significantly greater compared to that in DPBS-treated C57BL/6
adult mice (P < 0.0001). A Gaussian regression curve fit was applied to obtain the peak
means of the bimodal distributions in Fig. 2-3.

LPS

Diameter
(±s.d.) in
µm

N
(number
of mice)

Significance (vs instrain- DPBS-treated
mice)

C57BL/6 P6
pups

−

13.8 (±1.5)

300 (3)

***

C57BL/6
adults

−

5.1 (±1.0)

300 (3)

C57BL/6
adults

+

5.3 (±0.9)

C3H/HeOuJ
adults

−

5.3 (±0.8)

C3H/HeOuJ
adults

+

5.7 (±0.8)

C3H/HeJ
adults

−

5.3 (±0.9)

C3H/HeJ
adults

+

5.4 (±0.8)

−

5.0 (±0.7)

Mouse

Bimodal diameter
(±s.d.) in µm [% of
N]

Basal coils

8.6 (±1.1) [45.3%]

300 (3)
480 (4)

8.6 (±0.9) [49.7%]

480 (4)

***

480 (4)
8.1 (±0.9) [22.1%]

480 (4)

Apical coils
C57BL/6
adults

***

480 (4)

***
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C57BL/6
adults

+

5.6 (±0.6)

8.1 (±1.0) [59.8%]

480 (4)

***
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Table 2-2. Effect of LPS on serum concentrations of histamine and serotonin.
Serum histamine concentrations were not affected by increasing doses of LPS. Serum
serotonin concentrations were significantly decreased at all LPS doses compared to
DPBS-treated mice (*P < 0.05, **P < 0.001, Mann-Whitney U test; n in table S1 at 3
hours after GTTR injection).

LPS dose
(mg/kg)

Histamine
(ng/ml, ±s.e.m.)

0
0.1
1.0
2.5
10

33 (±2)
25 (±3)
24 (±4)
28 (±3)
36 (±6)

Serotonin
(ng/ml,
±s.e.m.)
2770 (±100) **
2135 (±285) **
579 (±157) **
830 (±246) **
837 (±329) **
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2.7 – Supplementary Materials
Supplementary Materials and Methods
Preparation of GTTR.
Gentamicin sulfate (200 mg/ml in 0.1 M potassium bicarbonate, pH 10) and
succinimidyl esters of Texas Red (Invitrogen, CA; 10 mg/ml in dimethyl formamide)
were agitated together for 1 week at room temperature to produce an approximately
100:1 molar ratio of gentamicin:Texas Red. A high ratio of free gentamicin to Texas Red
esters ensures that only one Texas Red molecule is conjugated to any individual
gentamicin molecule. We used reversed phase chromatography using C-18 columns
(Grace Discovery Sciences, IL) to purify the conjugates from unconjugated gentamicin,
and contamination by unreacted Texas Red.
Serum and cochlear levels of GTTR, gentamicin, serotonin, and histamines.
The care and use of all animals reported in this study were approved by the
Animal Care and Use Committee of Oregon Health & Science University in keeping with
the National Institutes of Health’s Guid for the Care and Use of Laboratory
AnimalsC57BL/6 mice (15-25 g; 4-7 weeks old) with normal Preyer’s reflex were
divided into control and LPS-treated groups. The control group mice received a tail vein
injection of DPBS (50 μl/10g) at 0 hours, then an intraperitoneal (i.p.) injection of
gentamicin (20 mg/kg) or GTTR (2 mg/kg) 24 hours later (see fig. S11). The LPS group
received an intravenous (i.v.) injection of LPS followed by an i.p. injection of GTTR or
gentamicin 24 hours later. The LPS group received one of several dosages of LPS (E.
Coli) serotype 0111:B4, Sigma-Aldrich Co., St Louis, MO, USA; 0.1, 1, 2.5, or 10 mg/kg
in DPBS, 50 μl/10 g). Six mice (5 out of 19 in 10 mg/kg group, 1 out of 13 in 2.5 mg/kg
group) died within 24 hours after LPS injection, as expected.
One or 3 hours after gentamicin or GTTR injections, mice were sacrificed, blood
samples obtained prior to cardiac perfusion with DPBS followed by 4%
paraformaldehyde in DPBS. Cochleae were then excised and immersion fixed in 4%
paraformaldehyde. The level of the gentamicin epitope of GTTR in serum samples was
obtained by particle-enhanced turbidimetric inhibition immunoassay by OHSU
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Diagnostic Services. The Mann-Whitney U test was used to test for differences between
groups. Serum serotonin and histamine levels were obtained from samples collected 3
hours after GTTR (27 hours after LPS or DPBS) injection using ELISA fast track kits for
serotonin or histamine (Rocky Mountain Diagnostics, Colorado Springs, CO, USA) by
the Oregon Clinical and Translational Research Institute. The Mann-Whitney U test was
used to test for differences between groups.
Cochlear imaging.
At 1 or 3 hours after GTTR injection, anesthetized mice were transcardially
perfused with DPBS, then 4% paraformaldehyde; the cochleae and kidneys excised and
post-fixed. The lateral wall and cochlear coils containing the organ of Corti were isolated,
and kidneys vibrotome-sectioned ~70 μm thick. Prepared tissues were permeabilized
with 0.5 % Triton X-100 for 45 min, rinsed, labeled with Alexa-488-conjugated
phalloidin, post-fixed for 15 minutes and rinsed. Tissues from the quarter turn of the
basal coil adjacent to the hook region were mounted on slides and examined using a BioRad MRC 1024 ES laser scanning confocal system attached to a Nikon Eclipse TE300
inverted microscope. All GTTR fluorescence images were acquired at the same laser
intensity and gain settings, including control tissues. Images of each ROI from the red
channel were manually segmented for pixel intensity determination (ImageJ). To
normalize data between experimental sets, the mean intensity was ratioed against the
control specimen (intensity at 1 hour time point of control animal, at each ROI area) and
plotted. The Mann-Whitney U test was used to test for the difference in the relative
fluorescence intensity of GTTR between control and experimental groups at each time
point and each ROI. Absolute GTTR fluorescence intensity between cell layers of the
cochlear lateral wall was compared using Wilcoxon signed rank test after background
intensity was subtracted.
In addition, mice in each group received 2 μg/g hTR (equimolar to 2 μg/g GTTR)
for 1 hour, 24 hours after LPS injection, then fixed and processed for intensity analysis as
described above by blinded operators. Neonatal pups (P6) were used as a positive control.
Differences between groups were determined using 1-way Analysis of Variance
(ANOVA) with Tukey post-hoc tests. In addition, strial capillary calibers in apical and
basal cochlear lateral wall segments were determined as described previously.
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Gentamicin ELISAs.
Paraformaldehyde-perfused cochleae from 4 mice in each DPBS or LPS group at
each time point (1 or 3 hours) were excised and stored at -80° _C. Thawed cochleae were
weighed and then homogenized using BioMasher III kits (DiagnoCine, NJ), with 100 μl
homogenizing buffer (SDB, 1.15g Na2HPO4; 0.2g KH2PO4; 0.2g KCl; 30g NaCl; 0.5
ml Tween 80 in 1 liter distilled water, pH 7.4; EuroProxima, Arnhem, The Netherlands).
After removal of bone fragments, the protein extract was centrifuged at 4°C, and the
supernatant used for gentamicin ELISA according to the manufacturer’s instructions
(EuroProxima, Arnhem, The Netherlands) to determine gentamicin or GTTR levels in
serum and cochleae (normalized to cochlear mass). Student’s unpaired t-test was used to
compare gentamicin levels between groups.
Inflammatory protein and mRNA analyses 6 hours.
As shown in fig. S12, the vehicle control group was anesthetized prior to a tail
vein injection of DPBS i.v. at 0 hours, followed by an i.p. injection of DPBS at 3 hours.
Using the same time points, a second group received DPBS i.v. followed by gentamicin
i.p. ; the third group received 1 mg/kg LPS i.v., followed by DPBS i.p.; and the last group
received 1 mg/kg LPS, followed by gentamicin i.p.. At the 6 hour time point, all mice
were anesthetized and cardiac blood collected, the vasculature perfused with ice-chilled
DPBS prior to excision of both cochleae and stored at -80° C. Each group contained 16
mice. Gentamicin was administered at a dose of 300 mg/kg, a non-lethal dose to
determine any effect of gentamicin on inflammatory protein serum levels.
Recent advances allow multiplex ELISAs to measure multiple cochlear
inflammatory proteins simultaneously within a single sample. Thawed cochleae from 10
mice were homogenized as above with 100 μl T-PER (extraction buffer, source). Bone
fragments were removed by centrifugation at 4°C, and protein concentration of the
supernatant determined using the Bradford assay and normalized prior to performing
multiplex ELISA using Q-Plex Array (Quansys Biosciences, USA) in duplicate, as
described previously.
Recent advances enable quantitative RT-PCR analyses on primer arrays of
multiple genes for inflammatory protein genes to quantify cochlear gene expression. Six
pairs of excised cochleae from each group were placed in RNAlater (Ambion, Inc,
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Austin, TX, USA) and stored at -80° C. Tissue RNA was extracted with the Qiagen
RNeasy Mini Kit, and sample concentrations of RNA equalized. RNA was reversetranscribed using an RT2 first-strand kit (SABiosciences Corp, Frederick, MD, USA),
and prepared for real-time polymerase chain reaction (RT-PCR), using custom PCR
arrays optimized for reaction conditions, primers, and probes (from SABiosciences
Corp). The data was analyzed using the SABiosciences PCR Array Data Analysis Web
Portal. The housekeeping gene used was glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) has been verified to standardize samples routinely. One-way ANOVA with
Bonferroni multiple comparison correction was used to compare gene expression and
protein levels.
Inflammatory protein and mRNA analyses: 24 hours.
Twenty-four mice of each strain (C57BL/6, C3H/HeOuJ, C3H/HeJ; 5-6 weeks
old) were anesthetized prior to a tail vein injection of LPS (1mg/kg), or DPBS (5μl/g; see
fig. S12). Twenty-four hours later, mice were anesthetized, cardiac blood collected in
Na2EDTA in pyrogen-free sterile epitubes, the vasculature perfused with ice-cold DPBS,
cochleae excised and stored at -80˚C. For ELISAs of cochlear inflammatory proteins, 8
cochleae from 4 mice were pooled in protein extraction buffer prior to multiplex ELISA
using a Quansys® platform, as described above, and measured in triplicate (2.5, 1.5, and
1mg/ml protein concentration) for each sample. Absolute protein concentrations from
DPBS-treated mice were subtracted from LPS-treated mice, and the 95% Student’s
confidence intervals propagated. One-way ANOVA using Dunnett’s post-hoc multiple
comparison test was used to compare protein levels.
For mRNA levels of cochlear inflammatory proteins, cochleae from 8 mice of
each strain (N=4 LPS, N=4 DPBS) were excised and processed as described above. RNA
from each pair of cochleae was extracted using an RNeasy kit, and 400ng of RNA from
each sample reverse-transcribed using an RT2 first strand kit. cDNA samples were
analyzed in triplicate using RT2 qPCR Primer Assays read on an Applied Biosystems
Step One Plus qRT-PCR. Relative expression levels were calculated using the ΔΔCt
method normalized to GAPDH. One-way ANOVA using Dunnett’s post-hoc multiple
comparison tests was used to compare mRNA levels.
ABRs and drug-induced ototoxicity studies.
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ABRs to pure tones were used to ensure normal cochlear function prior to toxicity
studies and determine threshold shifts following kanamycin treatment. Briefly, needle
electrodes were placed subcutaneously below the test ear, at the vertex, with a ground
electrode near the paw. Each ear of each anesthetized mouse was stimulated individually
with a closed tube sound delivery system sealed into the ear canal. The ABR to 1 ms risetime tone burst stimuli at 4, 8, 12, 16, 24 and 32 kHz was recorded and thresholds
obtained for each ear. Only mice with normal bilateral, baseline ABR thresholds were
used. For toxicity studies, mice were divided into 4 groups, (i) DPBS only; (ii) LPS only;
(iii) kanamycin only and (iv) LPS plus kanamycin (fig. S13). Mice received 700 mg/kg
kanamycin (or DPBS) twice daily for consecutive 14 days. Mice received a tail vein
injection of 1 mg/kg LPS (or vehicle) the day before the first day on kanamycin
treatment, and every 5th day thereafter during kanamycin treatment (2 additional
injections). ABRs were obtained before kanamycin treatment, and 1, 10 and 21 days after
kanamycin treatment. Mice were subsequently euthanized, fixed, labeled with Alexa 488conjugated phalloidin and Hoechst nuclear dyes, prior to imaging with an Olympus
FV1000 confocal microscope for hair cell apices and nuclei. Blinded operators
constructed cytocochleograms by counting the presence or absence of hair cells along the
length of the cochlea in ImageJ software. The frequency map and the length of each
cochlea were obtained using the Measure Line and Mosaic J plugins in the ImageJ
software. A 2-way ANOVA using Bonferroni post-hoc multiple comparison test
correction was used to test for differences between groups.
For BLB permeability studies following chronic LPS and/or kanamycin treatment
(as described above), except, on day 14 mice in each of the 4 groups underwent ABR
testing, then received 2 μg/g hTR (equimolar to 2 μg/g GTTR) for 1 hour prior to fixation
and processing for confocal imaging, pixel intensity and cytocochleogram analyses by
blinded operators as described above. Differences between groups were determined using
1-way ANOVA with Tukey post-hoc tests.
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Fig. 2-S1: LPS treatment enhances cochlear lateral wall uptake of GTTR.
(A) In DPBS- treated mice treated with GTTR for 1 hour prior to fixation, absolute
GTTR fluorescence is greater in marginal cells, with decreasing levels of fluorescence in
intra-strial layers and basal cells, with a substantial drop in spiral ligament fibrocytes.
Strial levels of fluorescence were significantly greater for each ROI in basal segments
compared to apical segments (P<0.01; parametric paired t-test). In LPS-treated mice,
GTTR uptake in strial cells and the spiral ligament was dose-dependently increased with
LPS doses greater than 1 mg/kg. The rank order of fluorescence intensity in individual
cell types (marginal cells > intra-strial layer > basal cells >> spiral ligament) was
generally maintained with increasing LPS dose, although more variable degrees of
statistical significance were observed with increasing LPS dose and time of GTTR
exposure (Wilcoxon signed rank test; *P<0.05; **P<0.01; ***P<0.005; error bars =
s.e.m.; N in Table S1). (B) Intensity analysis of GTTR fluorescence in lateral wall cells
after treatment with different doses of LPS (relative to DPBS-treated mice). GTTR
fluorescence is increasingly elevated in marginal cells, intra-strial tissues (excluding
capillary structures), basal cells and spiral ligament fibrocytes with increasing LPS dose
at 1 and 3 hours after GTTR injection. In the basal coil, every cell type examined at 1
hour after GTTR injection showed significantly increased fluorescence at 1 mg/kg LPS or
higher (Wilcoxon signed rank test; *P<0.05; **P<0.01; ***P<0.005; error bars = s.e.m.;
N in Table S1). Strial and spiral ligament fluorescence was significantly greater in basal
segments compared to apical segments for each ROI (P<0.01; parametric paired t-test).
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Fig. 2-S2. OHC uptake of GTTR is accelerated by LPS exposure.
(A) In cochlear OHCs, 24 hours after treatment with 1 mg/kg LPS and 1 hour after
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Fig. 2-S3. Renal uptake of GTTR is reduced only at high doses of LPS.
(A) In DPBS-treated mice at 3 hours after injection with GTTR, intensely-labeled puncta
of GTTR fluorescence is localized near brush border microvilli (arrowheads) and
diffusely distributed throughout the cytoplasm of proximal tubule cells (p). Note the
weaker intensity of GTTR fluorescence in distal tubule cells (d). (B) In LPS-treated mice
at 3 hours after injection with GTTR, the intensity of diffuse cytoplasmic GTTR
fluorescence in proximal tubule cells is visibly decreased compared to DPBS-treated
mice (A). Note also the visible reduction in GTTR-labeled puncta in proximal tubule
cells, and negligible fluorescence in the glomerulus (g). Scale bar = 50 μm. (C) The
intensity of GTTR fluorescence in proximal tubule cells in mice treated with different
doses of LPS. Only in mice treated with 10 mg/kg LPS is a significant reduction in
GTTR fluorescence observed, at either 1 or 3 hours after GTTR injection (Student’s ttest; *P<0.05; ***P<0.001).
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Fig. 2-S4. LPS induces acute anorexia.
(A) After 24 hours, LPS-treated C57BL/6 mice exhibited significant weight loss (~10%)
compared to DPBS-treated C57BL/6 mice (Acute; N=32/cohort). LPS-treated C57BL/6
mice (±kanamycin) used in chronic toxicity experiments (Chronic, N as in Fig. 7) also
displayed significant weight loss at 24 hours compared to DPBS-treated mice
(±kanamycin). Over time, LPS-treated mice (±kanamycin) regained weight, with weights
comparable to DPBS-treated mice (±kanamycin) by day 5. (B) LPS-treated C3H/HeOuJ
mice also displayed significant weight loss 24 hours after LPS injection compared to
DPBS-treated C3H/HeOuJ mice (N = 12 for DPBS, 13 for LPS). LPS-treated C3H/HeJ
mice displayed attenuated weight loss 24 hours after LPS injection compared to LPStreated C3H/HeOuJ mice (unpaired, two-tailed t-test; error bars=s.d.; ***P<0.001).
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Fig. 2-S5. LPS does not alter BLB permeability yet vasodilates apical strial capillaries.
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(A) Twenty-five hours after LPS, and 1 hour after hTR injection, the absolute mean
intensities of hTR fluorescence in marginal cell (MC), intra-strial tissue (IS), basal cell
(BC) and spiral ligament (SL) fibrocytes layers from P6 pups are significantly elevated
compared to lateral wall ROIs in adult mice. There was no difference in fluorescence of
lateral wall ROIs from DPBS- or LPS-treated adult mice (***P< 0.001, 2-way ANOVA
with Bonferroni post-hoc tests). (B) After chronic treatment with kanamycin (±LPS), the
absolute mean intensities of hTR fluorescence in lateral wall ROIs from P6 pups were
significantly elevated compared to those in adult mice. There was no difference in hTR
fluorescence of lateral wall ROIs from DPBS-, LPS-, kanamycin- or LPS+kanamycintreated adult mice (***P<0.001; N=6 cochleae/group; error bars=s.d.; 2-way ANOVA
with Bonferroni post-hoc tests). (C) Twenty-five hours after LPS, a subpopulation of
apical strial capillaries were dilated compared to DPBS-treated mice (see also Table 1),
resulting in a bimodal distribution. A Gaussian regression curve fit was applied to obtain
the bimodal peak means in Table 1.
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Fig. 2-S6. Serum serotonin, but not histamine, concentrations were decreased with
increasing doses of LPS.
(A) Serum histamine levels were not statistically affected by increasing doses of LPS, nor
show a trend. (B) Serum serotonin levels were significantly decreased at all LPS doses
compared to DPBS-treated mice (0 LPS; *P<0.05, **P<0.001). The Mann-Whitney U
test was used to test for differences between groups.
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Fig. 2-S7. TLR4-mediated inflammatory markers are modulated by LPS.
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(A) Twenty-four hours after 1 mg/kg LPS injection, plasma levels of most acute phase
inflammatory proteins in C57BL/6 mice were not significantly different (or below the
limit of detection indicated by the dashed line) compared to DPBS-treated C57BL/6
mice, except for IL-6 and MIP-1α. (B) Twenty-four hours after LPS injection, plasma
levels of all tested acute phase inflammatory proteins in C3H/HeOuJ mice were not
significantly different (or below the limit of detection) compared to DPBS-treated
C3H/HeOuJ mice. (C) Twenty- four hours after 1 mg/kg LPS injection, plasma levels of
all tested acute phase inflammatory proteins in C3H/HeJ mice were not significantly
different (or below the limit of detection) compared to DPBS-treated C3H/HeJ mice. (For
A-C: N=4/cohort, measured in duplicate; error bars = 95% CI derived from Student’s t
test; *significant difference compared to DPBS-treated mice of the same strain after a 1way unpaired Student’s t-test at the 95% CI.) (D) Twenty-four hours after 1 mg/kg LPS
injection, cochlear concentrations of tested inflammatory proteins from C57BL/6 mice
were all significantly elevated above baseline levels in DPBS-treated C57BL/6 mice,
with the greatest changes observed for IL-6, IL-8, MIP-1α and MIP-2α. (E) In cochleae
from C3H/HeOuJ mice, all acute phase pro-inflammatory proteins were significantly
elevated 24 hours after LPS injection compared to DPBS-treated C3H/HeOuJ mice,
except for IL- 10. (F) In TLR4-hyporesponsive cochleae from C3H/HeJ mice 24 hours
after LPS injection, only a subset of acute phase inflammatory markers (TNFα, IL-1α,
IL-6, IL-8, IL-10, and MIP-1α) were significantly elevated compared to DPBS-treated
C3H/HeJ mice. (For D-F: N=4/cohort; 6 cochleae pooled from 3 mice/sample, measured
in triplicate; error bars = 95% CI derived from Student’s t test; *significant difference
compared to DPBS-treated mice of the same strain after a one-way unpaired Student’s t
test at the 95% CI.) (G, H) When cochlear mRNA levels in C57BL/6 (G) and
C3H/HeOuJ (H) mice were assayed, significant increases were observed in Il-1α, Il-6, Il8, Il-10, Mip-1α and Mip-2α mRNA 24 hours after LPS injection compared to DPBStreated mice of the same strain, and for Tnfα in C3H/HeOuJ mice. (I) In C3H/HeJ mice,
LPS significantly increased anti-inflammatory Il-10 mRNA levels 24 hours after LPS
injection, but not for any pro-inflammatory markers. (For G-I: N=4/cohort; 2 cochleae
from 1 mouse/sample, measured in triplicate; error bars = 95% CI derived from Student’s
t test; *significant difference is noted if the 95% CI does not overlap with 1).
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Fig. 2-S8. LPS-induced GTTR uptake by cochlear lateral wall cells in control
C3H/HeOuJ and TLR4-hyporesponsive C3H/HeJ mice.
(A) The fluorescence intensity of GTTR in marginal cells (MC), intermediate cells (IC),
and basal cells (BC) of the stria vascularis, as well as spiral ligament fibrocytes (FC),
were significantly greater in LPS-treated C3H/HeOuJ mice over DPBS-treated
C3H/HeOuJ mice. (B) The fluorescence intensity of GTTR in strial marginal,
intermediate and basal cells, as well as spiral ligament fibrocytes were increased in LPStreated C3H/HeJ mice over DPBS-treated C3H/HeJ mice. However, the LPS-induced
increase in GTTR fluorescence was only significant for intermediate and basal cells
(unpaired t-test 1-way; *P<0.05; N=4; error bars = 95% CI derived from Student’s t test).
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Fig. 2-S9. Absolute ABR thresholds are elevated by chronic kanamycin, or kanamycin
plus LPS, dosing.
Absolute ABR thresholds for each ear of C57BL/6 mice (in gray) in each group, at stated
time points before or after LPS and/or kanamycin treatment, with age- matched controls
(DPBS-treated). Black line indicates the group mean (±s.d.). Note the general elevation in
thresholds at 1.5 and 3 weeks post-treatment for mice treated with both LPS and
kanamycin (bottom right panel) compared to age-matched DPBS-only or LPS-only
treated mice (bottom row, two left panels).
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Fig. 2-S10. Threshold shifts induced by chronic kanamycin, or kanamycin plus LPS,
dosing.
ABR threshold shifts for each ear of C57BL/6 mice (in gray) in each group, at stated time
points after LPS and/or kanamycin treatment, with age-matched controls (DPBS). Black
line indicates the group mean (±s.d.). Note the general elevation in individual and mean
threshold shifts at 1.5 and 3 weeks post-treatment for mice treated with both LPS and
kanamycin (lower two extreme right panels) compared to age-matched mice in other
groups (bottom two rows, leftmost panels).
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Fig. 2-S11. Effect of chronic kanamycin treatment, with or without LPS, on ABRs, OHC
survival and BLB permeability.
C57BL/6J mice were treated as described in the text (see fig. S17). One day posttreatment (A), kanamycin (N=5) and LPS+kanamycin (N=6) induced significant
threshold shifts at 16, 24 and 32 kHz compared to DPBS- (N=4) and LPS-treated (N=5)
control mice. LPS+kanamycin also induced significant threshold shifts at 12 kHz
compared to controls (table S3). Ten days post-treatment (B), threshold shifts for
kanamycin-treated mice were no longer significantly different from DPBS- and LPStreated mice (table S4). LPS+kanamycin induced significant threshold shifts at 4, 12, 16,
24 and 32 kHz compared to DPBS-treated mice, and at all frequencies compared to LPStreated mice (table S4). LPS+kanamycin also induced significant threshold shifts at 16,
24 and 32 kHz compared to kanamycin-treated mice (table S4). Three weeks posttreatment (C), kanamycin induced a significant PTS only at 32 kHz compared to DPBStreated mice (table S5). LPS+kanamycin induced significant PTS at 16, 24 and 32 kHz
frequencies compared to kanamycin-, DPBS- and LPS-treated mice;
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and also at 12 kHz compared to DPBS- and LPS-treated mice, as well as LPS-only mice
at 8 kHz (table S5). Error bars=s.d. Data in A-C are from the same mice and correspond
to Fig. 7A,B and P values in tables S3-S5. (D) Immediately after chronic treatment,
kanamycin (N=5) induced significant threshold shifts at 4, 24 and 32 kHz compared to
DPBS-treated (N=5) mice, and at 24 and 32 kHz compared to LPS-treated (N=6) mice.
LPS+kanamycin (N=7) induced significant threshold shifts at 16, 24 and 32 kHz
compared to DPBS-only mice; and at 24 and 32 kHz compared to LPS-only mice (table
S6). LPS+kanamycin did not induce significantly different threshold shifts at any
frequency compared to kanamycin-treated mice (table S6). Error bars=s.d. Data in D
correspond to fig S11E,F and P values in table S6. (E) Immediately after chronic
treatment, kanamycin-treated mice exhibited greater OHC loss in the basal 32-64 kHz
region of the cochlea compared to DPBS- and LPS-treated mice, but this was not
significant (table S8). LPS+kanamycin-treated mice had substantially greater OHC loss
over a wider frequency range compared to the kanamycin-only group, as well as DPBSand LPS-only mice that was statistically significant in the 23-64 kHz region (see also fig.
S12; table S8). In the more apical 8-16 kHz region, 2 mice in the LPS+kanamycintreated group exhibited almost total OHC loss, while the remaining 4 mice had negligible
OHC loss, contributing to increased error and lack of significance (table S8). Mean
cochlear length = 6.49 (±2.6, s.d.) mm. Error bars=95% CI derived from Student’s t test.
(F) The relative mean intensities of hTR fluorescence in marginal cell (MC), intra-strial
tissue (IS), basal cell (BC) and spiral ligament (SL) fibrocyte layers from P6 pups are
significantly elevated compared to adult mice. There was no difference in hTR
fluorescence of lateral wall ROIs from DPBS-, LPS-, kanamycin or LPS+kanamycintreated adult mice (***P<0.005; N=6 cochleae/group; error bars=s.d.; 2-way ANOVA
with Bonferroni post-hoc tests).
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Fig. 2-S12. Absolute ABRs, threshold shifts and weight changes induced by chronic LPS,
kanamycin, or LPS+kanamycin in C57BL/6 mice.
(A) Absolute ABR thresholds for individual ears (in gray) by group prior to treatment,
and one day post-treatment with chronic exposure to LPS and/or kanamycin, with agematched controls (DPBS-treated). Black line indicates the group mean (±s.d.). (B) ABR
threshold shifts for individual ears (in gray) by group, one day post-treatment with
chronic exposure to LPS and/or kanamycin, with age-matched controls (DPBS-treated).
(C) Twenty-four hours after each LPS treatment on day 0, day 5 or day 10, LPS-treated
mice exhibited substantial weight loss (~10%) compared to DPBS-treated C57BL/6 mice
). Over time, mice generally regained weight after LPS treatment (±kanamycin) with
weights comparable to DPBS-treated mice (±kanamycin) after 5 days.
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Fig. 2-S13. Acute LPS-induced endotoxemia does not alter ABR thresholds.
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(A, B) Baseline ABR thresholds prior to i.v. injection with DPBS or 1 mg/kg LPS (4
C57BL/6 mice/group; 2 ears/mouse; each mouse identified by individual color; left ears
n; right ears p). (C, D) ABR thresholds 24 hours after injection with DPBS or 1 mg/kg
LPS; no obvious changes were observed. (E, F) Threshold shifts from baseline for each
ear 24 hours after injection with DPBS or 1 mg/kg LPS. (G) Group mean threshold shifts
(±s.d.) of mice pre-treated 24 hours earlier with either DPBS or 1 mg/kg LPS. No
statistically significant threshold shifts were observed within each group or between
groups (N=4 mice per group).
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Fig. 2-S14. Schematic displaying potential mechanisms for aminoglycoside trafficking
across the BLB.
Two possible mechanisms of paracellular flux include immune cell-mediated, or immune
cell-independent, breakdown of tight junction-coupling between endothelial cells.
Transcellular flux of hydrophilic, cationic aminoglycosides include permeation of nonselective cation channels, translocation via substrate transporters, transcytosis through the
cell, and/or diffusion across the hydrophobic plasma membrane.
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Fig. 2-S15. Acute LPS and aminoglycoside dosing paradigm.
Different doses of LPS were injected i.v., and 24 hours later, GTTR, gentamicin or hTR
was injected i.p. Control C57BL/6 mice received an i.v. injection of DPBS. Mice were
sacrificed 1 or 3 hours after aminoglycoside injection.
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Fig. 2-S16. ELISA and qRT-PCR experimental designs for 6- and 24-hour LPS
exposures.
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(A) 6 hour. Sixteen C57BL/6 mice per group. Control mice received an i.v. tail vein
injection of DPBS at 0 hours, then an i.p. injection of DPBS at 3 hours. At the same time
points, a second group received DPBS i.v. followed by gentamicin i.p.; a third group
received 1 mg/kg LPS i.v., followed by DPBS i.p.; the fourth group received LPS i.v.
and, 3 hours later, gentamicin i.p. Gentamicin was administered at a dose of 300 mg/kg.
At 6 hours, all mice were sacrificed, and both cochleae plus a blood sample collected.
Cochleae from 10 mice were used for ELISA protein quantification (4 cochleae/sample;
N=5); while cochleae from 6 mice were used for mRNA extraction and real-time
quantitative RT-PCR (qRT-PCR; 4 cochleae/sample; N=3). (B) 24 hour. Sixteen mice per
group, with two groups (1 mg/kg LPS, or vehicle control DPBS) per mouse strain
C57B/l6, C3H/HeOuJ (strain control) and C3H/HeJ (TLR4-hyporesponsive). All mice
received an i.v. tail vein injection of DPBS or LPS at 0 hours. At the 24 hour time point,
all mice were sacrificed, and both cochleae plus a blood sample collected. Cochleae from
12 mice per group (6 cochleae/sample; N=4) were used for ELISA protein quantification;
while cochleae from 4 mice per group (2 cochleae/sample; N=4) were used for RNA
extraction and real-time qRT-PCR.
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Fig. 2-S17. Chronic LPS–induced endotoxemia and kanamycin ototoxicity protocol.
For toxicity studies, mice were divided into 4 groups, (i) DPBS only; (ii) LPS only; (iii)
kanamycin only and (iv) LPS+kanamycin. Mice received 700 mg/kg kanamycin (or
DPBS) subcutaneously twice daily for consecutive 14 days. Auditory brainstem
responses (ABRs) to pure tones were obtained prior to LPS and kanamycin dosing, and
also 1, 10 and 21 days after cessation of kanamycin dosing to determine any threshold
shifts following LPS and/or kanamycin administration compared to age-matched controls
(i.e., DPBS- or LPS-only groups). Mice received 1 mg/kg LPS (or DPBS) 1 day prior to
kanamycin treatment, and on the fifth and tenth day during kanamycin treatment (2
additional injections).
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Table 2-S1. Number of mice in each condition for Figs. 1 and 2A and fig. S1.
* GTTR was i.p. injected 24 hours after i.v. injection of LPS or DPBS.
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Table 2-S2. Probability of significant difference in GTTR serum concentrations for Fig.
2A.
Serum levels of GTTR were significantly elevated in 2.5 and 10 mg/kg LPS-treated mice
compared to DPBS-treated controls (0 mg/ml LPS). Serum levels of GTTR in the 2.5
mg/kg LPS group were significantly higher than 0.1 and 1 mg/kg groups both at 1 hour
and 3 hour time points (Mann-Whitney U test).
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Table 2-S3. Probability of a significant difference in threshold shifts 1 day after chronic
LPS–induced endotoxemia with or without kanamycin treatment.
One day following chronic exposure to LPS±kanamycin (see fig. S17), ABR threshold
shifts from baseline were obtained (fig. S10A). Threshold shifts for DPBS-only mice
(N=4) were not different from LPS-treated mice (N=5). Kanamycin alone (N=5) induced
significant threshold shifts at 16, 24 and 32 kHz compared to DPBS- and LPS-treated
mice. Mice that received LPS+kanamycin (N=6) had significant threshold shifts at 12,
16, 24 and 32 kHz frequencies compared to DPBS- and LPS-treated mice. Mice receiving
LPS+kanamycin did not have significant threshold shifts at any frequency compared to
kanamycin-treated mice. *P<0.05, **P<0.01; ***P<0.001; 2-way ANOVA with
Bonferroni post-hoc tests. Statistical analyses correspond to data in figs. S9, S10 and
S11A.
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Table 2-S4. Probability of a significant difference in threshold shifts 1.5 weeks after
chronic LPS–induced endotoxemia with or without kanamycin treatment.
One and a half weeks following chronic exposure to LPS±kanamycin (see fig. S13), ABR
threshold shifts from baseline were obtained (fig. S10B). Threshold shifts for DPBS-only
mice (N=4) were not different from LPS-treated mice (N=5). Kanamycin alone (N=5)
induced negligible threshold shifts compared to DPBS- and LPS-treated mice. Mice that
received LPS+kanamycin (N=6) had significant threshold shifts at 4, 12, 16, 24 and 32
kHz frequencies compared to DPBS-treated mice, and at 4, 8, 12, 16, 24 and 32 kHz
compared to LPS-treated mice. Mice receiving LPS+kanamycin also had significant
threshold shifts at 16, 24 and 32 kHz compared to kanamycin-treated mice. *P<0.05,
**P<0.01; ***P<0.001; 2-way ANOVA with Bonferroni post-hoc tests. Statistical
analyses correspond to data in figs. S9, S10 and S11B.
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Table 2-S5. Probability of significant difference in threshold shifts 3 weeks after chronic
LPS–induced endotoxemia with or without kanamycin treatment.
Three weeks after chronic LPS exposure (3x 1 mg/kg LPS i.v., 5 days apart) ±kanamycin
(700 mg/kg, 2x daily for 14 days, see fig. S17), ABR threshold shifts from baseline were
determined (Fig. 7C, and fig. S11C). Threshold shifts for DPBS-only mice (N=4) were
not different from LPS-treated mice (N=5). Kanamycin alone (N=5) induced a significant
PTS at only 32 kHz compared to LPS- and DPBS-treated mice. Mice that received
LPS+kanamycin (N=6) had significant PTS at 16, 24 and 32 kHz compared to
kanamycin-only, as well as DPBS-only and LPS-only mice. Mice receiving
LPS+kanamycin also significant PTS at 12 kHz compared to DPBS- and LPS-only mice,
as well as LPS-only mice at 8 kHz. *P<0.05, **P<0.01; 2-way ANOVA with Bonferroni
post-hoc tests. Statistical analyses correspond to data presented in Fig. 7A,B, and figs.
S9, S10 and. S11C.
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Table 2-S6. Probability of a significant difference in threshold shifts immediately after
chronic LPS–induced endotoxemia with or without kanamycin treatment.
Immediately following chronic exposure to LPS±kanamycin (see fig. S17), ABR
threshold shifts from baseline were obtained (fig. S10D). ABR threshold shifts for the
DPBS-only mice (N=5) were not different from LPS-treated mice (N=6). Kanamycin
alone (N=5) induced significant threshold shifts at 4, 24 and 32 kHz compared to DPBStreated mice, and at 24 and 32 kHz compared to LPS-treated mice. Mice that received
LPS+kanamycin (N=7) had significant threshold shifts at 16, 24 and 32 kHz frequencies
compared to DPBS-only mice; with significant threshold shifts at 24 and 32 kHz
compared to LPS-only mice. Mice receiving LPS+kanamycin did not have significant
threshold shifts at any frequency compared to kanamycin-treated mice. *P<0.05,
**P<0.01; ***P<0.001; 2-way ANOVA with Bonferroni post-hoc tests. Statistical
analyses correspond to data presented in fig. S11D-F and S12.
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Table 2-S7. Probability of a significant difference in OHC survival 3 weeks after chronic
LPS–induced endotoxemia with or without kanamycin treatment.
Three weeks following chronic exposure to LPS (±kanamycin), cytocochleograms of
OHCs were obtained (Fig. 7B). No significant differences in OHC survival occurred
between DPBS- , LPS-, kanamycin- and LPS+kanamycin-treated groups in the more
apical, lower frequency (4-8 kHz) regions of the mouse cochlea. Substantial losses of
OHCs occurred in higher frequency (8-64 kHz) regions of LPS+kanamycin-treated
cochleae that were significantly different from DPBS-, LPS- and kanamycin-treated
groups. LPS+kanamycin also induced significant IHC loss only in the 16-32 kHz region
compared to DPBS-, LPS-, and kanamycin-treated mice (P<0.05, P<0.05 and P<0.01,
respectively). 2-way ANOVA using Tukey post-hoc tests; **P<0.01, ****P<0.0001.
Statistical analyses correspond to cytocochleogram data presented in Fig. 7B.
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Table 2-S8. Probability of a significant difference in OHC survival immediately after
chronic LPS–induced endotoxemia with or without kanamycin treatment.
Immediately following chronic exposure to LPS (±kanamycin), cytocochleograms of
OHCs were obtained (fig. S11E). No significant differences in OHC survival occurred
between DPBS-, LPS-, kanamycin- and LPS+kanamycin-treated groups in apical, lower
frequency (4-16 kHz) regions of the cochlea. Substantial loss of OHCs occurred in basal
high frequency regions of LPS+kanamycin-treated cochleae that were significantly
different from DPBS-, LPS- and kanamycin-treated groups. LPS+kanamycin also
induced significant IHC loss only in at 32 kHz compared to DPBS- and LPS-treated
mice, but not at any other frequency or with kanamycin treated mice (P<0.01 and P<0.05,
respectively). 2-way ANOVA with Tukey post-hoc tests; ***P<0.001, ****P<0.0001.
Statistical analyses correspond to cytocochleogram data in fig. S11E.
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Table 2-S9. Probability of decreasing OHC survival 3 weeks after chronic LPS–induced
endotoxemia with or without kanamycin treatment compared to immediately after
treatment.
The mean OHC survival (±s.d.) per frequency region immediately after, and 3 weeks
following, chronic exposure to LPS±kanamycin (see cytocochleograms in Fig. 7B, and
fig. S11E) are shown. Three weeks after treatment, significantly greater OHC loss was
observed in LPS+kanamycin treated mice in 8-64 kHz regions of the cochlea compared
to immediately after chronic treatment. Three weeks after kanamycin treatment,
significantly greater hair cell loss was only observed in the 16-32 kHz region. LPS- and
DPBS-treated mice also had significant OHC loss in the 32-64 kHz region compared to 3
weeks earlier. LPS also induced significant IHC loss only in the 32-64 kHz region
(P<0.05) compared to all other groups. All analyses done using Student’s t- test; *P<0.05,
**P<0.01; ****P<0.0001. Statistical analyses correspond to cytocochleogram data in Fig.
7B and fig. S11E.
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Abstract
Hypothesis: Both toll-like receptor 4 (TLR4) and downstream neutrophil activity
are required for endotoxemia-enhanced blood-labyrinth barrier (BLB) trafficking.
Background: Aminoglycoside and cisplatin are valuable clinical therapies;
however, these drugs often cause life-long hearing loss. Endotoxemia enhances the
ototoxicity of aminoglycosides and cisplatin in a TLR4 dependent mechanism for which
downstream pro-inflammatory signaling orchestrates effector immune cells including
neutrophils. Neutrophil-mediated vascular injury can enhance molecular trafficking
across endothelial barriers and may contribute to endotoxemia-enhanced drug-induced
ototoxicity.
Methods: Lipopolysaccharide (LPS) hypo-responsive Tlr4-KO mice and congenitally
neutropenic granulocyte colony stimulating factor (G-CSF) G-csf-KO mice were studied
to investigate the relative contributions of TLR4 signaling and downstream neutrophil
activity to endotoxemia-enhanced BLB trafficking. C57BL/6 wild-type mice were used
as a positive control. Mice were treated with LPS and 24 hours later cochleas were
analyzed for gene transcription of innate inflammatory cytokine/chemokine signaling
molecules, neutrophil recruitment, and vascular trafficking of the paracellular tracer
biocytin-TMR.
Results: Endotoxemia enhances cochlear transcription of innate pro-inflammatory
cytokines/chemokines in endotoxemic C57BL/6 and G-csf-KO, but not in Tlr4-KO mice.
More neutrophils were recruited to endotoxemic C57BL/6 cochleas compared to both
Tlr4-KO and G-csf-KO cochleas. Endotoxemia enhances BLB trafficking of biocytinTMR in endotoxemic C57BL/6 cochleas and this was attenuated in both Tlr4-KO and Gcsf-KO mice.
Conclusion: Together these results suggest that Tlr4-KO mediated innate immunity
cytokine/chemokine signaling alone is not sufficient for endotoxemia-enhanced
trafficking of biocytin-TMR and that downstream neutrophil activity is required to
enhance BLB trafficking. Clinically, targeting neutrophilic inflammation could protect
hearing during aminoglycoside, cisplatin, or other ototoxic drug therapies.
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3.1 – Introduction
Drug-induced ototoxicity imposes significant functional and socioeconomic
challenges for individuals who experience lifelong hearing loss as sequelae of treatment
for conditions such as sepsis, especially as neonates (384, 385); multi-drug resistant
tuberculosis, particularly in developing countries (386, 387); lung infections in the setting
of cystic fibrosis (388, 389); and cancers treated with platinum-based chemotherapies
(390, 391). Indeed, the very conditions these drugs are used to treat may actually enhance
the risk of sustaining life-long hearing loss as a side effect of treatment. This clinical
paradox poses a difficult situation for the treating physician. While these therapies are
effective treatments, life-long hearing loss can significantly adversely affect long-term
quality of life. These adverse effects can be of particular challenge in neonatal/pediatric
patients, for whom early hearing loss can delay language acquisition and subsequent
acquisition of education and social attainment (392).
Endotoxemia, as a model for gram-negative sepsis, enhances the risk and severity
of drug-induced hearing loss in mice after treatment with ototoxic drugs such as cisplatin
(393), aminoglycosides such as kanamycin (394), and synergistic combination of
kanamycin/furosemide (395). In neonatal intensive care unit patients, meeting criteria for
systemic inflammatory response syndrome (SIRS) (39, 40) (Table S1) in the setting of
suspected bacterial sepsis increases the risk-ratio of sustaining life-long hearing loss after
empirical gentamicin therapy (396). A previous study demonstrated that endotoxemiaenhanced aminoglycoside ototoxicity is tied to increased aminoglycoside trafficking at
the BLB. Furthermore, endotoxemia-enhanced BLB trafficking is mechanistically tied to
TLR4 activity as C3H/HeJ mice, with a hypomorphic Tlr4 gene variant, did not exhibit
enhanced BLB trafficking during endotoxemia (394). TLR4 is a potent immune sensor,
promoting innate inflammation in response to pathogen and damage associated molecular
patterns (PAMPs and DAMPS) such as LPS, which is a commonly used experimental
TLR4 agonist. Binding of LPS to TLR4 induces release and production of innate proinflammatory signals, which orchestrate downstream inflammatory effector cell activity
(78, 397). Thus, immune cells may mechanistically contribute to endotoxemia-enhanced
BLB trafficking.
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Neutrophils are the most abundant white blood cell and are first responders to
innate inflammatory cues, including SIRS and LPS-endotoxemia. Neutrophil-mediated
vascular injury is a long appreciated pathological vascular change that occurs during
sepsis and is a result of intravascular neutrophil release of neutrophil extracellular traps
(NETs or NETosis) (57, 398, 399). Because neutrophil-mediated vascular injury is
elicited by neutrophil activity downstream of TLR4, we tested the hypothesis that
knockdown of neutrophil numbers would rescue endotoxemia-enhanced BLB trafficking,
similar to that observed in Tlr4-KO hypomorphic C3H/HeJ mice (394). To test this
hypothesis, we investigated BLB pathophysiology and the relative contributions of TLR4
signaling and downstream neutrophil activity during endotoxemia in Tlr4-KO mice
(reduced Tlr4 signaling) and G-csf-KO neutropenic mice (model for severe congenital
neutropenia). Our results demonstrate that both TLR4 mediated cytokine/chemokine
signaling and downstream neutrophil activity are both required for endotoxemiaenhanced BLB trafficking.
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3.2 – Materials and Methods
3.2.1 - Experimental animals
All protocols and procedures were approved by Oregon Health and Science
University's (OHSU) intuitional animal care and use committee (IACUC IP00000843).
Animals were bred in-house by OHSU staff. C57BL/6 and Tlr4-KO founder mice were
procured from Jackson Lab. The G-csf-KO founder mice were generously provided by
Dr. Jason Shohet of Baylor Medical School. Both male and female mice were used at
ages 16-20 weeks with weights ranging from 18-30 g. Animals were housed in genderseparated boxes in groups of between 3-6 mice. Animals were allowed free access to
food and water and kept under a twelve-hour light/dark cycle.

3.2.2 - Lipopolysaccharide solution preparation
LPS (Millipore-Sigma, Cat# L3012) was dissolved in 0.05% endotoxin-free
bovine serum albumin (BSA) (Equitech Bio, Cat# BAH70-0050) in phosphate-buffered
saline (PBS) at a concentration of 2.0 mg/ml. LPS and vehicle solutions were filtersterilized into sterile vacuum tubes using a 0.05 µm polypropylene filter and kept on ice
during use on the same day.

3.2.3 - Endotoxemia induction and tissue collections
Mice were lightly anesthetized using ketamine/xylazine "half-strength mouse
cocktail" (100 mg/kg ketamine, 5 mg/kg xylazine in saline; 5 µl/g i.p.). Once adequate
sedation was achieved, animals were treated with sterile LPS (2 mg/ml; 5 µl/g i.v.) or
vehicle 0.5% endotoxin-free BSA in PBS (5 µl/g i.v.) solutions. Animals were allowed to
recover on a heat pad before being returned to the housing facility. Twenty-four hours
later mice were re-anesthetized with "full-strength mouse cocktail" (100 mg/kg ketamine,
10 mg/kg xylazine in saline; 5 µl/g i.p.) and once adequate sedation had been reached,
mice were perfused with 10 ml room-temperature PBS via the left ventricle.
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3.2.4 - qRT-PCR analysis
Temporal bones from PBS-perfused mice were placed in RNA preservative
(RNAlater, Millipore-Sigma, Cat# R0901) and their cochleas dissected. Excess RNAlater
was removed and tissues were pooled into samples of four cochleas from two mice, flash
frozen in liquid nitrogen, and stored at -80 °C. RNA was isolated from samples of pooled
cochleas (four cochleas from two mice) using an RNeasy kit and concentrated via Speed
Vac on low heat. RNA concentration and quality was determined using a NanoDrop 2000
series spectrophotometer (ThermoFischer Scientific, ND2000). RNA from each sample
(150 ng) was utilized for reverse-transcription cDNA synthesis via TaqMan RT-reagents
(Applied Biosystems, Cat# N8080234). 5ng of cDNA was used for each TaqMan
primer/probe qRT-PCR reaction in a 96-well format using TaqMan Gene Expression
Master Mix (Applied Biosystems, Cat# 4369016). Samples were run in duplicate on a
AB7300 (Applied Biosystems) plate reader over 60 PCR cycles. Cycle threshold (Ct)
values were exported to Excel and delta-delta Ct (ddCt) analysis was hand-calculated
using 18S as the housekeeping gene for calculation of delta Ct (dCt). Duplicate wells that
did not agree within 2 Ct were excluded from analysis.

3.2.5 - Biocytin-TMR vascular tracer treatment
Biocytin-TMR (Setareh Biotech, Cat# 6662) in PBS (1% (m/m), 5 ul/g, i.v.) was
administered to mice 23.25 hours after LPS treatment and allowed to circulate for 45
minutes prior to euthanasia.

3.2.6 - Cochlear immunohistochemistry and Biocytin-TMR counter labeling
Following intracardiac perfusion of 10 ml room-temperature PBS, mice were
perfused with 10 ml of room-temperature 4% paraformaldehyde (PFA) in PBS. Cochleas
were dissected and fixed for 24 hours in 4% PFA. Cochleas were decalcified in 10%
EDTA in Tris-buffered saline pH 7.4 for 7 days, then sectioned at 50 µm with a
vibratome (400). Tissues were washed in PBS, then blocked with 0.5% Triton X-100 and
5% donkey serum in PBS for 1 hour, followed by incubation with primary antibody in
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blocking solution overnight at 4 °C (Ly6G, 1A8 clone BioLegend cat# ab154885; 2.5
µg/ml). Sections were washed 3x in PBS, then incubated with secondary antibody in
blocking solution overnight (Donkey Anti-Rat IgG H&L (Alexa Fluor 647) preadsorbed;
abcam cat# ab150155, 0.5 µg/ml). Sections were washed 3x1 hour in PBS followed by
treatment with Streptavidin Alexa Fluor 568 (ThermoFisher, Cat# S11226) at 10 µg/ml in
PBS with 0.5% Triton X-100, 0.1 mM CaCl , and 10% donkey serum for 1 hour. Tissues
2

were washed 2x1 hour in PBS with 0.2% Triton X-100 and incubated overnight with
Hoescht (1 ug/ml) and Lycopersicon Esculentum lectin-488 (Vector cat# DL-1174; 200
µg/ml) in PBS. Next, sections were washed 2x1 hour with 0.2% Triton X-100 in PBS,
washed 1x1 hour with PBS, post-fixed in 4% PFA for 15 minutes then washed 3x20
minutes in PBS, then mounted on slides with Vectashield mounting medium.

3.2.7 - Confocal microscopy
Four-color z-stacks of cochlear sections were collected at 20x magnification on a
Zeiss LSM 880 laser-scanning confocal microscope with an inverted microscope base
and Airyscan capabilities for faster image acquisition. Three cochlear sections were
imaged for each individual mouse. The microscope laser power and detector settings
were calibrated to the brightest slide

3.2.8 - Biocytin-TMR vascular tracer quantification
Confocal image stacks were analyzed using Fiji. Red channel z-stacks of cochlear
sections were combined into maximum intensity projections and regions of interest were
hand drawn (Fig. 4a). Mean pixel intensities for each region of interest were averaged
over the three cochlear sections for each animal; this value was used for cohort-level
statistical analysis.

3.2.9 - Statistics
Graphpad Prism v7.0a was used to calculate statistical tests as indicated in each
figure legend. For ratiometric analyses (Fig. 3-4 and Fig 3-S1) 95% confidence intervals
were hand-calculated in Excel and graphs plotted using Prism.
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3.3 – Results
3.3.1 -Tlr4-KO but not G-csf-KO dampens cochlear innate immune marker
transcription
Tlr4 mutant C3H/HeJ mice demonstrate reduction in endotoxemia-enhanced
aminoglycoside uptake and concomitant reduced innate immune marker expression
(394). Because neutrophil activity is downstream of Tlr4 activity, we assessed cochlear
transcription of innate immune cytokines and chemokines in Tlr4-KO and G-csf-KO
mice. Mice were treated with high dose LPS (10 mg/kg i.v.) to model a highmorbidity/mortality gram-negative sepsis situation indicating aminoglycoside therapy.
The LD50 of LPS in mice is somewhere between 12.5-60 mg/kg depending on dosing,
LPS-type/purity, and route of administration (47, 401-403). Additionally, high dose LPS
was chosen to model clinical situations where a patient is most at risk for experiencing
long term aminoglycoside side effects, such as lifelong hearing loss.
After twenty-four hours of endotoxemia, cochleas were collected for qRT-PCR
analysis of innate immune system pro-inflammatory cytokine and chemokine transcripts
(Fig. 3-1, Table 3-S2). Wild-type C57BL/6 mice served as the positive control, as
endotoxemia induces cochlear transcription of innate immune markers (394, 404).
Indeed, endotoxemia upregulated the transcription of a majority of these innate immunity
markers, as demonstrated by decreased dCt values for most genes analyzed with the
exception of Il-10 and Ccl3 (Fig. 3-2A).
Neutropenic G-csf-KO mice, which have wild-type Tlr4, demonstrated a
qualitatively similar transcript profile as compared to wild-type mice. All genes analyzed
were upregulated, with the exceptions of Il-10, Selp, and Ccl5 (Fig. 3-2B). By contrast,
transcription of pro-inflammatory markers in Tlr4-KO mice were not upregulated with
the exception of a very small, yet statistically significant, dCt difference in Icam1 (Fig 32C).
Fold changes in transcript level were calculated using the ddCt method (Fig. 3S1A). These fold change values are artificially inflated because cochlear homogenates
from vehicle-treated animals had baseline transcription levels below the lower limit of
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detection (Ct > 60). Baseline gene transcription was similar between strains. Two
exceptions were Cxcl2 upregulation in G-csf-KO mice and Selp upregulation in both
Tlr4-KO and G-csf-KO strains.

3.3.2 - Endotoxemia recruits neutrophils to the BLB of wild-type but not
Tlr4-KO or G-csf-KO mice
TLR4-induced pro-inflammatory cytokine/chemokine activity promotes innate
immune cell activity and associated neutrophil-mediated vascular injury. Because of this
we used an antibody against the neutrophil-specific marker Ly6G to investigate the
presence of neutrophils in cochlear sections of C57BL/6, Tlr4-KO, and G-csf-KO mice
treated with 10 mg/kg LPS or vehicle. Because Tlr4-KO mice do not express LPSinduced pro-inflammatory genes (Fig. 3-1C), we hypothesized that few neutrophils
would be recruited to carry out LPS-mediated cochlear inflammation. G-csf-KO mice are
neutropenic and the sparse neutrophils in these animals are anergic and underdeveloped
(405); we therefore hypothesized that few neutrophils would be recruited to the cochleas
of these mice.
More neutrophils appeared in endotoxemic C57BL/6 wild-type mice (Fig. 3-3AB, 3H) compared to vehicle treated mice (Fig. 3-3C). This observation of more
neutrophils in wild-type cochleas was in contrast to the small number of neutrophils in
cochlear sections of both endotoxemic and vehicle-treated Tlr4-KO mice (Fig. 3-3D-E),
which exhibit diminished pro-inflammatory signaling, and G-csf-KO mice (Fig. 3-3F-G)
which have greatly reduced numbers of neutrophils. Given the attenuated proinflammatory gene expression profile in Tlr4-KO and chronic neutropenia in G-csf-KO
mice this result makes sense.

3.3.3 - Endotoxemia enhances BLB biocytin-TMR trafficking in C57BL/6
mice and is rescued in Tlr4-KO and G-csf-KO mice
Endotoxemia and local LPS treatment, as well as other innate immune reaction
provoking stimuli, compromise endothelial barriers, including the blood-brain barrier, the
blood-retinal barrier, and the BLB (406, 407) which could be due to neutrophil-mediated
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vascular injury. Analogously, neutropenia decreases drug uptake in the lungs of
pneumonitic mice (408). Since Tlr4-KO and G-csf-KO mice express differential patterns
of innate immune pro-inflammatory markers (Fig.3-2) and neutrophil recruitment (Fig. 33), we tested the hypothesis that both Tlr4 and neutrophil activity are required to enhance
vascular trafficking at the BLB. To test this hypothesis, we treated endotoxemic and
vehicle-treated C57BL/6, Tlr4-KO, and G-csf-KO mice with the paracellular vascular
tracer biocytin-TMR (148) and quantified parenchymal uptake via confocal microscopy
(Fig. 3-4, Fig. 3-S2).
Endotoxemia increased the normalized biocytin-TMR fluorescence intensity
ratios in all ROIs (Fig. 3-4A) in C57BL/6 mice, but not in Tlr4-KO or G-csf-KO mice
with the exception of the spiral ligament regions in the Tlr4-KO strain (Fig. 3-4B).
Analysis of the absolute fluorescence levels also demonstrated that biocytin-TMR uptake
was increased in cochleas of C57BL/6 mice (Fig. 3-4C-D, Fig. 3-S2A) but not in Tlr4KO mice (Fig. 3-4E-F, Fig. 3-S2B) or G-csf-KO mice (Fig. 3-4G-H, Fig. 3-S2C), again
with the exception of the spiral limbus region in G-csf-KO mice (Fig. 3-S2C). The
baseline fluorescence intensity was also compared between strains. C57BL/6 and Tlr4KO strains had comparable baseline biocytin-TMR uptake, while G-CSF-KO mice
demonstrated significantly more baseline uptake of biocytin-TMR in all anatomical ROIs
(Fig. 3-S2D).
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3.4 – Discussion
We set out to determine if Tlr4-KO mediated cytokine/chemokine signaling is
sufficient or whether downstream neutrophil activity is also required for endotoxemiaenhanced BLB trafficking. Endotoxemic neutropenic G-csf-KO mice exhibit robust
enhancement of cochlear pro-inflammatory innate immune gene transcription similar to
wild-type C57BL/6 mice (393, 404). This response was greatly attenuated in LPShyporesponsive Tlr4-KO mice, similar to observations with the Tlr4 hypomorphic
C3H/HeJ mouse strain (394). C57BL/6 and G-csf-KO mice both harbor wild-type Tlr4
genes whereas Tlr4-KO mice do not. Therefore, attenuated cyto/chemokine signaling in
Tlr4-KO mice was not surprising. Still, the cochlear pro-inflammatory marker response
to endotoxemia was not completely null in Tlr4-KO mice. Although TLR4 is the
canonical and most potent LPS sensor, there is evidence for other LPS sensors. For
example, the non-canonical inflammasome is activated by intracellular LPS-mediated
dimerization of caspase-11 (403); in addition, there is controversial evidence that LPS
activates TLR2 (409-411).
Innate immune pro-inflammatory markers selected for the qRT-PCR panel are
endothelial-leukocyte adhesion molecules, cytokines, and chemokines, which orchestrate
downstream immune effector cells such as neutrophils and monocytes/macrophages
(Table S2) causing neutrophil-mediated vascular injury. Therefore, we wanted to assess
the numbers of Ly6G+ neutrophils in cochlear sections of endotoxemic vs vehicle-treated
mice in C57BL/6, Tlr4-KO, and G-csf-KO mice. Endotoxemic wild-type C57BL/6
mouse cochlear sections demonstrated the most Ly6G+ neutrophils. In both Tlr4-KO and
G-csf-KO strains, neutrophils were rarely observed in cochlear sections of endotoxemic
mice. In vehicle-treated mice, neutrophils were also very rarely observed in all three
mouse strains. C57BL/6 mice with a wild-type immune system and robust transcription
of innate immune chemokines/cytokines neutrophils would be expected to show an
increase in neutrophil numbers and activity after LPS challenge. In Tlr4-KO mice with
greatly dampened innate immune cytokine/chemokine signaling, neutrophils have fewer
cues directing them to carry out immune functions and incur neutrophil mediated
vascular injury. G-csf-KO mice are congenitally neutropenic and their greatly reduced
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neutrophil numbers, with an immature phenotype diminishes endotoxemia-mediated
neutrophil recruitment.
To assess the relative contributions of inflammatory signaling and downstream
neutrophil activity endotoxemia-enhanced BLB trafficking, we quantified cochlear
biocytin-TMR distribution in endotoxemic relative to vehicle-treated C57BL/6, Tlr4-KO,
and G-csf-KO mice. This demonstrated enhanced biocytin-TMR trafficking in the stria
vascularis, spiral ligament, and interestingly in the spiral limbus region of C57BL/6 wildtype mice. In Tlr4-KO mice, enhanced BLB trafficking was not significantly enhanced in
either the stria vascularis or the spiral limbus region although there was very small
statistically significant increase in biocytin-TMR trafficking in the spiral ligament region.
In G-csf-KO mice, endotoxemia-enhanced trafficking of biocytin-TMR returned to
baseline levels in all cochlear regions examined. G-csf-KO mice demonstrated
significantly increased baseline cochlear uptake of biocytin-TMR. Increased baseline
biocytin-TMR uptake in G-csf-KO mice could be due to the difference in genetic
background of this strain compared to the other two which are C57 background thus we
concentrated on normalized fold-change vascular tracer uptake. Another possible
explanation for the difference in baseline biocytin-TMR uptake is the difference in
baseline transcription levels of inflammatory markers (Fig. 3-S1B), and in particular
Cxcl2. Presumably, other related pro-inflammatory markers not measured in the current
study are also upregulated; enhanced baseline expression of these cytokines and
chemokines could be sufficient to cause endothelial cell-independent enhanced baseline
trafficking activities at the BLB in G-csf-KO mice.
This study was limited by the use of only one vascular tracer. Endothelial
transport mechanisms other than paracellular trafficking are almost certainly involved.
Our gene panel is also limited to a subset of genes that we felt are good indicators of the
innate inflammatory response; however, they do not examine other aspects of an
inflammatory reaction such as macrophage or adaptive immune activity. Other leukocyte
markers besides Ly6G could also expand the scope of this study on cochlear leukocyte
activity including macrophage and adaptive immune system cell markers
A pathophysiological hallmark of SIRS and sepsis is perturbed endothelial barrier
properties causing capillary leak syndrome (412), for which endotoxemia is a classic
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model system (413); neutrophil-mediated vascular injury is a significant contributor to
capillary leak (414-418). At baseline, the primary endothelial transport mechanisms are
passive diffusion, ion-channel permeation, carrier-mediated transport, and pinocytosis;
paracellular BLB trafficking is not a major mechanism under physiological conditions
(Fig. 3-5A). Within minutes to hours LPS-mediated activation of TLR4 induces
cytokine/chemokine transcription (Fig. 3-5B) enhancing transcellular BLB trafficking in
an endothelial-cell independent manner (148). These transcellular mechanisms include
increased ion-channel permeation through channels such as TRP-channels (97, 309),
enhanced carrier-mediated transport via molecules such as SGLT2 (419), and nonspecific pinocytosis/transcytosis. Initial enhanced transcellular trafficking activities are
believed to enhance immune globulin uptake into tissue parenchyma where they can
mount an immune response (370, 420, 421). Concurrently, endothelial barriers increase
the expression of leukocyte adhesion molecules such as P-SELECTIN (422) and ICAM1
(423, 424) promoting leukocyte adhesion, neutrophil-mediated vascular injury, and
diapedesis leading to paracellular trafficking (407, 425) routes (hours later) not present
under healthy physiological states (Fig. 3-5C) (148, 422, 426). Enhanced BLB trafficking
at early time points is likely most reliant on increased transcellular trafficking
mechanisms (pino/transcytosis, ion-channel, and specific transporters) with paracellular
theoretically becoming more apparent at later time points after neutrophil-mediated
vascular injury accumulation (Fig. 3-5D).
Endotoxemia diminishes the endolymphatic potential (EP) (395) and enhances
perilymph uptake of the vascular tracer fluorescein (425). Less is known about
endolymph uptake of vascular tracers as sampling rodent endolymph is difficult although
some indirect methods suggest endolymph as an important aminoglycoside trafficking
route (427, 428). Diminished EP suggests diminished cell-cell coupling both at BLB
vessels, and the epithelial cells lining the scala-media immediately adjacent to cochlear
vasculature. Furthermore, decreased EP means reduced electrogenic potential energy
barrier for trafficking of polycations such as aminoglycosides into endolymph.
Neutrophil granule-derived NETs contain proteases such as matrix-metalloproteinases
which directly degrade tight-junction proteins (364, 429), and reactive oxygen species
(ROS) generating enzymes non-specifically damage host-tissues (430). Rescue of
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endotoxemia-enhanced biocytin-TMR trafficking by genetic deletion of neutrophils (Gcsf-KO) suggests directly that knocking down neutrophil activity, and associated NET
release (431), diminishes paracellular trafficking into cochlear parenchyma.
Pharmacologic strategies to prevent drug-induced hearing loss could require
efforts to block both transcellular uptake as well as neutrophil-mediated vascular injury,
blocking subsequent paracellular disruption. Transcellular strategies could include nonspecific cation channel blockers expressed at the BLB if such a druggable candidate is
identified, or local cochlear administration of agents that reduce pinocytosis.
Interestingly, anti-inflammatory treatments (such as aspirin (93, 432-434)) and anti-ROS
thiol-based therapies such as D-Methionine (268, 285, 435, 436) have demonstrated
efficacy in both pre-clinical and clinical studies of sepsis (437), aminoglycoside and
cisplatin ototoxicity (438-442). Because ROS-dampening thiol-based therapies work in
the isolated contexts of sepsis, and ototoxic drugs, there is likely overlap in the
mechanisms of each pathology. Indeed, sepsis, and aminoglycoside/cisplatin ototoxicity
involve ROS. Where exactly cochlear ROS are generated is unknown. ROS could derive
from leukocytes recruited by DAMPs released by necrotic cochlear cells, and/or directly
from stressed cochlear cells. This study suggests that neutrophil-mediated vascular injury,
which involves ROS-mediated cell damage, is an important contributor to endotoxemiaenhanced BLB trafficking.
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3.5 – Conclusions
Understanding the mechanisms leading to drug-induced hearing loss may lead to
either patient management strategies and/or pharmacological strategies to protect hearing
during ototoxic therapies. This study suggests neutropenia may protect patients' hearing
functionality. Furthermore, targeting neutrophil activity such as ROS-generating
neutrophil-derived NET-associated enzymes could be a promising pharmacological
strategy to ameliorate drug-induced hearing loss.
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3.6 – Figures and Tables
24hr
Endotoxemia
10mg/kg LPS i.v.

Cochlear
Dissection

Cochlear homogenization
qRT-PCR analysis of
pro-inflammatory
chemo/cytokines

Decalcification and
cochlear sectioning
for microscopy

Ly6G neutrophil Vascular tracer
labeling/counting quantification
Figure 3-1. Study Design.
Mice were treated with 10mg/kg LPS i.v. and cochleas collected 24 hours later for qRTPCR analysis, neutrophil counts, and vascular tracer quantification.
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Figure 3-2. Cochlear innate immunity gene transcription in endotoxemic vs vehicletreated C57BL/6, Tlr4-KO, and Gcsf-KO mice.
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Mice were treated with 10 mg/kg LPS i.v. and cochleas collected 24 hours later for qRTPCR analysis. delta cycle threshold values normalized to 18S are presented. (A) dCt
values for endotoxemic vs vehicle-treated wild-type C57BL/6, (B) LPS-hyporesponsive
Tlr4-KO, (C), and neutropenic Gcsf-KO mice. (n=3-7 per cohort). Box and whisker plots.
* indicates p<0.05 after student's t-test.
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Figure 3-3. Endotoxemia recruits' neutrophils to wild-type but not Tlr4-KO or Gcsf-KO
mice.
(A-H) Representative cochlear sections of mice treated with either 10 mg/kg LPS or
vehicle and labeled with Ly6G neutrophil marker (white), a lectin to label blood vessels
(green), and Hoescht for nuclei (blue); mouse strain and treatment indicated on panel. (A)
Larger representation of panel B. (H) A severe case of cochlear neutrophilic infiltration
marked with orange circle. (I) Quantification of cochlear neutrophils. Each data point is
one individual averaged over three cochlear sections. Error bars are median with
interquartile range. * indicates p<0.05 for one-tailed Mann-Whitney U test.
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Mice were treated with either 10 mg/kg LPS i.v. or vehicle and 24 hours later with 1%
biocytin-TMR. Cochleas were imaged via quantitative confocal microscopy. (A) Regions
of interest were hand-drawn in Fiji and each anatomical region quantified (B) for
C57BL/6, Tlr4-KO and Gcsf-KO mice (n=3-5 per cohort). 95% student's-t confidence
intervals. * p<0.05 for LPS treatment normalized to vehicle treatment within a mouse
strain. ** p<0.05 between indicated mouse strains. SVasc = stria vascularis, SLig = spiral
ligament, ISLig = inferior spiral ligament, SLim = spiral limbus (C-H) Representative
cochlear sections of mice treated with biocytin-TMR and counter-labeled with
Streptavidin Alexa Fluor 568. Strain and treatment are indicated in each panel.

138
A

B

Vessel lumen

Extracellular
pro-inflammatory
cyto/chemokines

LPS
TLR4

Tight-junction
Paracellular
(not physiological)
Passive
diffusion

MyD88

Non-specific
Ion-channel
permeation Carrier-protein pinocytosis
transport and
co-transport

Pre-formed
cyto/chemokine
vesicles

NFκβ

Tissue parenchyma

NFκβ

C

Neutrophil-mediated vascular injury

D

Cell nucleus

Vessel lumen

-ROS-producing enzymes
-Cytotoxic cationic peptides
-Metallo-proteases

Cytotoxic granules

NFκβ promoter

acute phase
proinflammatory
innate cyto/chemokines
(Il-6, Cxcl1, Selp)

Tight-junction

Tissue parenchyma

Passive
diffusion

Increased
More ionchannels/ More carrier- pinocytosis
more activity proteins/
more activity

Pathophysiological
paracellular

Tissue parenchyma
Figure 3-5. Model for endotoxemia-enhanced BLB trafficking.
.(A) Baseline BLB trafficking mechanisms. Paracellular trafficking is largely absent
during healthy physiological states. (B) Endotoxemia stimulates TLR4 signaling inducing
cytokine/chemokine expression (C) Chemokine/cytokine activated neutrophils and other
white blood cells adhere to activated endothelium and degranulate causing neutrophilmediated vascular injury. (D) Possible endotoxemia-induced pathophysiological
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Figure 3-S1. Gene transcript fold change during endotoxemia and at baseline.
(A) Fold change in gene transcription was calculated for LPS-treated vs vehicle-treated
mice. (B) Baseline dCt values for vehicle-treated KO animals were compared to baseline
dCt values of vehicle-treated C57BL/6 mice to determine fold-change differences of
baseline gene transcription. Data is expressed as fold change of LPS-treated versus
vehicle-treated cohorts or KO versus wild-type (n=3-7 per cohort). 95% student's t CI. *
indicates p<0.05 for LPS treatment normalized to vehicle treatment within a mouse
strain. ** indicates p<0.05 between indicated mouse strains.
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Figure 3-S2. Raw fluorescence intensities for biocytin-TMR tracer experiment.
SVasc = stria-vascularis, SLig = spiral ligament, ISLig = inferior spiral ligament, SLim =
spiral limbus. (A-C) Raw mean pixel intensity AU values for each cochlear ROI for
C57BL/6 wild-type, Tlr4-KO, and Gcsf-KO mice. Error bars are SD; * indicates p<0.05
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treatment* indicates p<0.05 after one-way ANOVA.

141
Table 3-S1. Pediatric and adult SIRS criteria.

Any two of the following meets clinical SIRS criteria
Pediatric (40)

Adult (39)

Temperature >38.5°C or <36.0°C

Temperature >38.0°C or <36.0°C

Tachypnea: >2SD above normal for age
breaths/min

Tachypnea: >20 beats/min

Tachycardia: >2SD above normal for age
beats/min, or <10th percentile if <1-yearold

Tachycardia: >90 beats/min

White blood cell count: Elevated or
decreased total count based on normal
values for age, or >10% immature
neutrophils (band cells)

White blood cell count: >12,000/ml or
<4,000/ml
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Table 3-S2. Innate immunity marker gene panel and gene functions.

Gene name

Function (443)

Interleukin one beta – IL-1b

Pyrogen, induces endothelium to express
adhesion molecules, induces chemokine
secretion.

Interleukin six – IL-6

Pyrogen, stimulates acute-phase protein
production: e.g. C-reactive protein, ferritin,
fibrinogen, serum amyloid A. Proinflammatory endothelial cell activation.

Chemokine C-X-C motif ligand one –
CXCL1 (aka KC in mice)

Chemotactic for neutrophils.

Interleukin ten – IL-10

Anti-inflammatory mediator. Major
regulator for compensatory antiinflammatory response syndrome
(CARS(67))

Chemokine C-C motif ligand three –
CCL3

Chemotactic for myeloid lineage immune
cells, primarily neutrophils.

Chemokine C-X-C motif ligand two –
CXCL2

Expressed primarily by activated
monocytes/macrophages. Chemotactic for
neutrophils.

Intercellular adhesion molecule one –
ICAM1

Endothelium-leukocyte inflammatory
adhesion molecule.

P-selectin –SELP

Promotes NETosis(444), endotheliumleukocyte adhesion.

Chemokine C-C motif ligand five – CCL5 Chemotactic for monocyte/macrophage
and NK cells. T cell-dendritic cell
interactions.
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4 – Discussion and Key Findings
4.1 – Endotoxemia Enhances Drug-Induced Ototoxicity
Platinum-based chemotherapy and aminoglycoside antibiotics persist as essential
clinical tools despite severe side effects such as ototoxicity, nephrotoxicity, and
myelotoxicity. Primary reasons for this include clinical efficacy and economic
accessibility. This body of work strengthens the growing consensus (314, 315, 376, 394,
425) that inflammation enhances the risk and severity of these life-changing side effects.
Furthermore, this body of work accentuates the role of neutrophils as driving mediators
of capillary injury. Future work to understand the mechanisms involved in inflammationmediated capillary injury might focus on endothelial cell-independent and leukocytemediated vascular injury from neutrophils and other immune cells including the cytotoxic
molecules which mediate this injury.
Endotoxemia enhances aminoglycoside ototoxicity as demonstrated by higher
ABR thresholds in endotoxemic mice treated with equivalent kanamycin regimens (394)
(Fig 2.7). In this body of work, mice were treated with 1mg/kg LPS i.v. 24 hours prior to
twice-daily kanamycin administration at 700 mg/kg i.p. for fifteen-days. LPS was readministered at the same dose and route for a second and third time on days five and ten
of the fifteen-day kanamycin regimen (394). A similar study by Hirose et al. utilized a
single-dose furosemide plus kanamycin ototoxicity model and came to equivalent
conclusions that endotoxemia enhances the ototoxic potential of kanamycin plus
furosemide. Hiroseet al. administered LPS at 0.5 mg/kg i.p. 48-hours and again 24-hours
before a single combined dose of kanamycin (1000 mg/kg i.p.) plus furosemide (180
mg/kg i.p.) 45-minutes after kanamycin (315). A separate study investigating cisplatin
ototoxicity first treated mice with 5mg/kg cisplatin i.p. followed by two doses of LPS i.p.
at 1.25, 2.5, and 5.0 mg/kg i.p. 6-hours after and again 24-hours after cisplatin treatment.
Because endotoxemia enhances the ototoxic potential of multiple ototoxic drug regimens
with different LPS doses and routes of administration it is clear that systemic
inflammation enhances ototoxicity.
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Local (407), systemic (445, 446), and even intrauterine (447) LPS exposure can
also cause permanent hearing loss. Other forms of cochlear inflammation can also induce
hearing loss including auto-immune disorders and cochlear infection (448). Host-tissue
damage from leukocytes and lymphocytes mediate inflammation-related hearing loss
(449).
Ototoxic drug exposure plus labyrinthitis enhances the ototoxicity of both of these
ototoxic stimuli. Low dose endotoxemia (£ 1 mg/kg i.v.) itself does not cause hearing
loss (394, 395) yet enhances kanamycin and cisplatin ototoxicity. How and why this
enhanced ototoxicity occurs is likely linked both to enhanced drug activity, enhanced
inflammation-mediated damage, and perturbed BLB physiology.
Aminoglycoside-induced mitochondrial respiratory uncoupling and interactions
with iron produce excessive ROS, which demands increased utilization of cellular ROSscavenging capacity. Platinum derivatives directly bind to and deplete endogenous ROSscavenging molecules such as glutathione. In both cases, these drugs act to increase the
cellular ROS burden and demand increased ROS-scavenging. Because cellular ROS
scavenging directs towards drug-induced stresses, diminished ROS-scavenging capacity
is available to stave off inflammatory host-tissue damage. In summary, not only do drugs
in of these classes cause cellular damage, but the precipitous DAMP-induced
inflammation is more toxic to cochlear tissues due to decreased ROS-buffering capacity.
Conversely, a major pathological process of inflammation is ROS generation,
which demands cellular ROS scavenging. Inflammation-mediated ROS production and
the precipitous enhanced demand for ROS-scavenging capacity worsens the cellular
damage induced by cisplatin–mediated and aminoglycoside-mediated ROS production
and subsequent ROS-mediated cellular damage. In this sense, both drug-induced and
inflammation-related ROS positively feed back on each other to worsen the cytotoxic
effects of each process.
Inflammation also acts upon endothelial barriers, which comprise barrier organs
such as the BLB. Enhanced trafficking of ototoxic drugs into the cochlear parenchymal
compartment due to impaired BLB selectivity properties enhances the ototoxic potential
of these drugs. These processes, such as neutrophil-mediated vascular injury, pose as
additional synergistic mechanisms for inflammation plus ototoxic drugs.
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4.2 – Endotoxemia Involves Labyrinthitis and
Enhanced BLB Trafficking
We demonstrated that endotoxemia induces cochlear expression of innate proinflammatory cytokines and chemokines in wild-type and Gcsf-KO mice, which have
wild-type Tlr4 (Figs. 2.4, 2.5, and 3.2). Endotoxemia is a systemic condition and TLR4
is ubiquitously expressed in mammals; it is therefore not necessarily a surprise that
endotoxemia involves labyrinthitis. Dogmatically, this work contributes to the paradigm
shift that inflammation occurs in organs classically described as immuno-privileged,
namely the barrier organs (450). Indeed, these organs, such as the brain, cochlea, and eye,
do mount immune reactions consisting of fewer immune cell infiltrates. In comparison, in
non-barrier organs with fenestrated endothelia, such as the liver, endotoxemia recruits
substantial immune cell infiltrate (451). In this sense, the dogma that barrier organs are
immuno-privileged organs is correct. However, the notion that barrier organs are not
affected by inflammatory states is falling out of favor. Instead, how barrier organs
respond to inflammation is unique. A primary pathophysiological inflammation-related
derangement is barrier dysfunction and capillary leak.
Endotoxemia, even low dose, enhances BLB trafficking. Interestingly, some
molecular selectivity still remains at lower doses (Fig. 2.3). Texas Red more easily
traffics across the BLB of post-natal day 3 mouse pups with an underdeveloped BLB.
However, Texas Red does not traffic across the BLB in healthy nor endotoxemic wildtype mice treated with 1 mg/kg LPS. Despite this selective exclusion of anionic Texas
red, polycationic fluorescent gentamicin-Texas red, and native gentamicin trafficking are
both enhanced by low dose endotoxemia (Figs. 2.1 and 2.2). Trafficking of anionic
fluorescein into perilymph is also enhanced by low dose endotoxemia (425). High-dose
endotoxemia (10 mg/kg) also enhances BLB trafficking of biocytin-TMR (Fig. 3.4)
demonstrating endotoxemia-enhanced BLB trafficking for multiple vascular tracers and
at multiple LPS doses.
Baseline Texas red trafficking during endotoxemia and increased Texas red
trafficking in neonatal mice could be due to a number of factors including
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pharmacokinetic, cochlear development, and active transport out of the cochlear
parenchyma. Texas red (a.k.a. sulforhodamine 101) is a well characterized anionic ligand
for MDR1 which is highly expressed in both the liver (452, 453) and BLB (454).
Neonatal mice only begin to express MDR1 in the cochlear lateral wall around the third
week of life; MDR1 reach adult levels by the sixth week (455). Thus, the observed
trafficking in neonatal mice could be due to the dearth of MDR1 expression in the
neonatal versus adult cochlear lateral wall. Furthermore, the tight junctions in the
neonatal mouse BLB are underdeveloped, which allows paracellular molecular
trafficking (456, 457). In the liver MDR1 acts to move organic anions out of circulation
and thus the lack of MDR1 expression in the neonatal liver would greatly prolong the
serum half-life of sulforhodamine 101 and therefore increase the total cochlear exposure
to Texas red. In adult mice, the half-life of sulforhodamine 101 is only fifteen minutes.
Thus, with the 45-minute circulation time utilized in the experiment presented in Fig 2.2,
only 12.5% of the initial serum concentration would remain. In neonatal mice, one would
predict a longer half-life and thus a greater serum AUC. These two factors could be
sufficient to generate the observed enhanced BLB uptake of sulforhodamine 101 in
neonatal versus adult mice. However, endotoxemia downregulates MDR1 activity at the
BBB (458) and therefore enhanced sulforhodamine 101 BLB trafficking would be
predicted due to decreased efflux pumping by MDR1.
Prolonged pharmacokinetics and the developmental pattern of MDR1 expression
are two possible mechanistic contributors explaining the observation that sulforhodamine
101 traffics across the neonatal mouse BLB but not the adult endotoxemic or vehicletreated control. Another possible mechanistic contributor is enhanced paracellular
trafficking during the neonatal period which theoretically persists until development of
the EP which requires fully developed tight junctional complexes (457).
Higher dose (10 mg/kg, i.v.) endotoxemia enhances biocytin-TMR trafficking
across the BLB (Fig. 3-4). The enhanced BLB trafficking is likely due to a combination
of molecular transport mechanisms (Fig. 3-5). Biocytin-TMR's molecular weight is 869
g/mol and has a net +1 charge at physiological pH due to a free primary amine on the
linker moiety. Biocytin-TMR is extensively described in the literature as a tracer for
paracellular trafficking (148, 459-462); however, other modes of transport may contribute
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but have not been thoroughly explored. Because of the literature precedent for biocytinTMR, we conclude that higher dose endotoxemia promotes paracellular trafficking route
development, allowing for enhanced biocytin-TMR trafficking. Other routes of transport
and BLB compromise very likely also emerge during endotoxemia. Future studies should
concentrate on non-paracellular routes and may include utilization of mice deficient in
transcytosis, such as the caveolin1-KO, or the MDR1-KO mouse line deficient in active
transport BLB exclusion to parse out the relative contributions of the principal barrier
transport mechanisms.

4.3 – TLR4 Activity Promotes Endotoxemia-Mediated
Labyrinthitis and Enhances BLB Trafficking
As described earlier, TLR4 is the canonical innate immune sensor for gramnegative LPS and hence a primary signaling molecule during experimental endotoxemia.
We demonstrated in two separate mouse models the dependence of endotoxemiaenhanced BLB trafficking on TLR4 activity. First, we demonstrated in the TLR4
hypomorphic C3H/HeJ mouse line that an inactivating mutation in TLR4 is sufficient to
ameliorate low dose (1 mg/kg i.v.) endotoxemia-mediated labyrinthitis as measured by
labyrinthine innate proinflammatory cytokine and chemokine expression (Fig. 2-5). In a
separate experiment utilizing high dose (10 mg/kg i.v.) endotoxemia, TLR4-KO mice
demonstrated a qualitatively similar innate immune cytokine/chemokine response to
endotoxemia as in C3H/HeJ mice (Fig. 3-2). This decrease in endotoxemia-induced
cytokine/chemokine expression was accompanied by amelioration of endotoxemia
enhanced gentamicin-Texas red BLB trafficking in C3H/HeJ mice (Fig. 2-6) as well as
amelioration of endotoxemia enhanced biocytin-TMR BLB trafficking in TLR4-KO mice
(Fig. 3-4).
TLR4's most prominent biological role is promotion of innate inflammation. Two
divergent but related signaling pathways immediately downstream of TLR4 activity are
governed by the expression of adaptor proteins MyD88 and the TRIF/TRAF duo (463)
MyD88-dependant TLR4 signaling promotes NF-kb translocation to the nucleus which
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turns on acute phase response related proteins. TRIF/TRAM work to promote interferon
response factor (IRF) translocation to the nucleus, turning on interferon related genes.
Both of these divergent pathways act to orchestrate the innate inflammatory response.
Depending upon the cell type and which TLR4 adaptor molecule(s) predominates
determines each cell's role in the inflammatory response.
In vascular smooth muscle cells TLR4 activation may result in vasodilation.
However, it is unlikely the direct TLR4 signaling that cues the vascular smooth muscle to
relax but instead molecules downstream of TLR4 such as NO (464). However, TLR4
activity can directly modulate non-leukocyte cellular activity. One example is in
leukocyte-independent systems of BBB derived endothelial cell cultures. In these
systems, LPS can down-regulate tight-junction expression and electrical resistance across
cellular monolayers. Therefore, LPS acts by both intrinsic cellular responses and by the
action of leukocyte-mediated host-tissue damage.

4.4 – Neutrophil Activity Downstream of TLR4
Enhances BLB Trafficking
Endotoxemia recruits neutrophils to the cochlea in wild-type but not TLR4-KO
nor neutropenic GCSF-KO mice (Fig. 3-3). This observation coincides with the observed
proinflammatory cochlear cytokine and chemokine profile. The cytokines and
chemokines on the gene panel were selected because these genes act to mediate the
neutrophilic phase of acute inflammation (Table 3-S2). As neutrophils are the first
responders in acute innate inflammation body-wide during endotoxemia, cochlear
neutrophilic inflammation is not a surprise. These experiments link neutrophil activity,
cytokine/chemokine expression patterns, and molecular trafficking at the BLB. We
demonstrate that enhanced biocytin-TMR trafficking requires neutrophil activity and that
neutrophil activity depends on an adequate TLR4-dependant cytokine/chemokine
response. Knocking down either TLR4 activity of neutrophil numbers is sufficient to
ameliorate endotoxemia-enhanced BLB trafficking. Thus, proinflammatory signaling
alone is not sufficient to perturb BLB physiology but requires neutrophil activity.

149
Neutrophil activity correlates to vascular barrier pathophysiology and organ
damage in multiple disease contexts. Indeed, neutropenia can protect against
inflammation-mediated tissue damage in the setting of stroke (465), multiple sclerosis
(466), meningitis (55, 467, 468), traumatic brain injury (469-471), endotoxemia acute
lung injury (472), as well as other non-neuronal pathologies. Because parenchymal
neutrophil activity elicits host tissue damage neutrophil activity may also contribute to
hearing loss in ways beyond effecting BLB related physiology. Neutropenia decreases
lung parenchymal uptake in inflamed lungs in comparison to animals with normal
neutrophil counts (408) similar to these findings where neutropenia decreases molecular
trafficking in inflamed cochleas. Targeting neutrophil activity directly or the cytokines
and chemokines that direct them can protect against neutrophil-mediated pathology. For
example, inhibiting neutrophil-derived lytic enzymes such as neutrophil elastase can
protect against mortality in a cecal ligation and puncture model of sepsis in rats (473),
TLR4-KO protects against noise-induced hearing loss (474), MMP inhibitors attenuate
cochlear lateral wall damage during locally applied LPS-mediated otitis media (429), and
sudden sensorineural hearing loss correlates with systemic inflammatory biomarker
elevations (475). Because neutrophils are the most numerous immune cell and the first
responders to innate inflammatory cues (476), targeting neutrophil activity is a logical
junction to intervene in pathophysiological inflammatory processes.

5 – Summary, Conclusions, and Translational
Implications
5.1 – Summary and Conclusions
Ironically, the very disease aminoglycoside therapy treats enhances the risk of
hearing loss. For the clinician, enhanced toxicity makes treating sepsis with
aminoglycoside antibiotics a difficult decision, particularly when the pathogen has a
known sensitivity to the drug. Attempts to cure a patient must be balanced by the
morbidity and potential complications of the treatment. Careful dosing, and adequate
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hydration are the mainstays in preventing aminoglycoside toxicity. Understanding the
mechanisms of aminoglycoside ototoxicity and how inflammation enhances this side
effect helps further complication-free treatment for conditions such as sepsis. We show
here that both TLR4 activity and downstream neutrophil activity is required for
endotoxemia-enhanced BLB trafficking.
Because a common complication of cisplatin treatment is neutropenia, and
neutropenia is a strong risk factor for developing sepsis, often neutropenic cancer patients
treated with cisplatin are later treated with aminoglycoside antibiotics for sepsis. Because
neutropenia protects against endotoxemia-enhanced BLB trafficking, it spurs the notion
that possibly neutropenia is an indication for ototoxicity-free aminoglycoside therapy.
Further observational and prospective clinical studies could be carried out to determine
the risk of aminoglycoside ototoxicity as it relates to the septic neutropenic cancer
patient. Perhaps these individuals will largely be protected from ototoxicity compared to
septic patients with neutrophil counts within the standard range. However, studying the
effect of neutropenia and aminoglycoside ototoxicity in cisplatin-treated patients may
confound any conclusions, or diminish the power of a study to detect any otoprotective
effect of neutropenia because cisplatin is also ototoxic.
Protecting a patient with adjunct otoprotective therapy is another approach to help
stave off aminoglycoside and platinum induced ototoxicity. Aspirin and thiol-based
pharmaceuticals are two well studied classes otoprotectants with excellent promise to
preserve the clinical utility of aminoglycosides and platinum chemotherapy. Steroids
such as dexamethasone are also otoprotective in the settings of drug-induced and
inflammation-induced hearing loss. A common thread between NSAIDs such as aspirin,
thiol-based agents, and steroids is the anti-inflammatory activity of all these compounds.
Aspirin acts to directly neutralize ROS and to dampen inflammation through classic COX
inhibition. Thiols exert anti-inflammatory activity by mopping up inflammation-related
ROS as well as inflammation-independent ROS. Dexamethasone acts to directly dampen
any inflammatory response. This mechanistic convergence provides insight to the basic
science of ototoxicity and how inflammation overlaps with ototoxic drug exposure.
Ototoxic drugs are in part ototoxic due to the inflammatory reaction they provoke. Thus,
it makes sense that inflammation enhances the ototoxicity potential of ototoxic drugs.
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Future studies examining the effects of immune modulation in relation to druginduced otopathology and hearing loss may provide insight for therapeutic strategies to
protect hearing.

5.2 – Study Limitations
One major consideration in the interpretation of this body of work is the selection
of endotoxemia as a model for sepsis/SIRS. Other model systems considered during the
conception of these experiments included cecal ligation and puncture, and i.v. injection of
either lysed or living bacteria. Other models of sepsis/SIRS considered included viremia
or i.v. poly-I:C (as a model for viremia).
An advantage of utilizing cecal ligation and puncture is that it is a good model for
endogenous bacterial peritonitis with a SIRS response; a disadvantage of this approach is
that cecal ligation and puncture is uniformly lethal without surgical intervention and
repair. Furthermore, the invasive surgery itself is a major traumatic event and requires
ample surgical time in the lab in comparison to other models. i.v. injection of live
pathogens is advantageous in that treatment modalities may be administered to try and
cure the animals of the experimentally induced bacteremia. For example, aminoglycoside
antibiotics could be administered after induction of bacteremia and adjunctive
otoprotective compounds could be administered along with or after antibiotics to try and
protect hearing. This integrated clinical animal model is advantageous in that many
variables could be tested at once including hearing loss, survival, and otoprotective
compounds. Disadvantages of this approach include inconsistent animal mortality, and
protocol complexity which could further add to inconsistencies in the results. Models for
viremia could be particularly translatable as most cases of suspected sepsis in the
neonatal intensive care unit are cases of viremia (477). We decided upon LPS-induced
endotoxemia due to consistency in dosing/lethality, because our experimental questions
did not require the use of live pathogens, because aminoglycosides are used to treat gramnegative infection, and due to convenience and ease of i.v. tail injections.
Another limitation in the initial finding that endotoxemia enhances
aminoglycoside ototoxicity is the sole use of ABR to measure hearing thresholds in the
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animals. However, cytocochleograms did confirm outer hair cell loss and bolstered the
ABR data. Other modalities with greater sensitivity could have bolstered this set of data.
Other methods include measuring distortion products of otoacoustic emissions which
measures outer hair cell function, and measurement of compound action potentials in the
round-window niche.
A limitation in experiments looking at neutrophil numbers was the use of Ly6G as
the sole neutrophil marker. Co-labeling with antibodies against CD45, CD11B, and other
markers not specific for neutrophils, but instead, other immune cells (such as CD11)
would bolster confidence that the Ly6G+ cells are in fact neutrophils.
In terms of vascular tracers utilized to investigate vascular permeability only four
tracers were used: gentamicin, gentamicin Texas Red, Texas Red, and biocytin-TMR.
Gentamicin and gentamicin Texas Red are unique in that trafficking mechanisms are still
a hot topic of debate. As mentioned in section 5.1, Texas Red (sulforhodamine 101) is a
substrate for organic anion transporters and is therefore not a strict tracer for paracellular
trafficking. Biocytin-TMR is generally described in the literature as a paracellular tracer,
however this tracer is likely a substrate for the biotin receptor.
For gene expression the primary limitation was bias in selection of our gene
panel. Utilizing combined MS-MS proteomics and RNAseq technologies would provide
a comprehensive unbiased characterization of the cochlear transcriptional and
translational response to endotoxemia. Personnel, access to experimental apparatuses, and
time restraints are all reasons why this route was not pursued.
Two other general limitation of this study include only one experiment looking
into functional hearing outcomes, and the fact that most data was collected from ex vivo
tissue samples. Functional hearing assays in both TLR4-KO and GCSF-KO mice could
have provided interesting results either bolstering or disagreeing with the genetic,
inflammatory, and genetic analyses. More studies utilizing in vivo methods could
improve the confidence of conclusions drawn from these ex vivo tissue samples.
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5.3 – Future Directions
As mentioned in section 5.2, additional in vivo studies would bolster the
confidence of the findings in these studies. Utilization of animal models with fluorescent
leukocytes in combination with the cochlear thin window technique (appendix C) would
provide an opportunity to observe cochlear leukocyte dynamics in vivo during
endotoxemia.
Studies triple-labeling for neutrophils would increase the confidence that the
Ly6G+ cells observed in these studies are in fact neutrophils. Performing flow cytometry
to look at a pan-leukocyte panel would remove the bias of this work towards neutrophils
and expand possible white blood cell actors to other cells types such as T-cells and
macrophages for which other groups such as Hirose et al. have focused on over the past
two decades. This work, however, is novel in that the neutrophil is the focus and has been
rarely described in cochlear pathology in comparison to the macrophage.
Utilization of magnetic resonance imaging (MRI) in combination with iron
nanoparticle and/or gadolinium-based contrast is one way to observe BLB permeability
in real-time using a paired statistical analysis scheme. Indeed, pilot studies utilizing this
study have been initiated in the Long Evan's rat model (Fig. 5.3.1). An n of one has
demonstrated that gadolinium and Ferumoxytol imaging agents trafficking into the
lymphatic spaces of the rat cochlea 24 hours after induction of endotoxemia
(Ferumoxytol data not shown). This project is at a stage of translating the LPSendotoxemia model to the rat which is more sensitive to equivalent LPS doses in
comparison to the mouse.
Clinically, a logical research question stemming from this study is: are patients
with neutropenic fever and sepsis who are treated with aminoglycoside antibiotics at
greater risk for hearing loss. A clinical study looking at suspected cases of neonatal sepsis
treated with aminoglycoside antibiotics are more at risk of incurring hearing loss has
already been conducted (appendix B). It would be interesting to see if this trend holds in
neutropenic patients or if neutropenia protects hearing in a human cohort.
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Fig. 5.3.1: Pilot BLB trafficking MRI study in endotoxemic rats.
(A) Briefly, an adult Long Evan's rat was treated scanned in a 12T MRI instrument and
then injected with gadolinium-based contrast prior to (B) dynamic imaging postinjection. The rat was then treated with 10 mg/kg LPS. 48 hours later the animal was reimaged both prior to (C) and after an additional gadolinium injection (D). Regions of
interest were defined as in panel (B) (yellow lines) and the average pixel intensity was
determined and normalized to temporalis muscle signal intensity. The gadolinium
induced change in signal intensity was then calculated before and after LPS (E)
demonstrating that LPS enhances the trafficking of gadolinium-based contrast across the
BLB.

Appendix A: Basics of Hearing
A.1 – Basics of Hearing
A.1.1 – Sound
Sound is defined by sinusoidal waves in air (or other matter) pressure produced
by vibrations. Compressions and rarefaction are the terms for regions in space and time
where the pressure in the material medium is increased or decreased respectively
compared to the surroundings. Sound waves can travel through any kind of matter and
cannot exist in a vacuum where there is no medium to transduce the waves. The speed at
which sound waves travel through a material is related to the materials, density, elasticity,
and compressibility. Sound waves are described by six dimensions; frequency, amplitude,
time, and space (3 dimensions of space).
Frequency relates to the perception of pitch. Higher frequency sound is perceived
as higher pitch and lower frequencies as lower, deep pitched sounds. Amplitude relates to
the volume of a sound heard and is quantified by the arbitrarily defined decibel scale
where 0 dB is the amplitude threshold where an "average" human can hear a sound. This
unit is specifically called dB-HL or "decibel hearing level." dB-HL can be physically
defined by the physical pressure exerted by the wave by a unit called dB-SPL where 0
dB-SPL translates to 20 µPa.

A.1.2 – Outer Ear
The external ear, or pinna, is the portion of the ear visible with the unaided eye.
Sound is collected and funneled via the pinna's spiral structure before transmission
through the external auditory canal. Sound of higher frequencies (2000-4000 Hz) is
further amplified via the external auditory canal which terminates on the tympanic
membrane. Which sounds are amplified by the external auditory canal depends upon the
resonant frequency of the canal. Shorter and narrower canals will amplify higher
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frequency sounds while longer wider canals amplify lower frequency sounds. As
individuals develop, the resonant frequency shifts to progressively lower frequencies.

A.1.3 – Middle-ear
The middle-ear is defined as the air-filled space where the three auditory bones
reside referred to as ossicles. The tympanic membrane is attached to the first and largest
ossicle, the malleus, next in line is the incus, and finally the stapes. Ossicles are named
after their shape and refer to the hammer, anvil, and stirrup respectively. Sound vibrations
reach the tympanic membrane via the external auditory canal and transduce these sound
waves to the tympanic membrane. Tympanic membrane vibration is then transduced to
the malleus, through the incus, and to the stapes which inserts on to the oval window. The
surface area of the tymapanic membrane is larger than the surface area of the oval
window. because of the change in surface area, pressure exerted on the tympanic
membrane is transduced to a greater pressure on the oval window; the same force
distributed over the tympanic membrane is concentrated on to the smaller oval window.
Because the middle-ear is a closed air-filled space changes in environmental
pressure alter the pressure within the middle-ear. The eustacian tube is a tubular structure
connecting the middle-ear with the pharynx and is normally closed. The closed state of
the eustacian tube prevents breathings sounds from reaching the middle-ear. When
pressure differences exist between the middle-ear and the environment the eustacian tube
temporarily opens generating an open space between the middle-ear and the pharynx
which is continuous with environmental air pressure. Colloquially this physiological
process as known as "ear popping."

A.1.4 – Inner-Ear
Sound pressure waves transduced via the ossicles are propagated on to the oval
window which is in contact with the perilymph of the scala tympani. Concentration of
physical force via increased pressure on the round window serves to impedance match
the sound wave as the physical medium changes from air to perilymph. Sound waves
then travel along the scala tympani to the apical helicotrema where the scala tympani is
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renamed the scala vestibuli. Sound waves then travel back down the cochlea where they
run into the round window. These waves vibrate the basilar membrane while they travel.
The tectorial membrane is relatively stationary compared to the organ of Corti of the
basilar membrane. Via this action, sound waves are converted to sheer forces exerted
upon the stereocilia of hair cells.
Displacement of hair cell stereocilia opens (still unidentified) mechanically gated
non-specific cation channels on the apical tip of the stereocilia causing hair cell
depolarization via K and Ca currents. Hair cell depolarization enhances glutamate
+

2+

release at the basal side of hair cells via ultra-fast ribbon synapses. Glutamate then
traverses the synaptic cleft and stimulates CNVIII fibers radiating from the modiolus.

A.1.5 – Pitch and Volume Decoding
Pitch is coded by the tonotopic distribution of frequency specific regions of the
organ of Corti. Higher pitch sounds are transduced by hair cells near the base of the
cochlea and lower pitch sounds by apical hair cells. The geometrical shape of the cochlea
is such that basal portions of the basilar membrane resonate with higher frequency sounds
and lower frequency sounds resonate with the apical basilar membrane regions. Basilar
membrane vibrations are further amplified via the "acoustic amplifier" wherein outer hair
cells expand and contract in phase with the sound waves via the protein activity of
harmonin. Thus, frequency discrimination of sound based on stimulation of tonotopically
distributed hair cells and paired cochlear nerve fibers allows for pitch perception.
Perception of sound volume is the ability to sense and discriminate sound waves
of variable amplitude. Sound waves with larger amplitudes displace hair cell stereocilia
to a greater degree. Greater stereocilia displacement depolarizes hair cells to a larger
degree versus smaller displacements. The cellular potential of hair cells determines the
rate at which glutamate is released by the glutamatergic ribbon synapses; greater
depolarization correlates with faster glutamate release. When a cochlear nerve fiber
receives more glutamate, the action potential spike rate increases. Increased spike rate
corresponds to perception of a louder sound.
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A.1.6 – Cranial Nerve VIII to the Auditory Cortex
Auditory pathways beyond the cochlea are not a focus of this work and only a
simplified version of the ascending auditory pathway is summarized here. Cranial nerve
VIII (a.k.a. acoustic nerve, or auditory nerve, or cochlear nerve) nerve fibers are
tonotopically arranged as described in section A.1.5. This tonotopic distribution is
preserved as these nerve fibers travel up the brainstem and eventually to the primary
auditory cortex A1 which also preserves this tonotopic organization. Cranial nerve VIII
travels from the cochlea to through the internal auditory canal of the skull and synapses
with the ipsilateral cochlear nucleus. From there, projections are sent to both the
ipsilateral and contralateral superior olivary nuclei, followed by the ipsilateral inferior
colliculus, the medial geniculate body, and then to A1.
Once acoustic frequency information reaches A1 neural circuits continue to merge
onto higher order neurons in A2, A3 etc. eventually reaching broca's area which is
responsible for language. It is the merging of information that allows for efficient
perception of more complicated acoustic parameters. For example, a neuron on A2 may
receive inputs from all A1 fibers encoding the individual frequencies of the C-major
chord. Thus, a specific neuron (mini neural circuit) in A2 can encode a more complex
auditory feature. This idea is translatable for neurons in Broca's area where specific
neurons or circuits may encode specific words, phrase, or sounds.
Spatial coding of sound requires bi-aural hearing and is based upon interaural
time and intensity differences. This is that slight differences in timing and intensity for
which sound reaches both ears allows spatial localization of sounds. Interaural time and
intensity differences are then decoded by the cross-over of nerve fibers projected from
the cochlear nuclei to the ipsilateral and contralateral superior olivary nuclei.
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B.1 – Abstract
Objectives: Hearing loss in neonatal intensive care unit (NICU) graduates

range from 2% to 15% compared to 0.3% in full-term births, and the etiology
of this discrepancy remains unknown. The majority of NICU admissions
receive potentially ototoxic aminoglycoside therapy, such as gentamicin, for
presumed sepsis. Endotoxemia and inflammation are associated with increased
cochlear uptake of aminoglycosides and potentiated ototoxicity in mice. We
tested the hypothesis that sepsis or systemic inflammatory response syndrome
(SIRS) and intravenous gentamicin exposure increases the risk of hearing loss
in NICU admissions.
Methods: The Institutional Review Board at Oregon Health & Science

University (OHSU) approved this study design. Two hundred and eight infants
met initial criteria, and written, informed consent were obtained from parents or
guardians of 103 subjects ultimately enrolled in this study. Prospective data
from 91 of the enrolled subjects at OHSU Doernbecher Children's Hospital
Neonatal Care Center were processed. Distortion product otoacoustic emissions
(DPOAEs; f2 frequency range: 2063–10,031 Hz) were obtained prior to
discharge to assess auditory performance. To pass the DPOAE screen, normal
responses in >6 of 10 frequencies in both ears were required; otherwise the
subject was considered a “referral” for a diagnostic hearing evaluation after
discharge. Cumulative dosing data and diagnosis of neonatal sepsis or SIRS
were obtained from OHSU's electronic health record system, and the data
processed to obtain risk ratios.
Results: Using these DPOAE screening criteria, 36 (39.5%) subjects

would be referred. Seventy-four (81%) subjects had intravenous gentamicin
exposure. Twenty (22%) had ≥4 days of gentamicin, and 71 (78%) had <4
days. The risk ratio (RR) of referral with ≥4 days of gentamicin was 1.92
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(p = 0.01). Eighteen subjects had sepsis or met neonatal SIRS criteria, 9 of
whom had ≥5 days of gentamicin and a DPOAE referral risk ratio of 2.12
(p = 0.02) compared to all other subjects. Combining subjects with either
vancomycin or furosemide overlap with gentamicin treatment yielded an
almost significant risk ratio (RR = 1.77, p = 0.05) compared to the rest of the
cohort.
Conclusions: We report an increased risk of referral with DPOAE

screening for those receiving ≥4 days of intravenous gentamicin administration
that may contribute to the greater prevalence of hearing loss in NICU
graduates. We propose an expanded prospective study to gather a larger cohort
of subjects, identifying those with sepsis or neonatal SIRS, to increase the
statistical power of this study design. Subsequent studies also need to obtain
follow-up diagnostic audiological data to verify whether the outcomes of
DPOAE screening, in addition to the standard AABR screen, is a reliable
predictor of permanent hearing loss following gentamicin exposure in the
NICU.
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B.2 – Introduction
Hearing loss in patients discharged from neonatal intensive care units (NICUs)
range between 2% and 15% of admissions, compared to a 0.2–0.3% rate of congenital
hearing loss in full-term births (478). Risk factors for hearing loss in the NICU include
illnesses or conditions requiring more than 48 h of NICU admission, genetic
predisposition, family history of childhood sensorineural hearing loss, hyperbilirubinemia
exceeding 30 mg/dl (requiring exchange transfusion), persistent pulmonary hypertension
requiring mechanical ventilation, meningitis, seizures, in-utero infections
(cytomegalovirus, herpes simplex, toxoplasmosis, rubella, syphilis) and TSH
abnormalities, among others (479-481). Bacteremia (sepsis), prolonged duration of
therapy, and other drug administration factors have also been proposed as risk factors for
ototoxicity in adult populations (480, 482). Exposure to intravenous aminoglycoside
antibiotics like gentamicin in the NICU may contribute up to 25% of this unexplained
rate of hearing loss (482). Experimental models of systemic inflammation show increased
cochlear uptake of gentamicin into the cochlea and exacerbation of ototoxicity (314,
394). This ototoxic synergy between gentamicin exposure and systemic inflammation
may also contribute to the higher rates of hearing loss observed in NICU subjects.
This investigation is part of a larger study to measure noise exposure levels in the
NICU and to determine the relationship between noise exposure, intravenous gentamicin
exposure, and hearing screening outcomes (483). Here, we describe a sub-analysis
performed to identify the inflammation status of enrolled NICU subjects in relation to
their prospectively acquired DPOAE outcomes, and total days of gentamicin exposure. A
retrospective chart review was conducted to identify the number of NICU graduates
diagnosed with sepsis or systemic inflammatory response syndrome (SIRS) who also
received intravenous gentamicin treatments (40, 484).
Objective screening methods used to identify subjects with increased risk for
hearing loss included a distortion product otoacoustic emissions (iDPOAE) test in
addition to the standard automated auditory brainstem response (AABR) hearing screen
shortly before discharge. The AABR is currently the primary screening tool for infants in
the NICU, whereas healthy infants are screened either with AABR or with DPOAEs
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(485). The AABR reflects neural activity from the infant's auditory pathway has adequate
neural integrity from the inner-ear (cochlea) to upper brainstem (medial geniculate body)
in response to transient sounds or clicks (481, 483, 486), and can detect infants at risk for
auditory neuropathy spectrum disorder (ANSD). ANSD is characterized by normal outer
hair cell function and abnormal, absent, or non-synchronous auditory nerve function
(485). Computerized AABR testing reduces human error, and manpower costs, in hearing
screening (481). Infants who ‘refer’ on this test are often re-screened before a diagnostic
hearing evaluation is recommended.
DPOAEs, on the other hand, are frequency-specific byproducts of normal
cochlear function when stimulated with two simultaneous tones close in frequency and
level. DPOAEs are measured using an ear-level microphone and provide information
about cochlear outer hair cell function, which is the primary site of cochlear damage for
initial noise-induced hearing loss and aminoglycoside-induced ototoxicity in adult
populations (484, 487). DPOAE responses are influenced by hearing loss at the eliciting
stimulus frequencies, (f1 and f2, where f1 < f2), emission frequency (2f1 − f2) and higher
frequencies coded by more basal cochlear regions (488). This makes DPOAE responses a
valuable screening tool for detecting the onset of ototoxicity that first appears at higher
frequency (basal) cochlear locations. The current study used clinical DPOAE tests in
addition to the standard AABR to screen for potential hearing loss in a cohort of NICU
subjects, most of whom were dosed with intravenous gentamicin at least once during
admission.

B.3 – Materials and Methods
B.3.1 - Enrollment and inclusion criteria
The Institutional Review Board at Oregon Health & Science University (OHSU)
approved this study design (eIRB protocol #8434). The admission notes of 252 premature
(gestational age <37 weeks) infants to the NICU between August 2012 and October 2013
were screened. Two hundred and eight infants met initial criteria, and written, informed
consent were obtained from parents or guardians of 103 subjects ultimately enrolled in
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this study. Forty-four patients were excluded prior to enrollment. Exclusion criteria
included diagnosis of congenital hearing loss, or other known causes of hearing loss,
including infections such as herpes simplex, rubella, syphilis, cytomegalovirus, or
meningitis. Patients with known craniofacial or otologic abnormalities such as midfacial
hypoplasia, microtia or aural atresia, were also excluded. For this study, prospective
DPOAE and gentamicin dosing data were successfully collected on 93 infants. Two
subjects were excluded due to preexisting conditions associated with hearing loss (one
with intraventricular hemorrhage, and another with congenital hydrocephalus), leaving a
total subject cohort of 91.
Subject demographics and characteristics are shown in Table B.1. Intravenous
gentamicin medication exposure was obtained from OHSUs electronic health record
system (EPIC). To identify subjects with sepsis or meeting criteria for neonatal SIRS
(i.e., signs of systemic inflammation), a chart review of subject vital signs, blood culture
results and progress notes was performed in EPIC (Table B.2). Only subjects that met
sepsis or SIRS criteria on the same day as receiving a dose of gentamicin were included
in the inflammation group. Since gentamicin also binds to albumin and other serum
proteins (17–27% protein-bound), and elevated serum calcium levels can weaken this
association increasing free gentamicin levels, standard laboratory measures (including
white blood cell count, albumin levels and calcium levels) for each subject were also
obtained and examined (489).

B.3.2. - Audiologic outcome measurements
Ninety-one NICU subjects who met the inclusion criteria were tested with
DPOAE equipment at discharge between August 2012 and October 2013. DPOAE testing
was performed with the Bio-logic Scout Sport (Natus Medical Incorporated, Mundelein,
IL), with decibel levels of 65 dB/55 dB, and an f2/f1 ratio of 1.22. Ten f2 frequencies
were used per ear: 2063, 2531, 2953, 3563, 4172, 4969, 5953, 7031, 8391, and
10,031 Hz. A normal DPOAE value was defined as a distortion product (DP) >0 with a
difference between DP and noise floor (NF) >6. Reduced and absent OAEs for any given
frequency were defined as “abnormal.” A reduced value was defined as a DP <0 with a
DP-NF >6. An absent value was defined as a DP-NF <6. To pass the DPOAE screen,
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normal responses in more than 6 out of 10 frequencies in both ears were required;
otherwise the subject was considered a “referral” for potential hearing loss evaluation
after discharge.
Subjects admitted to the NICU were also screened with AABR tests prior to
discharge from the hospital by OHSU Audiology staff using already-established
institutional hearing screening protocols. The Natus ALGO 5 AABR hearing screener
was used to complete a physiologic screen of the auditory pathway. Screening involved
placing 3 sensors (forehead, nape of neck, and shoulder) and a set of earphones over the
ears. Soft click stimuli (35 dB nHL) were presented through the earphones at a rate of 37
clicks/second. During the test, sound traveled through the outer ear and middle-ear and
into the cochlea, where it was converted into an electrical signal that travels along the
auditory nerve and generates identifiable brainwaves that were processed and analyzed
by the ALGO screener. Each ear was analyzed separately. A statistical detection
algorithm was used to determine if brainwave responses matched normative data.
Subjects were categorized as a ‘pass’ if responses were within the normative data,
otherwise they were categorized as a ‘refer’. The subjects screened with AABR were of
at least 34 weeks corrected gestational age, and close to discharge from the hospital. If a
subject did not pass the initial screening, a second screening was completed at a later time
and prior to discharge. If a subject received a second ‘refer’, the subject was referred for
diagnostic audiologic testing. Diagnostic audiologic evaluations post-discharge from the
NICU were assessed by chart review in EPIC. Statistical analysis was performed using
Stata version 13.1, using the “cs” command for cohort risk-ratio calculations.

B.4 – Results
Thirty-six (39.5%) of the 91 subjects in this cohort would have been referred for
follow-up diagnostic audiology testing based on our DPOAE screening criteria, including
23 (25%) with combined low frequency (2063–3563 Hz) and high frequency (4172–
10,031 Hz) referrals. Thirteen (14%) subjects would be referred only on the high
frequency range and not the low frequency range. This is compared with 6 subjects
(6.32%) that were referred based on standard clinical AABR screening criteria. Five of
these 6 (83%) referred both on AABR and on DPOAE screening, while one referred on
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AABR, but passed the DPOAE screen. Therefore, the DPOAE screen identified an
additional 7 subjects with potential high frequency hearing loss, frequently associated
with initial onset of ototoxicity, that were not identified with the standard AABR screen
(490, 491). Among the 91 subjects, 74 (81%) had intravenous gentamicin exposure at
least once during their NICU admission. Twenty (22%) had ≥4 days of gentamicin, and
71 (78%) had <4 days, including 17 (18.7%) with zero gentamicin dosing. The risk ratio
(RR) of a DPOAE referral with ≥4 days of gentamicin, regardless of inflammation status,
was 1.92 (p = 0.01, 95% CI: 1.22, 3.03).
Eighteen (20%) out of 91 subjects showed clinical evidence of systemic
inflammation (7 with sepsis; 11 with neonatal SIRS). Nine of these 18 received ≥5 days
of gentamicin, with a DPOAE referral risk ratio of 2.12 compared to all subjects
receiving <5 days of gentamicin (p = 0.02, 95% CI: 1.35, 3.34). The risk ratio of a
DPOAE referral in sepsis/SIRS subjects at the lower threshold of ≥4 days of gentamicin
(11/18) compared to the rest of the subject cohort trended toward statistical significance
(RR = 1.70, p = 0.09, 95% CI: 1.00, 2.88). Twenty (22%) subjects had gentamicin
treatment overlapping with other known synergistic ototoxic agents – vancomycin or
furosemide – the risk ratio, when comparing this group to the rest of the cohort, also
trended toward significance (RR = 1.77, p = 0.050, 95% CI: 1.08, 2.88; Table B.3).
At 18 months after discharge of the last enrolled subject, less than one-third of
subjects had retrievable follow-up diagnostic audiometric data available for review. This
insufficient follow-up data could not be used to draw any analytical conclusions on the
relationship between gentamicin exposure and subsequent performance on DPOAE
testing by providing corroborative diagnostic audiometric analysis.
Blood panel measures including white blood cell count, albumin levels and
calcium levels were reviewed to categorize states of inflammation as well as characterize
the pharmacokinetics of gentamicin dosing. The average white blood cell count per day
per patient was a largely incomplete data set, and did not yield usable data for analysis.
The average albumin value on the days subjects with sepsis/SIRS received gentamicin
was 2.17, whereas the remaining subjects had an average of 2.43. The average calcium
for subjects with sepsis/SIRS on days gentamicin was administered was 8.91, whereas the
other 73 subjects had an average of 8.11. However, there was no significant relationship
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between these lab values, gentamicin exposure and referral on DPOAE or AABR
screening.

B.5 – Discussion
Previous studies have reported that ototoxicity from aminoglycoside antibiotics
ranges between 2% and 25%, and that the rate of hearing loss in the NICU setting ranges
between 2% and 15%, compared to 0.3% in full-term births (478, 482). A substantial part
of this differential prevalence of hearing loss between NICU graduates and full-term
births may be associated with intravenous gentamicin administration due to clinical
observation of sepsis and/or SIRS, as well as potential ototoxic synergy of
aminoglycoside treatment with concomitant vancomycin, and/or loop diuretics (315, 394,
492-495). Some of the risk for this increased prevalence of hearing loss may also be due
to systemic inflammation secondary to bacterial infection (sepsis, necrotizing
enterocolitis, gastroschisis, among other etiologies), and subsequent lysis of bacteria,
over and above the ototoxic properties of aminoglycoside antibiotics.
Lipopolysaccharide (LPS), an endotoxin in the outer membrane of gram-negative
bacteria, is released into the serum following bacterial cell lysis, leading to a robust
immune response, activation of macrophages and subsequent release of pro-inflammatory
cytokines (314, 394). Prior studies have shown that LPS potentiates the ototoxicity of
aminoglycosides and loop diuretics, leading to extensive high frequency hearing loss
(315, 394). Markers of inflammation and LPS increase cochlear uptake of
aminoglycosides, particularly into the highly vascularized stria vascularis, potentially due
to dysregulation of the integrity of the blood–labyrinth barrier (394, 407, 425). Increased
aminoglycoside trafficking across the stria vascularis will lead to greater clearance into
endolymph and uptake by cochlear hair cells across their apical membrane and greater
ototoxicity and sensory hair cell loss (310, 394, 427, 428).
Our data show that subjects who receive 4 or more days of gentamicin treatment,
i.e. longer than the standard broad-spectrum rule-out sepsis treatment of gentamicin plus
ampicillin of 2–3 days (while blood culture results are pending for narrowing of
antibiotic therapy) are at an increased risk for hearing loss. Subjects with identified
sepsis, as well as those with SIRS, are at even higher risk for hearing loss following
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gentamicin exposure compared to those without signs of inflammation. Subjects with
inflammation tend to receive longer treatments of gentamicin as they are sicker, and
receive more gentamicin treatment to eradicate the infection. Thus, NICU patients,
especially those with sepsis/SIRS, are at higher risk for ototoxicity after receiving
intravenous gentamicin treatment. It is crucial for NICU providers to carefully consider
the duration of exposure to gentamicin and the consequent risk of hearing loss in their
patients. A swift change to non-ototoxic antibiotic therapy should be a priority once the
causative organism has been identified via positive blood culture or other means of
bacterial species identification. There was also a trend toward significance when
gentamicin treatment overlapped with other ototoxic medications such as furosemide
and/or vancomycin in the NICU population, despite their low percentage within this
small cohort, making this population very vulnerable for potential hearing loss.
Another study of young adults showed that DPOAEs in the 4–8 kHz range are
affected by UHF (ultra-high frequency) hearing loss in the 11.2–20 kHz range, and
concluded that this may be due either to outer hair cell damage not yet detected by puretone thresholds, or to damaged basal cochlear (high frequency) outer hair cells that then
dysregulate more apical (lower frequency) cochlear functions (496). Further, DPOAEs
have been shown to successfully detect high-frequency ototoxicity (at 8, 9, and 10 kHz)
following streptomycin administration in adult human subjects (497). Other studies have
investigated DPOAEs combined with AABR as a method for detecting potential hearing
loss in the neonatal population, with mixed results (498, 499). In spite of these mixed
results, it has been shown that DPOAE is a more sensitive test than AABR for early
detection of gentamicin ototoxicity, and that two-stage screening protocols using both
DPOAE and AABR yield lower false-positive rates with specificity >94% (481, 500).
Prior studies have examined the factors that can lead to a “false referral” using
DPOAE equipment (501, 502). Some of these factors include middle-ear fluid
collection/infection, probes too thick to fit the size of the subject's external meatus, and
improper seal of the probe with the external meatus. Several studies have found that
DPOAE false-positive rates are higher in the lower frequency ranges compared to high
frequency ranges (485, 501, 503). Another study examining a cohort of 350 randomly
selected NICU babies and non-hospitalized healthy babies found a 0.003% false negative
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rate and a 0.028% false positive rate of DPOAE referrals, when comparing TEOAEs
(transient evoked otoacoustic emissions) to DPOAEs (502). Based on this study, it is
unlikely that our referral criteria resulted from false-positive DPOAE referrals.
The major limitation of this study is the lack of follow-up diagnostic audiology,
with data only available from less than one-third of subjects. This lack of follow-up data
is partly a consequence of study design. Funding for parents to attend follow-up
appointments, and other necessary preparations were not incorporated into this pilot study
design. The lack of data may also be due to parent inability to access care, lack of need
for follow-up due to normal initial AABR screen, subjects living or moving out of state
and follow-up audiology data not incorporated in this state's Early Hearing Detection and
Intervention database, or other unknown factors. This issue has so far prevented the
longitudinal study of these subjects to better determine the long-term hearing outcomes of
subjects exposed to gentamicin after discharge from the NICU. However, our data
suggest that DPOAE screening in the NICU setting, in addition to the already-performed
AABR, is useful to screen patients for high-frequency hearing loss due to ototoxicity that
might otherwise be missed by the standard AABR hearing screen alone.

B.6 – Conclusions
This study reports an association between neonates receiving ≥4 days of
intravenous gentamicin and an increased referral rate on DPOAE screening. This could
contribute to the increased hearing loss rates observed in the NICU setting. Subjects with
sepsis or SIRS (i.e., inflammation) are at higher risk of hearing loss. We propose an
expanded study to gather a larger cohort of subjects, including those with sepsis and
neonatal SIRS, to increase the statistical power of these observations. In addition,
subsequent studies need to obtain reliable follow-up diagnostic audiological data to
further verify whether the DPOAE screening data, in addition to the use of the standard
AABR screen, is a reliable predictor of permanent hearing loss due to cumulative
gentamicin dosing in the NICU.
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Table B.1. Subject demographics and other pertinent characteristics.
Ninety-one subjects were enrolled; 7 subjects were septic, and 11 met SIRS criteria. No
subjects had hyperbilirubinemia ≥30 mg/dl, though 73% received phototherapy. No
subjects had meningitis or seizures. Only 3% had any kind of TSH abnormality. Only
gentamicin exposure and sepsis/SIRS status were used for analysis with DPOAE referral.

Gestational age (weeks)

Range [lower limit, upper limit]

Mean (SD) Number (%)

[24.14, 36.9]

33 (2.96)

Gender: male/female
Length of stay in NICU (days)

54 (59%)/37 (41%)
[3, 215]

34.7 (36.7)

Race
White/Caucasian

70 (77%)

Hispanic/Latino/Pacific Islander

21 (23%)

Birth weight (kg)
Birth weight < 1.5 kg

[0.61, 3.255]

1.87 (0.61)
25 (27%)

APGAR Score (1 min)
≤6

40 (44%)

≥7

51 (56%)

APGAR Score (5 min)
≤6

21 (23%)

≥7

70 (77%)

Hyperbilirubinemia

73 (80%)

>30 mg/dl

0 (0%)

Required phototherapy

67 (73%)

Required exchange transfusion

0 (0%)

Subjects with signs of inflammation

18 (20%)

Sepsis

7 (8%)

Meet SIRS criteria

11 (12%)

Gentamicin exposure

74 (81%)

<4days

71 (78%)

≥4 days

20 (22%)

Vancomycin exposure

16 (18%)

Loop diuretic exposure (furosemide)

13 (14%)
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Range [lower limit, upper limit]

Mean (SD) Number (%)

Meningitis

0 (0%)

Seizures

0 (0%)

TSH abnormality

3 (3%)
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Table B.2. Pediatric SIRS criteria used to identify subjects with SIRS by electronic
health record review.
Only subjects meeting SIRS criteria on the same day as receiving intravenous gentamicin
were considered for this analysis. If a subject met SIRS criteria, but did not receive
gentamicin on that day, the subject was not categorized as a SIRS plus gentamicin subject
in this analysis.

Age

Tachycardia Bradycardia

group

0 days to

Respiratory rate

Leukocyte count

(breaths/min)

leukocytes × 10 mm
3

Systolic blood
pressure
−3

(mm Hg)

>180

<100

>50

>34

<65

>180

<100

>40

>19.5 or <5

<75

>180

<90

>34

>17.5 or <5

<100

2–5 years >140

N/A

>22

>15.5 or <6

<94

>130

N/A

>18

>13.5 or <4.5

<105

>110

N/A

>14

>11 or <4.5

<117

1 week
1 week to
1 month
1 month
to 1 year

6–12
years
13 to <18
years

Source: Adapted from Goldstein et al. (40).
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Table B.3. Overlapping administration of ototoxic medications.
Medication overlap was widespread in this cohort. Overlap was defined as at least one
day of receiving either vancomycin or furosemide on the same day as gentamicin
treatment. Fourteen (15%) of 91 subjects had overlap between gentamicin and
vancomycin. Six (6.6%) of 91 subjects had overlapping gentamicin and furosemide
treatment. There were three sepsis subjects who overlapped all three medications, and
two subjects with SIRS who overlapped all three medications. Medication overlap was
found to almost be a significant factor associated with referral on the DPOAE screen
(p = 0.05).

Vancomycin
exposure

Furosemide
exposure

91 total
subjects
in cohort

Subjects with
Subjects with gentamicin
gentamicin
overlap and ≥4
overlap
days of
gentamicin

7 subjects with sepsis

11 subjects with
SIRS

16 (18%)

14 (15%)

11 (79%)
4 of whom were
septic
4 of whom met
SIRS criteria
3 without sepsis
or SIRS

4 subjects with sepsis,
who had overlapping
vancomycin and
gentamicin exposure

4 subjects with SIRS,
who had overlapping
vancomycin and
gentamicin exposure

6 (6.6%)

5 (83%)
3 of whom were
septic
2 of whom met
SIRS criteria

3 subjects with sepsis,
who had overlapping
furosemide,
vancomycin, and
gentamicin exposure

2 subjects with SIRS,
who had overlapping
furosemide,
vancomycin, and
gentamicin exposure

13 (14%)
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Window to Observe Cochlear Blood Flow
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C.1 – Abstract
Normal microvessel structure and function in the cochlea is essential for
maintaining the ionic and metabolic homeostasis required for hearing function. Abnormal
cochlear microcirculation has long been considered an etiologic factor in hearing
disorders. A better understanding of cochlear blood flow (CoBF) will enable more
effective amelioration of hearing disorders that result from aberrant blood flow.
However, establishing the direct relationship between CoBF and other cellular events in
the lateral wall and response to physio-pathological stress remains a challenge due to the
lack of feasible interrogation methods and difficulty in accessing the inner-ear. Here we
report on new methods for studying the CoBF in a mouse model using a thin or open
vessel-window in combination with fluorescence intra-vital microscopy (IVM). An open
vessel-window enables investigation of vascular cell biology and blood flow
permeability, including pericyte (PC) contractility, bone marrow cell migration, and
endothelial barrier leakage, in wild type and fluorescent protein-labeled transgenic mouse
models with high spatial and temporal resolution. Alternatively, the thin vessel-window
method minimizes disruption of the homeostatic balance in the lateral wall and enables
study CoBF under relatively intact physiological conditions. A thin vessel-window
method can also be used for time-based studies of physiological and pathological
processes. Although the small size of the mouse cochlea makes surgery difficult, the
methods are sufficiently developed for studying the structural and functional changes in
CoBF under normal and pathological conditions.
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C.2 – Introduction
Normal function of the microcirculation in the cochlear lateral wall is critically
important for maintaining ion and fluid balance in the inner-ear. Sensory hair cells are
strikingly vulnerable to ischemia, and disruption of cochlear blood flow (CoBF) is
implicated in many inner-ear pathologies (165, 504-512). Surgical access to the cochlea,
however, is challenging. Direct measurement of CoBF is difficult and techniques for
assessing blood flow are still under development. Various methods are used for
assessment of CoBF, including laser-doppler flowmetry (LDF), magnetic resonance
imaging (MRI), fluorescence intra-vital microscopy (FIVM), fluorescence
microendoscopy (FME), as well as approaches based on injection of dye labeled or
radioactive microspheres into the blood stream (513-520). Approaches such as LDF,
MRI, and injection of microspheres into the blood plasma are limited in providing
information on relative change in blood flow rather than absolute flow rate in individual
vessels. FME, a powerful tool for studying CoBF which consists of a flexible imaging
fiber coupled to a system for detecting fluorescence, enables investigation of CoBF in
single vessels. While FME is limited to certain cochlear areas, including the round
window membrane, spiral ligament, and osseous spiral lamina, the endoscope is versatile
and small enough for relatively non-invasive imaging of regional (near the round
window) blood flow. It is not suitable, however, for imaging blood flow in the stria
vascularis. Recently developed optical microangiography (OMAG) enables visualization
of CoBF in the apical area of the intact cochlea, however, the method provides less
sufficient resolution to resolve individual capillaries of the stria vascularis in a mouse
model (520).Fluorescent IVM in combination with a vessel-window in the cochlear otic
wall enables sufficient optical resolution for investigation of capillary diameter and blood
flow velocity under experimental conditions. It is an established and well validated
method for research of lateral wall pathophysiology in larger rodents such as the guinea
pig (521-523). IVM provides excellent temporal resolution for real-time tracking of
changes in cochlear hemodynamics in vivo. However, IVM has not heretofore been
developed for the murine model. In this report we demonstrate the feasibility of open and
thin vessel-window preparations in an adult mouse model using an FIVM system. Both

178
thin and open otic windows provide quantitative images useful in studies of lateral wall
CoBF. A thin vessel-window minimizes damage and experimental artifacts
in in vivo imaging of cochlear events and opens opportunities for longer time series
imaging of the cochlear microcirculation in mouse models. By contrast, an open vesselwindow preparation provides for better resolution and easier application of
pharmacological agents to the cochlear lateral wall (e.g, therapeutic or totoxic agents),
but at the cost of possibly disturbing cochlear homeostasis. Nevertheless, the two
methods do provide complimentary means for studying structural and functional changes
in the cochlear microcirculation under normal and pathological conditions. Application of
these techniques with recently developed transgenic mice models has the potential for
significantly advancing research on CoBF, particularly for unraveling the links between
hearing function and pathology related to CoBF and the blood-labyrinth barrier.
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C.3 – Materials and Methods
C.3.1 - Animals
Mice used in this study were purchased from the Jackson Laboratory, including
the strains C57BL/6J (stock number: 000664, ages: 6–8 weeks); C57Bl/6-Tg mice (UBCGFP, stock number: 004353, ages: 4 weeks); CBA/CaJ mice (stock number: 000654,
ages: 6 ∼ 8 weeks); NG2DsRedBAC transgenic mice (stock number: 008241000664,
ages: 8 ∼ 12weeks). CBA/CaJ mice were used in the sound stimulation experiments.
C57BL/6J and 57Bl/6-Tg mice were used in bone marrow transplantation experiments
[C57Bl/6-Tg mice served as donor mice, C57BL/6J mice the recipients, reconstituted
green fluorescence protein (GFP) labeled-bone marrow derived cells (GFP -BMDCs)
+

were assessed at age 18 months]. Neural/Glial antigen 2 (NG ) DsRedBAC transgenic
2

mice were used in experiments to study pericytes (PCs). All animal experiments reported
here were approved by the Oregon Health & Science University Institutional Animal
Care and Use Committee (IACUC). The approval number is MU7_IS00001157.
Euthanasia was carried out using methods approved by the American Veterinary Medical
Association Panel on Euthanasia.

C.3.2 - Surgical preparation
C.3.2.1 - Surgery to create an open window
The mice were anesthetized with an i.p. injection of a mixture of ketamine
(100 mg/ml; 0.067 mg/gm) and xylazine (20 mg/ml; 0.013 mg/gm) wrapped in a heating
pad, and maintained with rectal temperature approximately 37 °C. Anesthetic depth was
ascertained by monitoring the paw reflex and the general muscle tone. The left bulla was
opened via a lateral and ventral approach, leaving the tympanic membrane and ossicles
intact (522). Two different methods can be employed to create an open vessel-window:
(1) The open vessel-windows can be created using a small knife blade (a custom
milled 16 scalpel) to make a rectangular fenestrate (approximately 0.1 × 0.1 mm) over
#

the spiral ligament. The area is by gently scored and then elevated with the knife (522).
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(2) The open vessel-window can be created by scraping the lateral wall bone until a thin
spot is cracked. The bone chips are removed with small wire hooks, and a window
opened over the spiral ligament. The latter method is generally found more convenient. In
both procedures the vessel-window is covered with a cut microscope coverslip (Cat 12–
#

542A, Fisher Scientific) to preserve normal physiological conditions and provide the best
optical view for recording vessel images.

C.3.2.2 - Surgery to create a thin vessel-window
In preparation for a thin vessel-window, the mucosa on the bone of the basal turn
was first removed and then the bone dried using sterile cotton swabs. Using the same
custom milled 16 scalpel (as above), the bone was thinned with extremely slow and
#

gentle cutting. No direct downward pressure was applied to the bone. The thickness of
the cochlear lateral wall was occasionally checked by adding saline to the thinned area
and viewing it in the operating microscope. The bone cutting was accomplished by light
sweeping motions nearly parallel to the cochlear lateral wall were used (when thinning
the cochlear wall fails, the speed and volume of perilymph leakage indicates the fistula).
In preparation for a ‘chronic’ thin vessel-window, the opened bulla was cleaned with
sterile gauze and sealed with a piece of 3 × 2 × 1 mm subcutaneous adipose tissue. The
3

surgical wound was closed under sterile conditions. Immediately after the procedure was
completed, the animal received a subcutaneous injection of meloxicam at 1 mg/kg. To reassess the thinned window, the bulla was re-opened and adipose tissue gently removed. If
necessary, the area of the thin otic capsule was recreated by removing any fibrous tissue
using the custom made scalpel blade. The thickness of the fibrous tissue in the ‘chronic’
preparation is dependent on the intervening time between the two consecutive
experiments. If the two experiments are done within one week, the fibrous tissue over the
tinned vessel-window is relatively thin. Thicker fibrous tissue occurred when more than
one week intervened between experiments. This procedure can be repeated to allow
further experiments. Meloxicam was administered at the same dose as described
previously for recovery surgery).
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C.3.3 - Recording CoBF with fluorescein isothiocyanate
dextran (FITC-dextran) labeling of blood plasma
CoBF was visualized using FITC-dextran dye as a contrast medium for the blood
stream (522). FITC-dextran (see Table C.1 Sigma) was slowly administrated
intravenously to the mouse at a concentration of 40 mg/ml in 0.1 ml physiological
solution over a 5 min interval. The blood vessels were imaged using an Olympus BXFM
fluorescence microscope equipped with a long working distance objective (20 × , 0.42
NA or 50 × , 0.55 NA). The instrument lamp housing includes a multiple band excitation
filter (390/482/563/640 nm BrightLine quad-band pass) and a compatible emission filter
®

(446/523/600/677 nm BrightLine quad-band band pass). The video was recorded with a
®

Hamamatsu Orca-ER high resolution digital B/W CCD Camera (model C4742-80-12AG)
at a rate of 30 frames/sec and digitally saved to a computer disk. By adjusting the optical
focus, blood vessels of either the spiral ligament or the stria vascularis can be ‘imaged’.

C.3.4 - Blood vessel diameter, blood flow velocity and vascular
permeability measurements
The internal (luminal) diameter of the capillaries was determined from acquired
images. Image J was used to determine the distance between two fixed points across the
capillary (510). Capillary diameter was measured at locations of maximum response.
Dilation was assessed as a percentage of the baseline diameter. Blood velocity was
determined from captured video frames and analyzed off-line, calculated by a crosscorrelation method using custom-made image analysis software (510). In brief, the
luminal intensity spatial structure is captured in image sequences which are cross-related
using the custom software. For two locations along a vessel the time difference of
maximum correlation was determined. Blood flow velocity was calculated by dividing
the spatial distance between the image locations (D) by the time difference.
Vascular permeability in vivo was assessed by recording tracer movement
observed through the prepared open vessel-window. Vascular permeability in control and
noise-exposed animals (immediately at the cessation of the loud sound stimulation
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regime) was assessed using a FITC conjugated bovine albumin tracer (see Table C.1
FITC–albumin, 66 kDa, A-9771, Sigma). FITC-albumin (40 mg/ml in 100 μl saline) was
i.v. administered into the femoral vein of the anaesthetized mouse 10 min prior to
recording. Albumin leakage was quantified by comparing the mean fluorescence intensity
(I) of two 10 × 5 μm windows: one window within the vessel (I ) and the other in the
v

perivessel interstitium (I ), 10 μm away from the vessel wall. I
i

background

was measured as the

mean intensity over the observed area just prior to intravenous infusion of FITC–albumin
(with video analysis software). The albumin leakage index (Alindex) was calculated as
[(I −I
i

)/(I −I

background away from vessel area

v

background away from vessel area

)] × 100% (524).

C.3.5 - Imaging and assessment of PC contractility
To better visualize fluorescently labeled PCs in NG2DsRedBAC transgenic mice,
blood vessels were labeled with FITC-dextran. PCs were recognized by the red
fluorescence signal of the NG2DsRedBAC excited at 563 nm wavelength, the emission
fluorescence acquired through a 600 nm filter. Blood vessels were visualized by exciting
at 482 nm and collecting the emission through a 533 nm filter. The created open vesselwindow was monitored by video-microscopy using a long working-distance objective
lens (20 × , NA 0.42).
To determine PC contractility, extracellular CaCl at 10 mM was topically
2

perfused to the open vessel-window. Blood vessel diameter was measured before and
after CaCl application, and the effect of CaCl on PC contractility analyzed. Image J
2

2

software was used to measure the luminal diameters at both PC and non-PC locations
(more than 10 μm distant from the PC soma). Luminal diameter near PC and non-PC
locations, as well as the size of PCs, was measured at the beginning of the perfusion of
the agent and at the time when the change in diameter was a maximum.

C.3.6 - Bone marrow cell transplantation
The method of bone marrow cell transplantation was previous published (525).
Briefly, recipients (C57BL/6J mice) were irradiated (at 9 Gy) with γ-emitting source and
reconstituted with a single periorbital sinus injection of 2 × 10 GFP -BMDCs in 200 μl of
7

+

183
modified HBSS from donor transgenic C57Bl/6-Tg mice. Two transplanted mice (age 18
months from a group of mice used in different study) were used to visualize fluorescent
labeled bone marrow cells in the opened window. To visualize the capillary boundary,
endothelial cells were pre-labeled with the fluorescent dye 1,1-Dioctadecyl-3,3,3,3tetramethylindocarbocyanine Perchlorate Dil (510), dissolved in dimethyl sulfoxide
(DMSO, 6 mg/ml, 472301, Sigma). Immediately prior to i.v. infusion, the stock solution
was diluted with PBS to a final concentration of 3 mg/ml, filtered, and injected into the
mouse’s femoral vein. 0.1 ml of the dye solution was slowly administrated over a 5 min
interval. Since DMSO has an effect on vessel diameter (526), the final concentration of
DMSO in Dil was less than 0.01% by volume.
To visualize GFP -BMDC migration in the cochlear lateral wall, the vessels were
+

labeled with fluorescence dye Dil. The GFP -BMDCs were observed through the vessel+

window at 482 nm excitation and 523 nm emission. Vessels were visualized at 563 nm
excitation and 600 nm emission. The images were recorded with a CCD camera at 30
frames/sec and digitally saved.

C.3.7 - Measurement of the endocochlear potential (EP)
The method used to measure EP was previously reported (162). Briefly, the
endocochlear potential was recorded under anesthesia as described above, with a silver–
silver chloride reference electrode placed under the skin of the dorsal head. An incision
was made in the inferior portion of the left post-auricular area and the bulla perforated,
exposing the basal turn of the cochlea. A micropipette electrode (∼2 μm) filled with
150 mM KCl was advanced through the surgical field into the spiral ligament in control
and in experiment mice (immediately after creating an open vessel-window). Potentials
were recorded with entry of the electrode tip into endolymph, and the electrode advanced
until a stable potential was observed. The signal was amplified (model 3000 AC/DC
differential amplifier; A-M Systems, Inc.) and displayed in real-time to guide the
procedure. DC potentials were digitalized by an A/D converter and recorded on a
computer. The calibrated computer recording was used to measure the EP potential in a
post-procedure analysis.
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C.3.8 - Measurement of thickness of the thinned otic bone
Cochleae from mice subjected to otic bone thinning and controls were perfused
with 4% paraormaldehyde (PFA), with the cochlea subsequently harvested, post-fixed in
4% PFA at 4 °C, and decalcified overnight in Decal bone decalcifier. The decalcified
®

cochlea was rinsed with two changes of PBS, and dehydrated in graded ethanol baths
from 70% to 100%. Baths were repeated two times for 30 min at each ethanol
concentration. The cochlea was then cleared with at least two changes of citrisolve or
until the tissue was fully translucent. Next the cochlea was bathed 2X for 45 min in
paraffin wax embedding medium under vacuum at 56 °C. The cochlea was then oriented
in a tissue mold and embedded in paraffin wax. The tissue was cut into 5 μm thick
sections, collected on Superfrost Plus glass slides, and incubated for 2 h at 60 °C for
adhesion. The specimens were viewed under DIC microscopy on an inverted FV1000
Olympus laser-scanning confocal microscope and thin section micrographs were
recorded. Using a calibrated reticle, thickness of the otic bone was assessed ex-vivo for
10 mid-sections, 5 thin otic windows and 5 controls.

C.3.9 - Sound stimulation
For ‘medium-level’ sound stimulation, a 40 kHz pure tone (a frequency localized
for stimulation of the basal turn) was applied in the external ear canal. Sound was
administered closed field at an intensity of 85 dB SPL. CoBF was recorded for 3 min
prior to sound stimulation, the last 3 min of the 10 min stimulation session, and for an
additional 3 min with the sound stimulation turned off.
For exposure to noise (‘high-level’ sound), the animals were placed in wire mesh
cages and exposed to broadband noise at 120 dB SPL in a sound exposure booth for 3 h
and for an additional 3 h the following day. The noise exposure regime, routinely used in
our laboratory, produces permanent loss of cochlear sensitivity (527).
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C.3.10 - Isolation of the cochlear stria vascularis
After the thin window was created, the whole cochlea was isolated and the thin
vessel-window was opened. The whole cochlea was immersed in 4% PFA fixative
overnight. The entirety of the stria vascularis was isolated under a dissecting microscope
and the isolated tissue imaged under a light microscope. The location of thin-vesselwindow was identified by the ‘left-over bone chips’ on the edges of surgical vesselwindow. Location of the vessel-window was determined using a calibrated reticle.

C.3.11 - Statistics
All experiments were performed multiple times to validate the observations, with
the data expressed as means ± SD. Statistical analysis was conducted using a
Student’s t test. A 95% confidence level was considered statistically significant.
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C.4 – Results
C.4.1 - Visualization of blood vessels in the cochlear lateral
through thin and open vessel-windows
The location of the thin and open vessel-windows made at the basal turn of the
mouse cochlea is shown in Fig. C.1A (indicated by the dotted rectangle area). Fig. C.1BC compare the optical quality of in vivo lateral wall blood vessels through thin and open
vessel-windows. Blood vessels can be visualized with an intravenous injection of FITCdextran to the blood plasma in both window preparations. However, the image quality of
blood vessels viewed through an open vessel-window is discernibly better than through
the thin vessel-window.
In the thin vessel-window preparation, a thickness of otic bone approximately half
the value of the thickness of an intact otic bone enables imaging useful for identifying
vasculature. Fig. C.1D–F are paraffin cross sections, showing that non-thinned otic bone
thickness in a normal adult, 4–6 week old CBA/CAJ mouse is approximately
72.2 ± 10.6 μm (n = 5, D), where the thinned otic bone was in the range of
31.0 ± 11.9 μm, n = 5, E). An opened otic bone is shown in (F).

C.4.2 - Effect of an open vessel-window on EP
The thin window preparation leaves an intact lateral wall and minimizes
disruption of the delicate homeostatic balance in the inner-ear. An open window
approach can cause the loss of perilymphatic fluid or a micro-injury to the cochlear spiral
ligament, altering cochlear homeostasis. To evaluate the quality of the open vesselwindow, we measured the EP in individual animals when the open vessel-window was
made. Fig. C.2A – E show representative EP recordings. The EP’s of the five mice with
an open vessel-window showed positive values ranging from +84 mV to +100 mV with a
mean of +96.8 mV ± 8.7 (Fig. C.2F). Our results show the open vessel-window
preparation does not substantially effect EP when surgery is conducted with extreme
gentleness and care (Fig. C.2F, n = 5, P > 0.05).
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C.4.3 - Research applications of the two window preparations
C.4.3.1 - An open vessel-window used to assess vascular leakage
An open vessel-window approach provides better spatial and temporal resolution
of blood vessels compared to a thin vessel-window approach. For example, an open
vessel-window preparation, combined with administration of a fluorescent tracer such as
FITC-albumin, enables study of the vascular permeability in the cochlear lateral
wall. Fig. C.3 demonstrates vascular permeability in control (A) and noise-exposed mice
(B). When animals were exposed to wide-band noise at 120 dB SPL for 3 h/day for two
consecutive days, the barrier becomes more permeable to large substances such as FITCalbumin, consistent with our previous report (527, 528). The difference in FITC-albumin
leakage in control and noise-exposed animals can be compared by measuring background
fluorescent signal, as demonstrated in Fig. C.3C (n = 5, *P < 0.001).

C.4.3.2 - An open vessel-window used to study PC contractility
An open vessel-window approach in combination with a transgenic mouse model
can be used to study PC contractility. (NG ) is specifically expressed in cochlear PCs
2

(529). PCs can be clearly visualized using a transgenic NG2DsRedBAC mouse model
combined with an open vessel-window and fluorescence IVM system. Fig. C.4A
demonstrates that fluorescent labeled PCs are clearly visible on FITC–dextran labeled
blood vessels through an open vessel-window.
Using the NG DsRedBAC transgenic mouse, in conjunction with an open vessel2

window and time-lapse photography, the role of PC contractility in regulating capillary
diameter in the mouse model can be analyzed by comparing changes in lumen diameter at
PC and non-PC locations. Fig. C.4B-C, captured images before and 3 min after topical
application of 10 mM CaCl to show effect of the vasoactive agent on PC contractility.
2,

No obvious change in capillary diameter at both PC and non-PC locations before and
after application of CaCl was found. The method also permits in vivo study of the effect
2

of other vasoactive agents such as adenosine triphosphate (ATP) and nitric oxide (NO) on
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PC physiology, all important for understanding CoBF regulation at a microvasculature
level.

C.4.3.3 - An open vessel-window used to track GFP -BMDC migration
+

An open vessel-window preparation can be used to directly demonstrate that
circulating bone marrow cells infiltrate to the cochlear lateral wall. Bone marrow derived
stem cells have been shown to migrate to injured tissue such as the noise damaged
cochlear lateral wall (525, 530, 531). With this preparation, GFP -BMDC migration in an
+

older (18 month) GFP -BMDC transplanted normal mouse can be directly visualized and
+

recorded in vivo. The GFP -BMDCs are better observed when the vasculature is labeled
+

with a red fluorescence dye such as Dil. Fig. C.5A–F show GFP -BMDCs in the blood
+

circulation and outside blood vessel under both low (20x lens, Fig. C.5A–C) and high
magnification (50x lens, Figs. C.5D–5F).

C.4.3.4 - A thin vessel-window used to study the effect of sound on CoBF
The thinned otic bone preparation minimizes disturbance of underlying cochlear
lateral wall tissue. A thin vessel-window approach can be utilized to study CoBF under
physiological conditions. Fig. C.6 demonstrates the effect of ‘medium-level’ sound on
CoBF in a thin vessel-window preparation made in the region of the basal turn situated
80% from the apex (indicated by the red square in Fig. C.6A). This location maps to
40 kHz sound stimulation (based on the sound frequency-map of (532). With a thin
vessel-window, we are able to measure the change in CoBF following 40 kHz sound
stimulation at 85 dB SPL without surgically disturbing cochlear lateral wall
tissues. Fig. C.6, a representative image, shows the optical quality of microvessels in the
thin vessel-window. Panels C and D in Fig. C.6 respectively show measurements of the
change in vessel diameter (Δ diameter = 7.49%, n = 15, *P < 0.05) and blood flow
velocity (Δ velocity = 24.8%, n = 15, *P < 0.05) in mice after 10 min of sound exposure.
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C.4.3.5 - A thin vessel-window preparation can be used in longer time
studies
A thin vessel-window can also potentially be used for some prolonged studies.
For example, it can be used to assess the effect of drug treatment or multiple sound
exposures on the same microvasculature. The bulla after each imaging session can be
surgically closed and the blood vessels within the thin vessel-window can be imaged over
the course of days. In Fig. C.7, we demonstrate the optical clarity of microvessels imaged
through the thin vessel-window on days one, three, and seven after the window was
created. The same microvasculature were clearly visualized after FITC-dextran was
intravenously injected to the blood plasma. In this preparation, no evidence of perilymph
leakage (i.e. accidental creation of a cochleostomy) was seen during multiple imaging
sessions (though surgical skill is required to obtain these results).
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C.5 – Discussion
Normal hearing requires tight control over cochlear microcirculation. Reduced
CoBF and disruption of the BLB are closely associated with a number of hearing
disorders (504, 505, 507, 508, 510, 533-536). However, techniques for assessing blood
flow in the cochlear lateral wall are still under development. Here we report on new thin
and open vessel-window approaches which, used in combination with fluorescence IVM,
facilitate the study of CoBF and physiopathology of various lateral wall cell types in
mouse models. Further progress in understanding cochlear microcirculation in mouse
models, especially in transgenic models, will lead to a better understanding of CoBF
associated cochlear homeostasis.
Two distinct networks, including the capillaries of the spiral ligament and
capillaries of the stria vascularis, are arranged in parallel in the cochlear lateral wall
(152). Spiral ligament capillaries are usually smaller in diameter than strial capillaries
(537). The strial capillaries are tightly packed with red blood cells. The velocity of blood
flow in the strial network is much slower than in vessels of the spiral ligament (522).
Both capillary systems are essential for maintaining cochlea hemostasis, ion balance, and
nutrient supply. The specific functions of the two vessel systems have not fully
characterized. Smooth muscle cells in arteriole vessel walls and PCs on capillaries are
thought to regulate lateral wall blood flow in the spiral ligament (538). In contrast,
capillaries of the stria vascularis are highly specialized vascular epithelia which form into
polygonal loops (152). These capillaries comprise the blood-labyrinth-barrier, similar to
the BBB (blood-brain-barrier) and BRB (blood-retina-barrier). Strial capillaries have a
minor role in blood flow regulation, but a crucial one in maintaining the EP, ion
transport, and endolymphatic fluid balance essential for the ear’s sensitivity (512, 528,
539).
In this study of the mouse cochlea, we demonstrate that both capillaries of the
spiral ligament and capillaries of the stria vascularis can be visualized with fluorophore
labeling in open or thin window preparations under a fluorescence IVM system. The
setup of the IVM system permits convenient placement of the animal preparation and
manipulation of microscope position in the x-y plane. The vessels of the spiral ligament
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and vessels of the stria vascularis are distinguished by location and can be used to assess
blood flow with adjustment of the optical focus. Most of the capillaries in the middle part
of the spiral ligament passing in (optically) front of the stria vascularis run a more or less
straight course from scala vestibule to scala tympani in the spiral ligament (522). These
features enable the capillaries of the spiral ligament and stria vascularis to be
distinguished.
In general, the choice of the thin or open window approach is determined by
experimental goals. A thin vessel-window with intact lateral wall minimizes disruption of
the delicate homeostatic balance in the inner-ear, but an open window approach provides
better imaging resolution as well as better access to the tissue for stimulation with various
drugs and chemicals. For example, the open vessel-window approach provides sufficient
resolution for determination of vascular permeability and cell migration using different
fluorescent tracers. Open vessel-windows are useful for examining changes in cell
morphology, as well as pathophysiological parameters, in mouse models. PCs are of
particular interest in cochlear physiology due to their role in modulating CoBF (538). In
this study, using NG DsRedBAC transgenic mice, the NG labeled PCs were readily
2

2

observed in an open window preparation (Fig. C.4). Investigation of the contractility of
PCs on the strial capillaries was facilitated by applying CaCl to the open vessel-window.
2

Change in vessel diameter at PC and non-PC locations was measured, with the level of
change in capillary diameter taken as an indicator of PC contractility. An open vesselwindow also proved extremely useful for tracing GFP -cells in a second transgenic mouse
+

model. In this study, we demonstrated the utility of the open window method in
transgenic strains by observing GFP -BMDCs in a post GFP bone marrow transplanted
+

+

normal mouse (Fig. C.5). In the experiment, the microvasculature was labeled with the
red fluorescent dye, Dil, and GFP transplanted cells observed as green fluorescence.
+

Locations of the green fluorescence labeled cells were easily identified within and outside
the vessel. GFP transplanted cells outside the vessel indicate bone marrow cell migration
+

to the stria vascularis in the aged mice. The drawback of an open vessel-window
approach is the high degree of surgical skill required. A vessel-window which does not
unduly disturb the underlying tissue is essential for maintaining a constant EP. In most of
our studies we were able to maintain a constant and normal EP (as shown in Fig. C.2).

192
The thin otic capsule window approach reported here is adopted from the thin
cranial window, a technique widely used in brain studies (540). IVM is ideally suited to a
thin cochlear vessel-window preparation for two reasons: 1) The original thickness of otic
bone (approximately 70 μm) is thinned by half, reducing the optical scattering to levels
sufficient for adequate visualization of vessels without the need to resort to 2-photon
imaging and lower temporal resolution. 2) Imaging through a thin window leaves the
lateral wall substantially intact, minimizing disruption of the delicate homeostatic balance
in the inner-ear. The main drawback of the thin window preparation is the increased
optical scattering (relative to the open window preparation) and the introduction of bone
auto- fluorescence to increase the background signal of the image. However, these
disadvantages are offset by the advantage of observing physiologically intact functional
changes in CoBF and lateral wall biology. With intravenous injection of fluorescent dye,
improvement to the signal-to-noise ratio enables observation of vessel diameter and
blood flow velocity (Fig. C.6). The approach is preferred if time-series imaging is
required to assess an effect on cochlear lateral wall physiology at multiple time points
without disturbing the perilymphatic compartment. For example, a thin vessel-window
approach can be used to determine the dynamic changes in blood flow velocity and vessel
diameter immediately following and at different time points after certain applications.
These methods can also be exploited to investigate the acute healing response to cochlear
insults such as trauma, infection, noise, foreign bodies, ototoxic drugs, or potentially any
agent affecting the lateral wall. Although many other imaging modalities exist for
tracking cells of various phenotypes in the inner-ear, thin and open window methods have
an advantage in unlocking a library of readily available transgenic mouse models for
studying inner-ear pathophysiology. For example, two-photon microscopy bypasses the
problem of otic capsule induced optical scattering. Two-photon imaging, using a long
working distance air objective and thin-window preparation, in our experiments resulted
in increased spatial resolution at the expense of temporal resolution (data not shown). The
decrease in temporal resolution limits real time in vivoanalysis to single vessels and
introduces movement artifacts.
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Overall, this study demonstrates that fluorescence contrast video imaging of the
microcirculation, viewed through either thin or open windows on the cochlea, provides
sufficient resolution for CoBF studies.
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Table C.1. Fluorescence tracers applied in the study.
Name

Fluorescein isothiocyanate dextran

Type

Reagent

(FITC-dextran)
1,1-dioctadecyl-3,3,3,3-

Company

Sigma–

Catalog

Molecular

number

weight

46945

70 kDa

46895

933.87 g/mol

A-9771

66 kDa

Aldrich
Reagent

tetramethylindocarbocyanine

Sigma–
Aldrich

perchlorate (Dil)
Fluorescein isothiocyanate dextran
(FITC-albumin)

Reagent

Sigma–
Aldrich
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Fig. C.1. Thin and open cochlear vessel windows.
(A) The surgical view shows an opened bulla and location of the vessel-window
(indicated by a black color rectangle in panel A) on the basal turn of a murine cochlea.
Cochlear blood vessels are visualized with intravenously administrated FITC-dextran to
the blood plasma. (B) and (C) show respectively in vivocaptured images of strial blood
vessels from a video monitor though a thin vessel-window and an open vessel-window.
(D, E and F) Paraffin cross sections show the thickness of the otic bone in control (D),
thinned otic bone (E, indicated by a red color rectangle), and open otic bone (F, indicated
by blue color lines) preparations. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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Fig. C.2. EP During window vessel observations.
Representative EP waveforms (A)–(E) and average EP (F) values in an open vesselwindow cochlea. There is no statistical difference in EP between the control and an open
vessel-window preparation (n = 5, *P > 0.05).
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Fig. C.3. Vessel window vascular permeability studies.
An open vessel-window preparation was used to study vascular permeability in control
and noise-exposed mice. (A) shows FITC-albumin labeled blood vessel from the stria
vascularis in a control animal. (B) shows FITC-albumin extravasation from leaked
capillaries in a noise-exposed animal. The arrows point out the leakage sites. (C) The
difference in albumin leakage in control and noise-exposed animals, seen as a general
increase in the background signal, was statistically significant (n = 5, *P < 0.001).
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Fig. C.4. Vessel window in transgenic fluorescent NG2 mouse strain.
An open vessel-window preparation was used to visualize PCs and determine PC
contractility using a NG DsRed labeled-PC transgenetic cell mouse model. (A) shows
2

fluorescent labeled-PCs (red) distributed on the strial blood vessels labeled by
intravenous injection of FITC-dextran. (B) and (C) show PCs contractility before and
after application of 10 mM CaCl . White lines on images B and C indicate the measured
2

site of blood vessel diameter at the non-PC location (∼10 μm away from the PC site).
Blue lines on images B and C indicate measured blood vessel diameter at PC location.
There is no obvious change of vessel diameter at both PC- and non-PC locations (see data
in the table).
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Fig. C.5. Thin window preparation in GFP-labeled bone marrow transplant mouse.
An open vessel-window preparation was used to visualize GFP -BMDCs migration from
+

cochlear lateral wall blood vessels in the lateral wall of a living mouse 18 months after
bone marrow transplantation from a GFP donor mouse. (A)–(F) GFP -BMDCs are shown
+

migrated outside the blood vessel (red, labeled by Dil) under both low magnification (A)–
(C) and high magnification (D)–(F). (Arrowheads point out GFP bone marrow cells that
are inside of the blood vessels. Arrows point out GFP positive bone marrow cells that are
outside of the blood vessels). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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Fig. C.6. Cochlear thin window preparation blood flow velocity during sound exposure.
A thin vessel-window preparation was used to study sound-induced changes in bloodflow velocity and blood vessel diameter. (A) Isolated tissue of the cochlear lateral wall,
where the red square indicates the location of the thin vessel-window. (B) FITC-dextran
labeled blood vessel are visualized with IVM imaging through the thinned vesselwindow. (C)–(D) Changes in CoBF velocity (C) and blood vessel diameter under control
and sound stimulated conditions (D, n = 5, *P < 0.05).
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Fig. C.7. Chronic thin window vessel preparation for long-term cochlear vessel studies.
A thin vessel-window preparation can be used for time-based studies. (A), (B), and (C)
respectively show captured images of FITC-dextran labeled blood vessel from a video
monitor though a thin vessel-window at days 1, 3, and 7 after the thin vessel-window was
created. At all time-points the FITC-dextran labeled blood vessel can be clearly seen
through the same thin vessel-window.

Appendix D: NAC Manuscript
Dose escalation study of intravenous and intra-arterial N-acetylcysteine
for the prevention of oto- and nephrotoxicity of cisplatin with a
contrast-induced nephropathy model in patients with renal insufficiency
Author: Edit Dósa, Krisztina Heltai, Tamás Radovits, Gabriella Molnár, Judit
Kapocsi,Béla Merkely, Rongwei Fu, Nancy D. Doolittle, Gerda B. Tóth, Zachary
Urdang, and Edward A. Neuwelt

1

Heart and Vascular Center, Semmelweis University, 68 Városmajor Street, Budapest,

1122 Hungary
2

1st Department of Internal Medicine, Semmelweis University, 26 Üllői Street, Budapest,

1085 Hungary
3

Public Health & Preventive Medicine, Oregon Health & Science University, 3184 S.W.

Sam Jackson Park Rd, CB669, Portland, OR 97329 USA
4

Department of Neurology, Oregon Health & Science University, 3184 S.W. Sam Jackson

Park Rd, L603, Portland, OR 97329 USA
5

Department of Neurosurgery, Oregon Health & Science University, 3184 S.W. Sam

Jackson Park Rd, L603, Portland, OR 97329 USA
6

Portland Veterans Affairs Medical Center, 3710 S.W. US Veterans Hospital Rd,

Portland, OR 97239 USA
7

Blood–Brain Barrier and Neuro-Oncology Program, Oregon Health & Science

University, 3181 S.W. Sam Jackson Park Road, L603, Portland, OR 97239 USA
Appendix D is modified from the paper published in Fluids and Barriers of the
CNS October 3rd, 2017.
Contributions: Zachary edited and contributed to authorship of this manuscript.

204

D.1 – Abstract
Background: Cisplatin neuro-, oto-, and nephrotoxicity are major problems in
children with malignant tumors, including medulloblastoma, negatively impacting
educational achievement, socioemotional development, and overall quality of life. The
blood-labyrinth barrier is somewhat permeable to cisplatin, and sensory hair cells and
cochlear supporting cells are highly sensitive to this toxic drug. Several chemoprotective
agents such as N-acetylcysteine (NAC) were utilized experimentally to avoid these
potentially serious and life-long side effects, although no clinical phase I trial was
performed before. The purpose of this study was to establish the maximum tolerated dose
(MTD) and pharmacokinetics of both intravenous (IV) and intra-arterial (IA) NAC in
adults with chronic kidney disease to be used in further trials on oto- and
nephroprotection in pediatric patients receiving platinum therapy.
Methods: Due to ethical considerations in pediatric tumor patients, we used a
clinical population of adults with non-neoplastic disease. Subjects with stage three or
worse renal failure who had any endovascular procedure were enrolled in a prospective,
non-randomized, single center trial to determine the MTD for NAC. We initially aimed to
evaluate three patients each at 150, 300, 600, 900, and 1200 mg/kg NAC. The MTD was
defined as one dose level below the dose producing grade 3 or 4 toxicity. Serum NAC
levels were assessed before, 5 and 15 min post NAC. Twenty-eight subjects (15 men;
mean age 72.2 ± 6.8 years) received NAC IV (N = 13) or IA (N = 15).
Results: The first participant to experience grade 4 toxicity was at the 600 mg/kg
IV dose, at which time the protocol was modified to add an additional dose level of
450 mg/kg NAC. Subsequently, no severe NAC-related toxicity arose and 450 mg/kg
NAC was found to be the MTD in both IV and IA groups. Blood levels of NAC showed a
linear dose response (p < 0.01). Five min after either IV or IA NAC MTD dose
administration, serum NAC levels reached the 2–3 mM concentration which seemed to
be nephroprotective in previous preclinical studies.
Conclusions: In adults with kidney impairment, NAC can be safely given both IV
and IA at a dose of 450 mg/kg. Additional studies are needed to confirm oto- and
nephroprotective properties in the setting of cisplatin treatment.
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Clinical Trial Registration URL: https://eudract.ema.europa.eu. Unique identifier:
2011-000887-92
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D.2 – Background
Cisplatin is a common chemotherapeutic agent used to treat various types of
malignant tumors. However, side effects such as neuro-, oto-, and nephrotoxicity limit the
application of cisplatin. Cisplatin ototoxicity is of particular concern in children with
malignant tumors where life-long hearing impairment can cause serious psychosocial
deficits including social isolation, limited employment opportunities and associated
earning potential, and an overall decrease in quality of life measures (541, 542). The
pathogenesis is not completely understood, but it is likely to be caused by depletion of
intracellular glutathione (GSH) and generation of immune cell- and organ parenchymalderived reactive oxygen species (ROS) and other free radicals (543). Cisplatin is able to
cross the blood-labyrinth barrier and enter the cochlea and sensory hair cells where it
causes degeneration of the cochlear supporting cells, outer and inner hair cells and results
in a progressive, irreversible hearing loss (544, 545). For example, in medulloblastoma
where the standard of care treatment includes cisplatin, ototoxicity occurs in
approximately 80–90% of children treated with standard therapy (545). Nephrotoxicity
occurs in one-third of patients and can be potentially severe or life-threatening.
Moreover, these toxicities utilize substantial healthcare resources and thus an
inexpensive, effective, prophylactic protective strategy is of clear interest. Several otoand nephroprotective approaches were developed (such as hydrating the patients during
treatment, using less toxic cisplatin analogues) to avoid these reactions, including various
chemoprotective agents used in experimental models (dimethylthiourea, melatonin,
selenium, vitamin E, N-acetylcysteine [NAC], sodium thiosulfate) (252, 545-551).
N-Acetylcysteine is a sulfur-containing cysteine analog. It has been applied for
decades as a mucolytic drug and as an antidote for acetaminophen overdose, as well as to
prevent contrast-induced nephropathy (CIN) (552). More recently, interest has been
raised for the use of NAC in the prevention of cisplatin induced oto- and nephrotoxicity.
Interestingly, CIN from iodine-based contrast agents and cisplatin share common
mechanistic features including both intrinsic cellular- and inflammation-related ROS
mediated cellular and stromal peroxidation damage (553-558). The following properties
of NAC are hypothesized to be paramount for the prevention of oto- and nephrotoxicity:
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(1) NAC is thought to act as a vasodilator through nitric oxide effects, thus improving
blood flow, (2) NAC is a precursor to GSH, the body’s endogenous ROS scavenger, (3)
the antioxidant properties of NAC dampen inflammation caused by damage-associated
molecular patterns that arise from biological macromolecule peroxidation by ROS and
cellular necrosis, and (4) NAC prohibits apoptosis and promotes cell survival by the
activation of an extracellular signal-regulated kinase pathway (552). When NAC enters
the systemic circulation it can only leave the blood vessels after N-deacetylation and
subsequent carrier mediated active transport of L-cysteine by the alanine–serine–cysteine
transporter (ASC-1) (559). Once in the brain, L-cysteine may act as an antioxidant or can
be converted to GSH. Our group and others have shown a low level delivery of
radiolabeled NAC across the BBB (560-562). We demonstrated that even at very high
NAC concentration (1200 mg/kg) delivery was less than 0.5% of the administered dose
per gram tissue after intravenous (IV) administration in rats, but was significantly
enhanced by intra-arterial (IA) administration (562). It is possible that NAC is a ligand
for ASC-1 prior to deacetylation or that NAC is rapidly deacetylated in the blood and the
observed radioactivity in the brain was due to radioactive cysteine. In the setting of
inflammation, oxidative stress could impair the BBB to increase NAC leak (560, 561). In
case of a brain tumor, vessels supplying the tumor possess impaired barrier properties so
both NAC and cisplatin can enter the tumor tissue to some degree.
A literature review revealed 38 trials evaluating NAC in the prevention of CIN,
15 with positive and 23 with negative outcomes, and 17 meta-analyses with conflicting
conclusions (563). There has been significant heterogeneity between studies due to
various routes of administration and different dosages (563, 564). Most trials followed
Tepel’s regimen of 600 mg of NAC orally twice a day for 48 h and 0.45% saline
intravenously, before and after injection of the contrast agent, or placebo and saline as
control (564).
Similar to CIN, NAC has demonstrated mixed results in the literature as an
otoprotectant in the context of cisplatin therapy (252, 552, 565-568). Still, a handful of
reports with positive results suggest otoprotective properties during cochlear insults
through ROS mediated mechanisms. Dosing, route, and timing of NAC administration
seem to be important variables in NAC medicated otoprotection. Whether or not NAC
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trafficking into the extravascular cochlear compartment occurs is an understudied
question, and hence extravascular trafficking may not be required for otoprotective
activity. NAC could potentially act by intravascular activity on ROS producing immune
cells which can compromise blood-labyrinth barrier integrity and thus prevent enhanced
cochlear uptake of cisplatin.
Preclinical ototoxicity studies demonstrated that IV or IA administration of NAC
is required to achieve high blood concentration necessary for otoprotection (252, 267,
546, 566). As Stenstrom observed, oral NAC is cleared via the portal vein on the first
pass through the liver, however 31 of 38 reviewed trials ignored this first pass clearance
and gave very small doses (552, 569). We assume that either the oral route or the applied
low IV doses were likely a large factor in the negative results seen in previous clinical
trials. We hypothesized that NAC at high IV and IA (via the descending aorta) doses can
be injected with an acceptable toxicity profile in children with malignant tumors. Our
primary goal was to perform a dose escalation study in pediatric patients. Due to rejection
of our pediatric toxicity trial by the Institutional Review Board this phase I study used an
adult population of subjects with stage 3 or worse kidney failure undergoing a radiologic
procedure requiring iodine-based contrast media. Patients with renal failure were chosen
with the thought that this population would be particularly sensitive to adverse events and
thus the observed maximum tolerated dose (MTD) would include a large margin of safety
when translated to the pediatric population. Using this study design we were also able to
not only examine the chemoprotective properties of NAC, but could confirm its
protection against CIN. The MTD will be evaluated for efficacy in a future trial,
specifically in pediatric populations.
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D.3 – Methods
D.3.1 - Study protocol
This was a prospective, non-randomized, single center dose escalation trial of
patients with stage 3 or worse chronic renal disease (glomerular filtration rate [GFR]
< 60 mL/min/1.73 m ) who underwent a digital subtraction angiography (DSA) and/or
2

vascular intervention with an isotonic nonionic contrast material (Iodixanol) between the
years 2012 and 2015. Indication for the procedures was established by a vascular team
including vascular surgeons, interventional radiologists, and vascular physicians.
Interventions were carried out according to international guidelines. Our primary
objective was to establish the MTD of both IV and IA NAC. The secondary objective
was to determine NAC pharmacology given IV or IA.
The study was approved by the Institutional Review Committee (12935-0/2011EKL) and all subjects gave written informed consent.

D.3.2 - Eligibility requirements
Patients between 18 and 85 years of age at risk for CIN were eligible to
participate if they had stage 3 or worse kidney impairment (renal failure staging was
determined by the following formula: Modification of Diet in Renal Disease, GFR
([mL/min/1.73 m ] = 175 × [Serum creatinine] × [Age] × [0.742 if the subject was
2

−1.154

−0.203

female]) with a life expectancy of 4 weeks from the date of registration (569).

D.3.3 - Exclusion criteria
Subjects were excluded if they had acute kidney injury (e.g., significant change
over 4 weeks), were on dialysis, had a systolic blood pressure of < 90 mmHg, had
decompensated heart failure at the time of admission, had a history of severe reactive
airway disease, were at high risk for general anesthesia, were pregnant, had a positive
serum human chorionic gonadotropin or was lactating, or who had contraindications to
NAC or the contrast agent.
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D.3.4 - Treatment plan
D.3.4.1 - Dose escalation
A group of three subjects was aimed to be evaluated at each of the following fixed
dose levels of NAC: dose level 1, 150 mg/kg/day; dose level 2, 300 mg/kg/day; dose
level 3, 600 mg/kg/day; dose level 4, 900 mg/kg/day; and dose level 5, 1200 mg/kg/day.
The first dose level was based on the standard of care treatment of acetaminophen
overdose (570). The dose escalation was evaluated by the rate of grade 3 or 4 toxicities.
In case of a severe toxicity reaction an additional dose level was added. Toxicity was
graded according to National Cancer Institute Common Terminology Criteria for Adverse
Events version 3.0. (571). The dosing algorithm can be seen in Fig. D.1. The NAC MTD
was defined as one dose level below the dose that produced grade 3 or 4 toxicity.

D.3.4.2 - Assignment for IV versus IA NAC
Patients were assigned to IV or IA using the last digit of their hospital
identification number. Those with even last digits received IV NAC and those with odd
last digits received IA NAC. If the MTD was achieved for one group, all subsequent
subjects were treated with the other regimen.

D.3.4.3 - Premedication
Since it has been previously shown that NAC has dose dependent anaphylactoid
reactions in 23–48% of patients, all participants received premedication prior to NAC
administration (572). Premedication regimen consisted of 100 mg IV methylprednisolone
and 50 mg ranitidine 3 h prior to NAC, and 50 mg diphenhydramine 10 min prior to
NAC. Additional doses of 25 mg diphenhydramine were given 10 min after the start of
the NAC infusion and repeated as clinically indicated.
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D.3.4.4 - Administration of the study drug
The study drug (Acetylcysteine [Fluimucil Antidote]) is available as a 20%
solution in 25 mL (200 mg/mL) single dose glass vials. The NAC was diluted to 150,
300, 450, and 600 mg/kg in 250 mL of diluent (5% dextrose in water [Isodex]). The 900
and 1200 mg/kg doses were designed to be diluted in 500 mL of diluent. Each of the
above dilutions were given either IV through a peripheral vein using an infusion pump
(Alaris GH) or IA down the descending aorta through a fluid injection system (Medrad
Avanta) over a period of 25–55 min. In the case of IV injection, the flow rate was
1000 mL/h. For IA administration a pigtail catheter was used (the tip of the catheter was
positioned at the level of the renal arteries) and a pulsed infusion of 16.5 mL volume at
16.5 mL/sec was performed and repeated for a total of 15 injections. In the event of grade
1 or 2 toxicities the infusion rate was reduced.

D.3.5 - Subject monitoring
Vital signs (pulse and respiration rate), blood pressure, electrical activity of the
heart, and oxygen saturation were recorded by a cardiologist at baseline, prior to NAC
infusion, every 10 min during infusion, and for 30 min after completion of NAC infusion.
The patient was closely monitored for anaphylactoid reaction throughout the
endovascular procedure in the angiogram suite and in the recovery unit after the DSA
and/or intervention. In the recovery unit, fluid intake and output were measured for 2–4 h
until the subject was sent to the ward.

D.3.5.1 - Laboratory analysis of the blood samples
Blood samples were taken at baseline, prior to NAC, then 5 and 15 min after the
NAC administration, as well as 24, 48, and 72 h following the radiologic procedure.
Study drug and GSH levels were assessed prior to, then 5 and 15 min after the
completion of the study drug infusion. Serum NAC and GSH analyses were done in our
Research Laboratory using a high-performance liquid chromatography assay. Details of
this procedure have been described previously (566).
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D.3.5.2 - Statistical analysis
Statistical analysis was performed with SPSS 21.0 software (IBM Corp., Armonk,
NY) and SAS 9.4 software (SAS Institute Inc., Cary, NC). Continuous variables were
expressed as means and standard deviations and were compared between two groups
using the Students’ t test. A linear mixed-effects model was applied to evaluate dose
response relationships and differences at various time points for pharmacological factors
while accounting for correlations among the multiple observations within the same
patient. All analyses were two-tailed, and values of p ≤ 0.05 were considered statistically
significant.
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D.4 – Results
D.4.1 - Patient data
Twenty-eight subjects (13 women, 15 men; mean age: 72.2 ± 6.8 years) were
enrolled. Fifteen subjects had DSA (lower or upper extremity angiography, N = 6; aortic
arch and selective four-vessel cerebral angiography, N = 3; lower extremity plus aortic
arch and selective four-vessel cerebral angiography, N = 3; renal angiography, N = 3)
while 12 underwent percutaneous transluminal angioplasty with or without stent
placement (internal carotid artery stenting, N = 4; renal artery stenting, N = 2; crural
artery percutaneous transluminal angioplasty, N = 2; subclavian artery stenting, N = 1;
common iliac artery stenting, N = 1; common iliac artery plus renal artery stenting,
N = 1; superficial femoral artery stenting, N = 1). One patient (7_IV) did not have
radiologic intervention due to NAC-related acute severe toxicity.

D.4.2 - N-Acetylcysteine toxicity
The administered NAC volume and NAC infusion time did not differ significantly
between the corresponding IV and IA groups (Table D.1).

D.4.3 - Maximum tolerated IV dose
Thirteen participants received IV NAC. Three patients completed dose level 1 and
three completed dose level 2 without having grade 3 or 4 toxicity. The first subject
(7_IV) enrolled to dose level 3 developed rashes, flushing, pruritus, and an intense
bronchospasm immediately after completion of the study drug administration which
rapidly progressed to respiratory and cardiac arrest. Successful cardiorespiratory
resuscitation was performed according to the 2010 American Heart Association
guidelines at which point the participant was transported to the intensive care unit where
he was monitored for 3 days (573). The patient left the hospital 6 days post NAC in good
condition. Due to the serious toxicity in this subject, the protocol was modified and a new
dose level of 450 mg/kg NAC was inserted between the 300 and 600 mg/kg doses.
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Participants 8_IV, 9_IV, and 10_IV received 450 mg/kg dose of NAC. None had grade 3
or 4 toxicity, therefore 450 mg/kg was considered to be the MTD and three additional
patients were treated with the same dose in order to gain more data on NAC toxicity and
pharmacokinetics (Fig. D.2).

D.4.4 - Maximum tolerated IA dose
Fifteen subjects received IA NAC. The first participant (1_IA) enrolled to the
group developed an anaphylactic reaction with life-threatening symptoms. She was
treated according to the 2011 World Allergy Organization anaphylaxis guidelines in the
angiogram suite and was transported to the intensive care unit where she was monitored
for 3 days (574). The patient left the hospital 5 days post NAC infusion in good
condition. The anaphylactic reaction occurred immediately after completion of the DSA.
The time interval between the anaphylactic reaction and NAC infusion was 1 h. The case
was discussed by a multidisciplinary team which considered the adverse reaction to be a
consequence of the contrast agent rather than NAC based on the elapsed time from the
study drug infusion to the time of the anaphylactic reaction. Also, the subject provided
information after the adverse reaction that she developed hives on her chest 2 months
previously after a cardiac catheterization. Furthermore, the cardiac catheterization was
done in a different hospital, the hives were not mentioned in the final report, and the
participant answered no for the question whether she had allergic reaction to anything in
her life both prior to study enrollment and before the interventional procedure. Although
two additional participants completed dose level 1 without having grade 3 or 4 toxicity,
three more patients were treated with the same dose. Neither 300 nor 450 mg/kg dose
produced severe toxicity. The 450 mg/kg dose was considered to be the MTD and three
additional subjects received that dose (Fig. D.2).

D.4.5 - Minor toxicities
Grade 1 or 2 toxicities were seen in six participants (21.4%). Two-thirds of the
minor toxicities occurred at a dose of 450 mg/kg NAC. All of them resolved either
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spontaneously or by giving appropriate treatment over 30 min to 12 h following the
toxicity (Table D.2).

D.4.6 - N-Acetylcysteine pharmacokinetics
Results of the high-performance liquid chromatography analysis are summarized
in Fig. D.3.

D.4.7 - Serum NAC levels
At baseline, NAC and GSH were not detected in the serum samples. Blood levels
of NAC showed a significant linear dose response both 5 min (slope, 1.07 mM increase
for every 150 mg/kg rise in NAC dose; p = 0.001) and 15 min after IV administration
(slope, 0.48 mM increase for every 150 mg/kg rise in NAC dose; p = 0.002). Similar
significant linear dose responses were observed after IA injection with a slope of
1.22 mM for every 150 mg/kg increase in NAC dose at 5 min (p < 0.001) and with a
slope of 0.58 mM for every 150 mg/kg increase in NAC dose at 15 min (p = 0.005). In
each group, NAC levels were nearly halved from 5 to 15 min post infusion. In particular,
the overall mean NAC level was 1.63 mM (SE: 0.23) and 0.81 mM (SE: 0.21),
respectively, 5 and 15 min after IV administration; and 2.93 mM (SE: 0.22) and 1.42 mM
(SE: 0.15), respectively, 5 and 15 min after IA injection. At 5 min post infusion, NAC
concentrations were significantly higher in the IA groups compared to the corresponding
IV groups (p < 0.001; p = 0.023, p = 0.009, respectively) (Table D.1, Fig. D.3).

D.4.8 - Serum GSH levels
A significant linear dose response relationship was noted for GSH concentrations
in the IV group. Since the relationships were similar at 5 and 15 min, an overall dose
response relationship was estimated to yield a 0.37 mM increase in GSH values for every
150 mg/kg rise in NAC dose (p < 0.001). In contrast to patients in the IV group, the
overall dose response relationship was not significantly linear in the IA group
(p = 0.068). The mean GSH concentrations were higher in the IA than in the IV group
(Table D.1, Fig. D.3).
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D.5 – Discussion
Our goal was to provide the MTD of NAC as a correct scientific basis for future
efficacy trials, particularly in pediatric populations. Four hundred and fifty mg/kg NAC
was found to be the MTD in this study, and we have shown that it can be given with an
acceptable toxicity both IV and IA in adults with impaired kidney function undergoing
DSA with or without intervention. By determining the MTD we potentially gain the
maximum concentration of NAC in the brain and cochlea to diminish the toxicity of
agents like cisplatin, although the entry of NAC may be limited by the BBB and bloodlabyrinth barrier.
A key factor in previous failed trials with NAC is that oral NAC is known to have
5–10% bioavailability in humans due to extensive first pass metabolism to GSH (575).
Oral NAC reaches a serum peak about an hour after ingestion and has an elimination
half-life of 2.27 h (576). Furthermore, there is no clear evidence that NAC effects are
mediated indirectly by its metabolites.
The potential of oral NAC to be oto- and nephroprotective was examined in
several preclinical studies. Dickey et al. determined in rats, that a single IV
administration of 1500 mg/kg NAC is non-toxic, and three IV injections of 1200 mg/kg
NAC, 4 h apart, are safe and well-tolerated (566). In another study by Dickey et al. rats
received NAC infusion at 100, 400 and 1200 mg/kg IV. Blood samples were taken
15 min post inoculation. Another group of rats was given NAC 1200 mg/kg orally, with
blood samples collected after 15 and 60 min. Total NAC concentrations were analyzed
and similarly to our findings, blood levels of NAC showed a rough linear dose response
after IV administration of NAC. In contrast to the IV results, the group given NAC
1200 mg/kg by the oral route had very low levels of serum NAC (566). In their third
study, rats were treated with cisplatin 10 mg/kg intraperitoneally 30 min after NAC
400 mg/kg given by intraperitoneal, oral, or IV routes, compared with cisplatin alone.
NAC was chemoprotective against the cisplatin nephrotoxicity, depending on the route of
administration. Rats receiving NAC IV had very low blood urea nitrogen levels 3 days
post treatment. In the case of oral or intraperitoneal NAC administration, the blood urea
nitrogen concentrations were as high as in the group of rats who did not get NAC (566).
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In their fourth study, rats were treated with cisplatin 10 mg/kg intraperitoneally 30 min
after NAC 50 mg/kg infused IV or IA. The blood urea nitrogen levels were significantly
lower in the IA group—the blood urea nitrogen levels were similar to those when NAC
was injected IV at high dose (400 mg/kg)—indicating a significantly reduced rate of
nephrotoxicity for the IA delivery (566). Assuming that this rat chemoprotective model
represents the effects of cisplatin as those of contrast agents in humans, these
observations call into question if oral NAC or low dose IV NAC has any clinical impact
on cisplatin induced oto- and nephrotoxicity.
Briguori et al. and Marenzi et al. were the only investigators who made dose
comparisons in humans. Briguori et al. compared single dose NAC 600 mg orally twice a
day for 48 h with double dose NAC 1200 mg (17.1 mg/kg for a 70 kg subject) orally
twice a day for 48 h. Although these doses were not high and were given orally, the
outcome was favorable for the double dose (577). Marenzi et al. compared two IV doses
(600 and 1200 mg total dose per patient) prior to the angioplasty and two oral doses (600
and 1200 mg twice a day for 48 h) after the procedure with placebo. A greater increase in
serum creatinine was observed in the placebo group compared to patients treated with
NAC and the higher NAC IV dose was even better than the lower dose, which implies
that NAC actions may be dose dependent (578). These observations are in line with the
findings of the above-mentioned rat studies and demonstrate the importance of this phase
I trial.
It is also worth considering that the route of NAC administration markedly affects
its biodistribution. In an animal study performed by our group, we found that when
radiolabeled NAC was administered IA into the right carotid artery of the rat, high levels
of radiolabel were found throughout the right cerebral hemisphere, regardless of whether
or not the BBB was opened. Delivery was 0.41% of the injected dose, comparable to the
levels found in the liver (0.57%) and kidney (0.70%). In contrast, the aortic infusion
above the renal arteries prevented the brain delivery and changed the biodistribution of
NAC. The change in tissue delivery with different modes of administration is likely due
to NAC being deacetylated and the amino acid cysteine is rapidly bound by tissues via
the amino acid transporters (562).
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The limitations of our study include the special subject population: all patients
were older than 50 years, had impaired kidney function, and atherosclerotic disease.
Although serum creatinine values were measured both before and after contrast agent
administration additional trials should be performed to determine whether either IV or IA
450 mg/kg NAC is protective against CIN or chemoprotective against cisplatin in
pediatric subjects.
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D.6 – Conclusions
In conclusion, we found that NAC can be safely given both IV and IA at a dose of
450 mg/kg in adults with reduced renal function. Phase II and III studies are needed to
determine whether high IV and IA doses can avoid oto- and nephrotoxicity of platinumbased chemotherapy, and if yes, whether a particular route of administration of NAC
provides improved chemoprotection. A considerable hurdle with NAC is disentangling
the mixed results from studies utilizing oral NAC administration; we advocate for careful
analysis and comparison of oral route trials in humans with those of IV or IA. A phase I
trial in children is currently underway with different doses of NAC after cisplatin to
prevent ototoxicity (clinicaltrials.gov NCT02094625).
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D.7 – Figures and Tables
Table D.1: NAC pharmacokinetic parameters.
N-Acetylcysteine and contrast agent volumes, N-acetylcysteine administration time,
baseline serum creatinine levels, and 5-min N-acetylcysteine and glutathione
concentrations

Parameter

NAC volume (mL)

NAC administration time

NAC dose

IV group

IA group

p value

(mg/kg)

(Mean ± SD)

(Mean ± SD)

150

63.25 ± 50.61

51.88 ± 6.6

0.31

300

109.5 ± 6.89

132.5 ± 46.37

0.183

600

294

NA

NA

450

167.58 ± 44.63

166.13 ± 41.61

0.956

150

26.67 ± 2.89

31.67 ± 7.53

0.196

300

31.67 ± 5.77

38.33 ± 2.89

0.173

600

51

NA

NA

(min)
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Parameter

CA volume (mL)

Baseline serum creatinine

NAC dose

IV group

IA group

p value

(mg/kg)

(Mean ± SD)

(Mean ± SD)

450

40 ± 6.32

42.5 ± 8.22

0.569

150

94.33 ± 69.89

109.17 ± 56.16

0.768

300

80 ± 39.69

86.67 ± 64.29

0.887

600

0

NA

NA

450

89.5 ± 15.86

88.5 ± 25.81

0.937

150

201 ± 11.97

118.17 ± 15.53

0.402

300

123.67 ± 33.23

160 ± 24.76

0.343

600

157

NA

NA

450

209.33 ± 54.4

171.5 ± 52.89

0.486

(μmol/L)
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Parameter

NAC concentration at 5 min

NAC dose

IV group

IA group

p value

(mg/kg)

(Mean ± SD)

(Mean ± SD)

150

0.43 ± 0.1

1.66 ± 0.32

< 0.001

300

1.04 ± 0.6

3.12 ± 0.77

0.023

600

4.53

NA

NA

450

2.03 ± 0.95

4.1 ± 1.22

0.009

150

0.13 ± 0.16

0.2 ± 0.04

0.514

300

0.13 ± 0.03

0.96 ± 0.36

0.058

600

0.21

NA

NA

450

0.19 ± 0.04

0.89 ± 0.31

0.003

(mM)

GSH concentration at 5 min
(mM)

Italicized p-values indicate statistically significant values
IV intravenous, IA intra-arterial, SD standard deviation, NAC N-acetylcysteine, NA not
applicable, CA contrast agent, GSH glutathione
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Table 2: Toxicities attributed to N-acetylcysteine.

Group Patient
number

IV

Weight

NAC dose

NAC volume

(kg)

(mg/kg)

(mL)

NAC toxicity

4_IV

84

300

126

Grade 1, facial erythema

7_IV

98

600

294

Grade 4, respiratory and
cardiac arrest

IA

10_IV

96

450

216

Grade 2, pruritus and rash

11_IV

103

450

231.75

Grade 1, coughing

1_IA

55

150

41.25

Grade 4 , anaphylaxis

8_IA

101

300

151.5

Grade 1, nausea

10_IA

95

450

213.75

Grade 1, coughing

11_IA

80

450

180

Grade 1, facial erythema

NAC N-acetylcysteine, IV intravenous, IA intra-arterial
Adverse reaction to contrast agent rather than to NAC

a

a
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Fig. D.1: Dosing algorithm for N-acetylcysteine to determine the maximum tolerated
dose in adults with chronic kidney disease.
The N-acetylcysteine maximum tolerated dose was defined as one dose level below the
dose that produced grade 3 or 4 toxicity. MTD maximum tolerated dose
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Flg. D.2: Establishment of the maximum tolerated dose for N-acetylcysteine in adults
with chronic kidney disease.
Four hundred and fifty mg/kg N-acetylcysteine was found to be the maximum tolerated
dose in both intravenous and intra-arterial groups. Asterisk: Adverse reaction to contrast
agent rather than to N-acetylcysteine. IV intravenous, IA intra-arterial, MTD maximum
tolerated dose.

226

Fig. D.3: N-Acetylcysteine pharmacokinetics: serum concentrations of N-acetylcysteine
and glutathione at different dose levels and time intervals.
Blood levels of N-acetylcysteine (upper row) showed a significant linear dose response,
while gluthatione concentrations (lower row) were inconsistently
elevated. IV intravenous, IA intra-arterial, NAC N-acetylcysteine, GSH glutathione.
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E.1 - Abstract
Objectives:
1) Determine participant demographics, risk factors, and motivation in Head and
Neck Cancer Awareness and Screening Program (HNCASP).
2) Examine follow up and outcomes of screening participants with positive
findings in a HNCASP
Study Design: Retrospective review of prospectively collected surveys and crosssectional phone interview.
Setting: Tertiary care academic medical center
Subjects and Methods: During the years 2012 to 2016, HNCASP participants
filled out demographic and risk factor surveys followed by a HNC screening
examination. Participants with suspicious findings were contacted by telephone to
determine if follow up occurred, diagnosis, and treatment rendered.
Results: There were 929 participants with mean age 54±17 years (61% female).
The predominant motivational factor for HNCASP participation was to learn more about
HNC (41%). 156 positive screenings required further evaluation (16.8%) and 47 of these
completed follow up interviews. Thirteen of 47 reported resolution of the issue; 27 saw a
provider, and 10 intended to see a provider in the near future. The delay between
screening and provider appointment was 2.1 months with 12 confirmed cancer cases
(1.1% of all participants)—five basal cell carcinomas, three cutaneous squamous cell
carcinomas, one melanoma, one lymphoma, and two mucosal squamous cell carcinoma.
Conclusions: A significant proportion of HNCASP participants benefited from
this screening opportunity. Education regarding HNC is the primary benefit of HNCASP,
although a significant subset of patients was identified that needed follow up, and several
cancers were detected.
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E.2 - Introduction
Cancer of the head and neck accounts for approximately 3% of all malignancies
with about 53,000 cancers of the head and neck diagnosed in the U.S. annually (579,
580). Furthermore, the burden of head and neck cancer in the U.S. tends to weigh more
heavily on those who face socio-economic adversity (581). Traditional risk factors for
head and neck cancer include: male gender, age greater than 50, tobacco use, alcohol
consumption, sun exposure and family history. Over the past 10-15 years the incidence of
head and neck cancer in the age group younger than 50 years old has sharply increased.
The rise in this cancer has been epidemiologically linked to human papilloma virus
(HPV) infection of the oropharynx (582-585). Despite the availability of a HPV vaccine,
the incidence of HPV-related oropharyngeal cancer continues to rise, and is now equal to
or has surpassed the incidence of HPV-related cervical cancer (586). Despite these
numbers, head and neck cancers generally do not receive the same level of public
attention as other malignancies.
Cancer awareness and screening programs are a popular means of promoting
cancer education and performing outreach to the community at large. Head and neck
cancer does not always receive the same level of attention as other cancers in the lay
press and popular consciousness; thus, head and neck cancer awareness and screening
programs (HNCASP) have gained popularity as a relatively straightforward and low-cost
means to educate the general population regarding this disease. Education is particularly
important for HNC, given the prominent psychological and emotional aspects of this
disease (587-592). Patients diagnosed with HNC tend to suffer substantially more
psychiatric co-morbidity when compared to cancers of other body regions. This is
generally believed to be a result of the potentially devastating consequences of HNC
progression and treatment sequelae upon the patient’s face and multiple bodily functions
such as respiration, swallowing, and speech. Importantly, these psychological aspects can
lead to the delay of diagnosis and treatment, subsequently lowering the chances of a
favorable outcome (593, 594). Thus, it is important to understand the factors which
motivate one to seek or delay care concerning potential HNC.

230
Several other institutions that have sponsored HNCASP events have
retrospectively shared their experiences (595-603) screening the general public,
underserved populations, and even participants of NASCAR sporting events. However,
there is a significant gap in our knowledge regarding the utility of these programs in
identifying pathology and the long-term follow up that participants may receive.
Furthermore, psychological factors surrounding patient willingness to seek care have
been characterized in the clinical setting, they have yet to be explored in the context of
HNCASP events. With this in mind, we conducted a study of participants at our
institutional HNCASP, that for nearly 10 years has focused on education, cancer
awareness, and providing an entry point into the health care system for patients with head
and neck concerns. Over the course of 5 years, surveys were collected from participants
regarding demographics, cancer risk factors, concerning symptoms, and motivations for
attending the HNCASP. As a follow up, phone interviews were conducted with
participants with positive screening findings to determine the outcomes of the positive
finding, if further medical evaluation had been performed, diagnosis, and treatment.
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E.3 - Materials and Methods
A retrospective review of prospectively collected data was performed regarding
the Oregon Health and Science University HNCASP. This HNCASP was initiated in
2008, and provided a free day of screening for head and neck cancer to the Portland
community annually. Beginning in 2013, a standardized intake survey was given to all
participants in the HNCASP, collecting demographic data, medical history and risk factor
assessment, and motivation for seeking screening. These responses, along with screening
results, were collated into a single database over the years 2013-2016. This study was
approved by the OHSU Institutional Review Board.
Participants who received a positive screen for head and neck pathology and were
instructed to follow up for further medical assessment were contacted by phone in late
2016. Participants were asked about their ability to seek care, diagnosis obtained,
treatment received, and resolution of their concern. Participation in this telephone survey
was entirely voluntary.
Data were analyzed using SPSS version 24. Descriptive statistics were performed
for all variables.
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E.4 - Results
E.4.1 - Demographics and risk factors of participants
929 participants attended HNCASP between 2013-2016. Demographic
information for participants is shown in Table E.1. Significantly, a majority of patients
were Caucasian, had a college education or greater, had medical insurance, and had a
primary care physician.
Most participants reported significant sun exposure (Table E.2). The most
common risk factor was regular alcohol use (2+ drinks/day, 58%), although current and
former tobacco use was frequently reported. Self-reported radiation exposure (23%) was
quite high; however, many of these responses included narratives such as "have received
x-rays at the doctor's office". Notably, 15% of participants reported themselves or a
current/recent partner being HPV-positive.

E.4.2 - Motivational factors for attendance
Five motivational factors and a free-response line for attendance of HNCASP
were presented to participants at the end of the intake forms and participants could check
as many options as they saw fit; these results are shown in Table E.3. Desire to learn
more about HNC (46%) was the most popular reason for attending the event followed by
symptoms related to the head and neck region (30%). Most participants did not utilize the
free-response option.

E.4.3 - Participant outcomes
Overall, 17% of patients had a positive screening examination and were
recommended to seek follow up care (Fig. E.1). 47 of these patients were able to be
contacted by phone to assess long-term follow up. Of those that did not seek further care,
a majority reported resolution of their symptoms as the reason for avoiding follow up; the
remaining participants noted a variety of obstacles to seeking care that prevented follow
up. The majority of patients referred for follow up did seek care with a specialist, and a
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total of 12 cancer cases were identified, representing 26% of participants that were
contacted regarding follow up, and 1.3% of all participants in the HNCASP. These
cancers included 5 basal cell carcinomas, 3 cutaneous squamous cell carcinomas, 2
mucosal squamous cell carcinomas, 1 melanoma, and 1 lymphoma.
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E.5 - Discussion
The debate over the efficacy of HNCASP's nationally and worldwide remains
unresolved with no solid evidence that these events either improve or degrade health
outcomes for HNCs. Indeed, earlier detection of cancers improves outcomes; however,
screening the general population for low-incidence disease inevitably generates falsepositive results, leading to excessive testing, increased medical costs, and undue stress for
patients. Beyond the simple service of screening for cancers, HNCASPs also fulfill an
educational and awareness role; thus, their impact likely extends beyond the basic
numbers of patients screened or cancers identified. Previously, there has not been
significant study of the motivations of participants to seek out screening or the long-term
outcomes of those who receive a positive screening test at a HNCASP. In this study, we
assessed the demographics, motivations, and outcomes for participants of a HNCASP
over several years.
Analysis of the demographics of our HNCASP participants demonstrated that
participants were generally female, caucasian, highly educated, and had health insurance
and a primary care physician. While the racial mix of participants is likely most reflective
of the demographics of Portland, OR, the remaining demographic profile of participants
mirrors the findings of previous results of a HNCASP at another tertiary care academic
institution (604). This likely due to the location of the HNCASP on the campus of an
academic center. Many of the participants in the HNCASP were employees of the
medical center, as the screening event was most convenient for them to attend. This
finding was further borne out in the analysis of self-reported risk factors. A significant
percentage of participants reported a history of sun exposure and alcohol use, while
tobacco use was significantly lower than that typically seen in patients with head and
neck cancer. Interestingly, 15% participants reported that either they or their partners
were HPV+; knowledge of risk factor is likely not present in the general populations, but
would not be unexpected in the relatively medically savvy employees of a medical center.
A significant gap in the literature remains regarding the long-term outcomes and
follow up of participants in HNCASPs. While occasionally a diagnosis, or strongly
suspected cancer, may be identified at a HNCASP; however, unless the participant
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returns to the same institution for follow up and biopsy confirmation, it is quite difficult
to determine the overall efficacy of a screening program. Thus, to our knowledge the
telephone follow-up survey conducted in this project is the first data to assess the
outcomes of positive screens at a HNCASP. As expected from a telephone follow up
survey, a large number of participants could not be reached or declined to participate.
57% of those that responded followed up with a physician regarding the findings of their
screening, and of these, 12 confirmed cancer were identified. Several other participants
were still in the process of evaluation for their screening findings. Thus, the number of
cancers identified (1.3% of participants) is likely a significant underestimate of the true
number of cancers identified by screening. However, only a few patients with positive
screening findings reported not seeking further care due to barriers to medical care
access; if screening occurred in a population with different socioeconomic demographics,
it is quite likely that far more participants would not receive follow up.
Even with these caveats, a 1.3% cancer detection rate is comparable to other
widespread cancer detection strategies, which are often much more intensive and costly.
Colon cancer screening is routinely performed using either colonoscopy or fecal
immunochemical testing (FIT). Colorectal cancer detection rates for colonoscopy have
been reported between 0.4-6.9% (605-607), while FIT cancer detection rates of 0.7-0.8%
(605, 606) have been reported. Colon adenoma detection rates are somewhat higher for
both tests, although colonoscopy appears superior for this. Similarly, mammography has
been shown to have a 2.6-5.4% (608, 609) rate of breast cancer detection. For prostate
cancer, the cumulative cancer detection rate over 4 years of prostate-specific antigen
testing is 8.2% (610). Thus, the 1.3% cancer detection rate for HNCASP is in line with
other cancer screening procedures, although is much less invasive or costly for
participants.
It is important to recognize that there are other, less tangible benefits to a
HNCASP. In this study, insurance or care-related concerns was relatively low, with
37.6% of patients noting this as a reason for screening. A far greater percentage of
participants (91.1%) noted a desire to learn more about head and neck cancer as a
motivating factor for HNCASP attendance. While these relative percentages may vary if
the HNCASP were held among a different demographic of participants (for example, in a
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rural setting or urban underserved area) they do highlight the important role that
HNCASP may fill regarding education and improving awareness of head and neck
cancer.
This study does have significant limitations that should be acknowledged. As a
retrospective review, there is inherent potential for bias with any missing information.
Furthermore, telephone surveys typically have low response rates, and a number of
participants with positive screening results could not be contacted, which may further
bias the results. Finally, the setting and nature of this HNCASP may limit its
generalizability to other settings. As noted previously, this event was held on the campus
of an academic medical center and served a demographic that trended towards more
educated patients with less tobacco use and better access to medical care. Moving the
HNCASP to a relatively underserved area would likely significant increase the cancer
rate, but many more patients with significant barrier to care or inability to follow up may
be expected.
Despite these limitations, this study does indicate the value of HNCASPs. The
rate of cancer detection is comparable to other, more widespread cancer screening
procedures, thus the (relatively small) costs of this and other HNCASP appear justified
purely based on potential improvements in oncologic outcome based on earlier cancer
detection. However, HNCASP also provide a valuable method for community outreach
and education, and may have an impact beyond only the number of participants screened
on any given day. Future research is needed to better understand the utility of HNCASP
in early cancer detection and long-term oncologic outcomes, and to determine ways to
maximize the educational and community-building aspects of these programs.
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E.6 – Figures and Tables
Table E.1: Participant characteristics

Participants, n

929

Insurance Type, n (%)

Findings, n (%)

156 (17)

Private

432 (47)

Age (mean ± SD;

54 ± 17

Medicare

257 (28)

Medicaid

79 (9)

years)
Gender, n (%)
Female

552 (61)

Other

12 (1)

Male

349 (39)

No Response

76 (15)

Ethnicity, n (%)

Primary Care Provider, n (%)

African American

31 (3)

Yes

633 (68)

Asian

75 (8)

No

283 (30)

Caucasian

707(76)

No Response

19 (2)

Hispanic

53 (6)

Native American

18 (2)

Online outside of OHSU

Other

26 (3)

Poster at OHSU

No Response

23 (2)

News

44 (5)

OHSU Website

64 (7)

Education, n (%)

How did you hear about the event, n (%)
146 (16)
155 (17)

No High School

9 (1)

Poster/Flyer outside of OHSU

71 (8)

High School

226 (24)

My doctor/dentist

19 (2)

Undergraduate

341 (37)

Banner on busy Portland Road

26 (3)

262 (28)

Radio

0 (0)

Other

91 (2)

Other

151 (16)

No Response

23 (2)

No Response

3 (0.3)

Graduate/Professional
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Insurance, n (%)
Insured

780 (84)

Uninsured

74 (8)

No Response

73 (8)
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Table E.2: Participant reported risk factors

Risk Factors
Sun Exposure, n (%)
No

128 (13)

Childhood Sunburns

383 (41)

Childhood Sunny climate

292 (31)

Sunbathing

221 (24)

Tanning Booth

48 (5)

Outdoor Work

193 (21)

Behavioral and Medical Factors

Yes

No

Quit

Tobacco Smoking, n (%)

53 (6)

515 (55)

333 (36)

Alternative Tobacco Use, n (%)

42 (5)

887 (95)

Cannabis Use, n (%)

56 (6)

652 (70)

171 (18)

Alcohol Use, n (%)

537 (58)

281 (30)

131 (14)

Skin Lesion History, n (%)

185 (20)

744 (80)

Tongue or Throat Cancer, n (%)

75 (8)

854 (92)

Patient or Partner HPV Positive, n (%)

142 (15)

787(85)

Immunosuppression, n (%)

65 (7)

864 (93)

Diabetes Mellitus, n (%)

61 (7)

868 (93)

Organ Transplant, n (%)

5 (0.5)

924 (99.5)

Radiation Exposure, n (%)

209 (22)

720 (88)

Agent Orange Exposure, n (%)

17 (2)

712 (98)
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Table E.3: Motivational Factors for Attending HNCASP

Motivational Factor on Intake Form

n

(%)

Concerned about having head and neck cancer

450

48.4

Head and neck related symptoms

688

74.1

Interested in learning more

837

90.1

Insurance related concerns

349

37.6

Have you put off seeing a physician

430

46.3

241
929 total participants

156 (17%) Suspicious Findings

112 with phone numbers
47 completed interviews
(42% response rate)
27 participants
saw a doctor

•
•
•
•

12 confirmed cancers
9 skin cancers
2 mucosal HNCs
1 lymphoma

13 unresolved findings

10 participants actively
seeking care

44 w/ no phone number

20 participants
did not seek care

•
•
•
•
•

1 – No current PCP
1 – No regional dermatologist
3 – Insurance related
2 – PCP informed watch and wait
13 – Self-reported problem resolution

3 w/ no interest
in seeking care.

Figure E.1: Participant screening phone interview outcomes.
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