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Abstract

Combinations of aminoglycosides and loop diuretics have been known to have a synergistic effect 

in ototoxic injury. Because murine hair cells are relatively resistant to ototoxicity compared to 

those of other mammals, investigators have turned to combination therapies to create ototoxic 

lesions in the mouse inner ear. In this paper, we perform a systematic comparison of hearing 

thresholds, hair cell damage and monocyte migration into the mouse cochlea after kanamycin 

versus combined kanamycin/furosemide and explore the pathophysiology of enhanced hair cell 

loss in aminoglycoside ototoxicity in the presence of loop diuretic. Combined kanamycin-

furosemide resulted in elevation of threshold not only in the high frequencies, but across all 

frequencies with more extensive loss of outer hair cells when compared to kanamycin alone. The 

stria vascularis was severely atrophied and stellate cells in the spiral limbus were missing in 

kanamycin-furosemide exposed mice while these changes were not observed in mice receiving 

kanamycin alone. Monocytes and macrophages were recruited in large numbers to the spiral 

ligament and spiral ganglion in these mice. Combination therapy resulted in a greater number of 

macrophages in total, and many more macrophages were present further apically when compared 

to mice given kanamycin alone. Combined kanamycin-furosemide provides an effective method 

of addressing the relative resistance to ototoxicity that is observed in most mouse strains. As the 

mouse becomes increasingly more common in studies of hearing loss, and combination therapies 

gain popularity, recognition of the overall effects of combined aminoglycoside-loop diuretic 

therapy will be critical to interpretation of the interventions that follow.

1. Introduction

Aminoglycoside antibiotics have long been known to have ototoxic effects. These 

antibiotics, including gentamicin, tobramycin, kanamycin, streptomycin, amikacin, and 

neomycin, are associated with hearing loss and vestibular dysfunction due to hair cell loss. 

Some of the aminoglycoside antibiotics, such as gentamicin, have a more vestibulotoxic 

profile, while others, such as kanamycin, have a more cochleotoxic profile. For those 

aminoglycosides that are cochleotoxic, their effects target the high frequency portion of the 

cochlea, and in mammals, they affect outer hair cells while sparing inner hair cells. In 
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current practice, gentamicin remains the most commonly prescribed intravenous 

aminoglycoside antibiotic and is sometimes associated with vestibular impairment. Hair cell 

loss after aminoglycoside ototoxicity is permanent, and our interventions for vestibular and 

hearing dysfunction after aminoglycoside ototoxicity are limited. Despite the various studies 

that have examined the protective effects of antioxidant therapies and other strategies 

against aminoglycoside ototoxicity, none of these proposed agents is an accepted therapy for 

hearing loss prevention (Bock et al., 1983; Campbell et al., 2007; Jiang et al., 2005; 

Kawamoto et al., 2004; Rybak and Whitworth, 2005).

Aminoglycoside antibiotics continue to be popular in their use as an ototoxic agent in animal 

research to study the process of hair cell survival, death and regeneration. Many prior 

studies have demonstrated the predictable effects of aminoglycoside antibiotics administered 

both in vivo and in vitro with experimental animals (Gratacap et al.,1985; Richardson and 

Russell,1991; Stone et al.,1996; Weisleder and Rubel, 1993). Currently, aminoglycosides 

are used in research to eradicate hair cells in studies of hair cell regeneration and animal 

models of cochlear implantation (Ryugo et al., 2010; Shepherd et al., 1994; Warchol, 2010). 

In many of these studies, the goal of aminoglycoside administration is to eradicate hair cells 

and subsequently test an intervention targeting the remaining supporting cells or spiral 

ganglion cells. However, when aminoglycoside antibiotics are administered in vivo, 

complete loss of hair cells is not achieved, and low frequency hearing remains. In the case of 

mice, aminoglycosides are particularly ineffective in eliminating hair cells (Wu et al., 2001). 

As our research community expands the use of mice in studies of deafness, combination 

drug therapy to achieve hair cell loss has become routine. In recent work, loop diuretics have 

been used to augment the ototoxic effect of aminoglycoside antibiotics and eliminate hair 

cells in mice as well as in other mammals (Agterberg et al., 2008; Oesterle et al., 2008; 

Taylor et al., 2008; Xu et al., 1993).

Morphologic changes in the mouse cochlea that occur after the combined use of these two 

ototoxins have not been formally studied. Here, we compare the effect of aminoglycoside 

alone with the effect of aminoglycoside in combination with furosemide to 1. Characterize 

the difference in residual hearing function between these two regimens 2. Characterize the 

difference in hair cell susceptibility and other sensory and non-sensory cell susceptibility 

and 3. Determine whether there is an inflammatory response in the cochlea after cell damage 

from either aminoglycoside or aminoglycoside + loop diuretic.

2. Materials and methods

2.1. Experimental animals

Wild-type C57Bl6 male mice were bred within our facility from founders purchased from 

Jackson Laboratories, Bar Harbor, ME. Despite their predisposition to age-related hearing 

loss, we have used these mice in numerous studies of ototoxicity and acoustic trauma 

because of a variety of transgenic reagents available on this mouse background. All 

experiments were conducted prior to 16 weeks of age at which time high frequency hearing 

loss is observed in these mice due to aging (Hequembourg and Liberman, 2001). Prior to 

this age, C57Bl6 demonstrate minimal age-related threshold changes. All animal protocols 

described were approved by the Institute for Animal Care and Use Committee.
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2.2. Drug administration

Kanamycin sulfate was purchased from USB Corporation (Cleveland, OH, USA) and 

prepared at 45 mg/ml in saline. Furosemide (10 mg/ml, Hospira Inc., Lake Forest, IL, USA) 

was diluted to 5 mg/ml in sterile saline. A dose of 900 mg/kg body weight kanamycin was 

given every 12 h for 15 consecutive days by intra-peritoneal (IP) injection. IP injections of 

furosemide at 50 mg/kg were performed every morning, 20 min following the injection of 

kanamycin for 15 consecutive days. A prior regimen using twice daily injections of 

furosemide was abandoned due to unacceptably high rate of mortality (greater than 50%). 

All mice were 8 weeks of age at the initiation of the 15-day course of therapy and were 10 

weeks of age at the end. Control mice received IP saline injections twice daily for 15 

consecutive days.

2.3. Auditory brainstem response (ABR)

Two weeks after the end of drug administration when the mice were 12 weeks of age, 

auditory evoked brainstem responses (ABR) were performed on all of the mice. Mice were 

anesthetized with intraperitoneal xylazine (20 mg/kg) and ketamine (100 mg/kg). ABRs 

were evoked through tone pips and recorded via subcutaneous electrodes placed in the 

ipsilateral pinna and vertex, with the ground electrode placed by the tail. The stimuli were 5-

msec tone pips (0.5-msec rise-fall with a cos2 onset envelope, delivered at 40/s). The 

response was amplified (×10,000), filtered (100 Hz–3 kHz), and averaged using BioSig 

computer software (System 3; Tucker-Davis Technologies). The sound level was raised in 5-

dB steps from 15-dB SPL to 99-dB SPL. At each sound level,1024 responses were averaged, 

with stimulus polarity alternated. Response waveforms were rejected if the peak-to-peak 

voltage exceeded 15 μV. We tested responses at 5.6, 8, 11, 16, 22.63, 32, 45.2, and 64 kHz 

for ABR threshold. Threshold was determined by a single observer, who noted the lowest 

sound level at which a recognizable waveform was seen on a screen of tracings stacked from 

lowest to highest sound level. Waveforms were confirmed as auditory evoked responses by 

their increasing amplitude and decreasing latency with increasing sound intensity of the 

stimulus. If hearing threshold was not detected at 99 dB, a threshold value of 100 dB was 

assigned. Differences in hearing thresholds between mouse groups were compared and 

analyzed using one-way ANOVA. A change in threshold was considered significant if p < 

0.05.

2.4. Histological preparation

Immediately after ABR, animals were injected with a lethal dose of anesthetic agent and 

perfused via transcardiac puncture with 4.0% paraformaldehyde in 0.01 M phosphate buffer. 

Both petrous temporal bones were extracted and the round and oval windows opened to 

allow intralabyrinthine perfusion of fixative. After overnight fixation at 4 °C, cochleas were 

decalcified in a saturated solution of EDTA in phosphate buffer for 5 days at 4 °C.

2.5. Immunohistochemistry

Decalcified cochleas were immersed in cryoprotection solution (20% glycerol in phosphate 

buffer), frozen in 30% sucrose on dry ice, and cut into 30 μm serial sections from round 

window to oval window on a horizontal sliding microtome. Sections were washed in 
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phosphate-buffered saline (PBS; pH 7.4), dried onto slides, incubated in 10% normal goat 

serum in 0.1% Triton X-100 for 1 h and placed in 1:8000 rat anti-mouse CD45 (Serotec, 

Oxford, UK) overnight at room temperature followed by goat anti-rat AlexaFluor 594 at 

1:5000 (Molecular Probes, Eugene, OR). Rat anti-mouse CD45 is an antibody raised against 

common leukocyte antigen; this antigen is present on all white blood cells. CD45 indicates a 

cell’s derivation from bone marrow and identifies monocytes, macrophages, dendritic cells, 

and microglia, as well as granulocytes, such as neutrophils and basophils as well as 

lymphocytes and natural killer cells. After immunolabeling, the sections were then rinsed 

and coverslipped. Control sections were processed with no primary antibody to detect 

background labeling.

For counting CD45+ cells, four sections for each cochlea were selected from the series on 

the basis of their proximity to the modiolus, high quality staining and intact histology and 

were viewed on an Olympus BX51 microscope with a 40× objective. Approximately 20% of 

the total organ was sampled in these counts. The cochlea was divided into four regions 

(lower basal, upper basal, lower apical, and upper apical turns) and each region was assigned 

a mean frequency on the tonotopic map of the mouse cochlea. The observer examined the 

entire thickness of the slide by focusing up and down through the depth of the tissue and 

counted CD45+ cells for those cells with an identifiable nucleus with CD45 expression on 

the cell surface.

2.6. Morphometric analysis

Decalcified right cochleas were postfixed in osmium (1% OsO4 in dH2O) for 60 min. 

Cochleas were dehydrated through a series of graded ethanols ending in 100% propylene 

oxide and subsequently embedded in Araldite resin (see protocol in Wang et al., 2002). The 

plastic-embedded cochleas were seriallysectioned at 40 μm in a plane parallel to the axis of 

the modiolus. Each section was numbered, oriented, mounted, and coverslipped. For each 

subject, the cochlear spiral was reconstructed using Neurolucida software (MicroBright-

Field, Colchester, VT). Using the tunnel of Corti as the reference point, we mapped each 

profile of the cochlear duct that contained sensory cells in three-dimensional space. From 

these three-dimensional reconstructed data, the distance of each cochlear profile from the 

basal tip was computed using custom software. The cochlear location in space was then 

converted into frequency according to frequency-map data described by Ehret (1983) which 

was fit to a mathematical equation f (kHz) = 3.109 × (10(100–d)×0.0142–0.7719), where d = 

percent distance from the cochlear base.

2.6.1. Hair cells—A standard cytocochleogram was prepared for each ear using high-

power oil-immersion objectives and Nomarski optics. In every section through the cochlear 

duct, the number of present and absent hair cells was assessed throughout the entire section 

thickness. Evaluation of both the nuclear and cuticular regions was used to make these 

assessments. Outer hair cell stereocilia could not reliably be resolved at the light 

microscopic level, but inner hair cell stereocilia could clearly be seen. Presence or absence 

of the outer hair cell was determined by the presence of a nucleus within the Deiter cup, the 

presence of a cuticular plate superior to that nucleus and the integrity of the reticular lamina 

across the apical surface of the organ of Corti. Statistical analysis was performed on the 
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effect of the different drug regimens using one-way ANOVA. P values of <0.05 were 

considered statistically significant.

2.6.2. Spiral ligament and spiral limbus fibrocytes—In every section through the 

cochlear duct, we estimated the percentage of remaining fibrocytes. Estimates of cell loss 

were performed with a 40× objective, and were based on the presence of cell nuclei and 

were compared to the cell density seen in control ears.

3. Results

High frequency hearing loss is observed after kanamycin and profound hearing loss is 
seen after combined kanamycin-furosemide

Fig. 1 demonstrates ABR thresholds after saline, kanamycin and kanamycin-furosemide 

elicited by tone pips from 5 to 64 kHz. These animals had been treated twice daily with 

kanamycin in the kanamycin-only group and with an additional once daily dose of 

furosemide in the combined therapy group. This treatment was repeated for 15 consecutive 

days, and mice were then allowed to recover for two weeks. Hearing thresholds were 

obtained four weeks after the initial dose. Age-matched mice that received 15 days of 

kanamycin twice daily experienced average threshold elevations of approximately 20 dB at 

16 kHz, 35 dB at 22 kHz and maximum threshold elevation at 32 kHz and higher. Combined 

administration of kanamycin and furosemide caused near-maximal threshold shift across the 

entire hearing spectrum in all mice with some preservation of hearing at 11 kHz, where 

threshold was approximately 50 dB higher than in control mice. While kanamycin does 

cause a substantial hearing deficit, kanamycin combined with loop diuretic extends the 

hearing loss into the low frequencies.

Outer hair cell loss after kanamycin is confined to the basal turn while kanamycin/
furosemide ablates outer hair cells through the apical turn

Outer hair cells are the main target of aminoglycoside ototoxicity and clearly we 

demonstrate that this is true in both kanamycin and kanamycin-furosemide exposed mice. 

The upper two graphs in Fig. 2 demonstrate quantitative measurements of inner and outer 

hair cell survival after kanamycin and kanamycin-furosemide. The inner hair cells were 

preserved in both regimens except for a consistent loss of inner hair cells confined to the far 

basal end of the cochlea. Approximately 60% of inner hair cells survived in the far basal 

region of the cochlea after kanamycin administration while only 20% of inner hair cells 

survived in this same region after combination kanamycin-furosemide. Other than this tiny 

fraction of the cochlear duct, all inner hair cells were well preserved in both conditions.

Outer hair cell survival was severely affected in both regimens and was markedly worse 

after combination therapy. After kanamycin alone, outer hair cell loss was first noted in the 

10 kHz region and progressed basally. The outer hair cells in the apical turn survived in 

every specimen (Fig. 2). After combination therapy, only 40% of the outer hair cells in the 

apex survived after kanamycin/ furosemide. The remainder of outer hair cells from the 4 

kHz region to the base were completely eradicated. In both regimens, hair cells were 

severely depleted in the high frequencies, but as Fig. 2 illustrates, the percentage of 
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surviving hair cells was lower at all frequencies in the kanamycin-furosemide group. 

Kanamycin with a 15-day twice daily regimen eradicated only one third to one quarter of 

mouse outer hair cells; neither kanamycin nor kanamycin combined with furosemide at 

these doses was effective in eliminating inner hair cells.

Cytocochleograms representing damage in the spiral ligament and the spiral limbus are also 

shown in Fig. 2. A significant loss of spiral limbus fibrocytes was observed after 

combination kanamycin/furosemide. The interdental cells of the spiral limbus were not 

affected. This damage in the spiral limbus was not observed in controls or in mice given 

kanamycin alone. The loss of fibrocytes in the apical turn of the spiral limbus has been 

described in the past in noise injury, but not in aminoglycoside or loop diuretic ototoxicity. 

There was no significant loss of spiral ligament fibrocytes observed in either control or 

drug-treated animals.

Micrographs of the mouse cochlea demonstrate qualitative differences in cochlear injury 
after kanamycin and combination kanamycin-furosemide

Fig. 3 demonstrates representative sections from the organ of Corti in kanamycin and 

kanamycin/furosemide treated mice. The top panel shows normal appearing outer hair cells 

in the apical turn after kanamycin (Fig. 3A). The inner hair cells are present, stereocilia are 

visible, the tunnel of Corti and spaces of Nuel are intact, and outer hair cells are present and 

normal appearing. The combination of kanamycin-furosemide killed nearly all outer hair 

cells in the apex (Fig. 3B). The tunnel of Corti is filled with cellular debris, the Deiter cell 

layer is disorganized and the outer hair cells and their nuclei are absent. The reticular lamina 

is intact and thus the separation between endolymph and perilymph is maintained. The 

architecture of the organ of Corti is preserved despite loss of the individual outer hair cells. 

The height of the tunnel of Corti is normal and the pillar cells are present. The basal 

cytoplasm of inner hair cells in these specimens is vacuolated, suggestive of injury to the 

terminals during tissue processing. In the basal portion of the cochlea, outer hair cells are 

extensively damaged in both kanamycin alone and combination kanamycin-furosemide 

treated ears. In some animals after combination kanamycin-furosemide, the entire organ of 

Corti is absent in the lower basal turn, and a squamous, undifferentiated epithelium is left as 

in Fig. 3C. Two out of eleven mice treated with combination kanamycin-furosemide 

demonstrated this denuded flat epithelium. There appears to be a loss of all supporting cells 

and pillar cells as well as a loss of hair cells. The derivation and the future evolution of these 

squamous-appearing epithelial cells are unclear. The final outcome characterized by a flat 

epithelium as shown in Fig. 3C was observed in a minority of the cochleas that were 

examined after kanamycin-furosemide treatment.

In the spiral ligament, mild loss of type IV fibrocytes was seen in the control mice as is 

characteristic in C57Bl6 mice, and there was no perceptible change in the spiral ligament 

associated with either kanamycin or combination kanamycin-furosemide. In the spiral 

limbus, there are normally two populations of cells: the interdental cells that secrete the 

tectorial membrane and the stellate cells or fibrocytes that comprise the central portion of 

the spiral limbus. We observed severe degeneration of the stellate cells in the spiral limbus 

in the upper apical turn in three out of eleven mice after kanamycin-furosemide (Fig. 4). In 
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the other eight mice, the spiral limbus was completely normal. The interdental cells did not 

demonstrate susceptibility to either regimen. The injury caused by kanamycin-furosemide in 

the limbus caused either complete loss of all stellate cells or complete preservation of these 

cells. There were no specimens that showed an intermediate response.

The stria vascularis was noted to be severely atrophic in the mice exposed to combination 

kanamycin-furosemide (Fig. 5). Strial atrophy was observed through all turns of the cochlea. 

Neither the kanamycin-treated animals nor the control animals demonstrated any 

appreciable changes in the morphology of the stria vascularis under light microscopy. With 

the thick plastic sections used for this analysis, we could not determine the specific cell type 

that was affected and responsible for strial atrophy seen in the kanamycin-furosemide group.

Combination kanamycin-furosemide recruits more monocytes and macrophages to the 
mouse cochlea than kanamycin alone

Leukocytes in the membranous labyrinth were identified by immunohistochemistry for 

CD45 (common leukocyte antigen). In aminoglycoside-treated mice, cochlear leukocytes, 

previously shown to be specifically monocytes and macrophages, were observed in large 

numbers in the lower portion of the spiral ligament, the spiral limbus and within the spiral 

ganglion. In control animals, a sparse collection of CD45+ cells was present in the lower 

spiral ligament, the spiral limbus and the spiral ganglion (shown in Fig. 6A). After 

kanamycin, there was a significant increase in cochlear leukocytes which were concentrated 

in the lower portion of the spiral ligament (Fig. 6B). The mice treated with kanamycin and 

furosemide had the largest number of cochlear macrophages, observed primarily in the spiral 

ligament, the spiral ganglion and in the scala tympani on the undersurface of the basilar 

membrane (see Fig. 6C, white arrows). These cells appear to be in the process of migrating 

outside of their resting location in the spiral ligament. In the apical turn, there are sparse 

cochlear leukocytes present in the spiral ligament after kanamycin alone (Fig. 6D), 

compared with mice receiving kanamycin-furosemide where there are large numbers of 

these cells in the basal and apical turn.

The number of macrophages found in each 30 μm cochlear section is shown in Fig. 6F. In 

this figure, four locations along the cochlear duct were designated for cell counts (upper and 

lower apical turn and upper and lower basal turn) and the average frequency represented by 

each of these half turns was used to localize these cochlear macrophages on the frequency 

axis. In the kanamycin-treated mice, there is an increase in the number of cochlear 

mononuclear phagocytes, particularly in the upper and lower basal turns. In mice treated 

with combination kanamycin-furosemide, the number of cochlear macrophages was even 

greater than in mice exposed to kanamycin alone, and this response extended into the low 

frequency region where kanamycin-furosemide caused hair cell loss and kanamycin alone 

did not. There was no significant increase in cochlear macrophages observed in the stria 

vascularis, although there was a consistent and reproducible population of macrophages that 

resided in the stria and appeared to have an active role in ingesting dead cells in both control 

and damaged cochleas (data not shown).
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4. Discussion

Hearing and vestibular loss have been observed in patients treated with aminoglycoside 

antibiotics since the use of streptomycin for treatment of tuberculosis in the 1940s (Schatz et 

al., 1944). Since then, research efforts to improve our understanding of ototoxicity have 

been performed primarily in birds, guinea pigs, and in organ culture of neonatal mice 

(Brummett, 1981; Cheng et al., 2005; Cunningham et al., 2002; Dai et al., 2006; Forge and 

Li, 2000; Gratacap et al., 1985; Hirose et al., 1997; Jiang et al., 2005; Karasawa et al., 2008; 

Richardson and Russell, 1991; Rizzi and Hirose, 2007; Wang et al., 2003). Recently, 

scientists have turned to in vivo experiments in mice to study molecular mechanisms of hair 

cell susceptibility to ototoxicity. In part, because mice are exceptionally resistant to 

aminoglycoside ototoxicity, more and more investigators are using a combination of 

aminoglycoside and loop diuretic to study loss of hair cells in research applications 

(Hartman et al., 2009; Oesterle et al., 2008; Taylor et al., 2008; Versnel et al., 2007; Xu et 

al., 1993). Here, we describe important quantitative and qualitative effects of combination 

therapy with loop diuretic and aminoglycoside in C57Bl6 mice. In our study, repeated doses 

of kanamycin given twice daily with furosemide once daily, resulted in no substantial loss of 

inner hair cells and near total loss of outer hair cells. In addition, kanamycin/furosemide 

combination therapy affected the stria vascularis and spiral limbus, findings that we did not 

observe in animals given kanamycin alone.

Because mice are resistant to ototoxic hair cell loss, extremely high doses or frequently 

repeated, prolonged administration of drugs have been used. Two recent manuscripts have 

demonstrated a single dose regimen using ten times the standard dose of loop diuretic after a 

1000 mg/kg injection of kanamycin (Oesterle et al., 2008; Taylor et al., 2008). By their 

report, nearly all outer hair cells are gone within 48 h of drug administration and inner hair 

cells also are susceptible at later time points. Different inbred strains (CBA/ CaJ and Swiss 

Webster) and younger mice (4–20 weeks in Oesterle et al. (2008), 3 weeks in Taylor et al. 

(2008)) were used in these studies. CBA/CaJ mice have been shown to be more susceptible 

to aminoglycoside ototoxicity than C57Bl6 mice (Wu et al., 2001). The differences in hair 

cell susceptibility could also be attributed to greater hair cell vulnerability at earlier ages; 

our mice were exposed at 7–8 weeks of life compared to 3–4 weeks in prior studies. The 

slight disparity between our findings of outer hair cell survival at the apex and complete 

inner hair cell preservation and the prior reported findings of total loss of outer and 

significant loss of inner hair cells could be explained by their loop diuretic dose being 

tenfold higher, the use of a different mouse strain, and the difference in age at the time of 

exposure.

The mechanism by which loop diuretics exacerbate aminoglycoside-induced hearing loss 

and outer hair cell damage is unclear. However, based on what is known about loop 

diuretics, we can offer hypotheses on potential contributors to this effect. Marginal cells are 

the primary cells in the cochlea that express Na+/ K+/2Cl− cotransporters which are the 

target of loop diuretics, and they play a vital role in the ionic homeostasis of the endolymph. 

These channels are present on the basolateral surface of the marginal cells (Sakaguchi et al., 

1998). When these channels are blocked by loop diuretics, the intrastrial space expands due 

to accumulation of sodium in this space and passive retention of free water (Higashiyama et 
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al., 2003; Santi and Lakhani, 1983). There is a simultaneous drop in the endocochlear 

potential (EP) when this cotransporter is inhibited (Asakuma and Snow, 1980; Azuma et al., 

2002; Sewell, 1984). As the EP drops, there is loss of the electrochemical gradient that 

drives the transduction current through hair cells, and hearing thresholds increase (Alam et 

al., 1998; Brummett et al., 1979). These changes after loop diuretic are reversible but may 

be critical in the timely resolution of aminoglycoside entry into the endolymph. In the 

guinea pig, the largest drop in EP was observed 2 min after injection of intravenous loop 

diuretic (Pike and Bosher, 1980). Subsequently, the EP rapidly recovered and by 180 min 

after drug administration, the EP returned to normal.

The cell types in the stria vascularis that are affected by loop diuretics have been carefully 

described, but results reported in the literature are not consistent. Loop diuretics, as a single 

agent, are known to cause short-term changes in the morphology of the stria vascularis. 

Some have observed swelling of marginal cells with shrinkage of intermediate cells (Pike 

and Bosher,1980). Others have reported shrinkage of marginal cells and swelling of 

intermediate cells (Rybak, 1993; Rybak et al., 1991; Santi and Lakhani, 1983). It is possible 

that at various times after loop diuretic, there is alternate shrinkage and swelling of marginal 

and intermediate cell types. The earlier mentioned study by Taylor et al. also reported 

changes after combination kanamycin/diuretic administration of strial atrophy and shrinkage 

of marginal cells. Expansion of the intrastrial space is a common finding in most studies. 

Permanent changes in strial morphology have not been observed in mice given furosemide 

alone (Arnold et al., 1981; Lang et al., 2003; Rybak, 1993).

While strial atrophy has been reported in guinea pigs receiving prolonged courses of 

gentamicin in prior studies (Forge et al.,1987), long term strial changes were not apparent in 

our mice two weeks after 15 days of twice daily kanamycin treatment as a single agent. In 

this current study, we did observe that atrophy and thinning of the stria vascularis were long-

term sequelae of combination kanamycin-furosemide exposure. A prior study using freeze 

fracture and thin sectioning demonstrated that the stria vascularis in guinea pigs treated with 

aminoglycosides was significantly thinner than normal and less structurally complex 

compared to control animals (Forge, 1981). Other studies have also noted the effect of strial 

atrophy after chronic aminoglycoside administration; however, strial atrophy in 

aminoglycoside ototoxicity has been shown to cause little change the endocochlear potential 

(Forge et al., 1987; Komune and Snow, 1982). Others have shown using fluorescently 

tagged aminoglycoside administered via intraperitoneal route that aminoglycosides enter the 

endolymph primarily through blood vessels in the stria and accumulate in the cytoplasm of 

marginal cells preferentially over intermediate and basal cells (Wang and Steyger, 2009). In 

our study using light microscopy only, we did not observe changes in strial morphology 

after administration of aminoglycosides as a single agent.

The mechanism of uptake of aminoglycosides from the vascular space into sensory cells has 

also been carefully studied, and investigators have demonstrated the presence of 

aminoglycosides in a number of cochlear cell types including the sensory cells of the 

cochlea and the stria vascularis, spiral ligament, and spiral limbus (Dai and Steyger, 2008; 

de Groot et al., 1990; Hashino et al., 2000; Mihelic-Rapp and Giebel, 1996). Certain cells 

that demonstrate uptake of the drug are susceptible whereas others can absorb the drug and 

Hirose and Sato Page 9

Hear Res. Author manuscript; available in PMC 2015 July 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



remain resistant. Also, concentration of divalent cations, such as calcium and magnesium 

appear to affect aminoglycoside uptake into the hair cell and hair cell susceptibility to 

aminoglycoside in zebrafish (Coffin et al., 2009). It is apparent that the amount of 

gentamicin uptake per cell is not a key factor in determining which cells are susceptible to 

the drug, as others have shown that numerous cells that avidly incorporate aminoglycoside 

remain resistant to ototoxicity, such as the type I and III fibrocytes and apical hair cells 

(Imamura and Adams, 2003; Tran Ba Huy et al., 1983). The mechanism behind spiral 

limbus susceptibility to kanamycin/furosemide is uncertain, but could be due to bystander 

injury of the spiral limbus after uptake and disposal of these toxic agents. There is currently 

no evidence to suggest what role the spiral limbus stellate cells play in ototoxicity.

Aminoglycosides, when administered alone, primarily affect the hair cells in the basal turn. 

While this observation has been noted for many decades, the specific mechanism behind the 

susceptibility of high frequency hair cells is not entirely clear. One theory that has been 

proposed is that the concentration gradient of aminoglycosides favors its accumulation in the 

basal turn (Dai and Steyger, 2008, 2006; Hiel et al., 1992). With the addition of a loop 

diuretic, the concentration of aminoglycoside in the perilymph and endolymph increases and 

could possibly diffuse further into the apical turn. Some studies have shown that 

aminoglycosides are maintained at a higher concentration in the serum, cerebrospinal fluid 

(CSF) and perilymph after coadministration with loop diuretic (Ohtani et al., 1978; Tran Ba 

Huy et al., 1983). One theory regarding the pharmacokinetics of kanamycin after loop 

diuretic is that kanamycin is not effectively cleared through the typical renal mechanisms 

after loop diuretic (Ohtani et al., 1978). Others have proposed that loop diuretics facilitate 

entry of aminoglycoside into the endolymph while not affecting concentration of the drug in 

the perilymph (Tran Ba Huy et al., 1983). In this later paper, administration of both 

aminoglycoside and loop diuretic was given by continuous IV infusion, while most other 

studies describe a single injection given either intravenously or intraperitoneally. Thus, drug 

levels in the serum, CSF and ear fluids may be difficult to compare between studies. One 

case report documents an increase in the aminoglycoside peak and trough by approximately 

five-fold when given in combination with loop diuretic (Kaka et al., 1984). This finding 

would support the observation reported in the study by Ohtani et al. demonstrating that loop 

diuretics heightened drug levels in various compartments within the animal. Unfortunately, 

the studies that document the effect of loop diuretics on the pharmacokinetics of 

aminoglycoside clearance are sparse.

Finally, in this study, we noted the appearance of a large population of inflammatory cells in 

the inner ear after ototoxic injury. A larger number of macrophages appeared in cochleas 

exposed to combination therapy when compared to kanamycin alone. Inflammatory cell 

recruitment to the inner ear is an event that has only recently been noted in ototoxicity. 

Aminoglycoside ototoxicity has been shown to occur via classic apoptotic mechanisms 

characterized by the elaboration of reactive oxygen species, the presence of activated 

caspases in dying hair cells, and morphologic features of pyknosis and fragmentation of 

nuclei (Cunningham et al., 2002, 2004; Forge and Li, 2000; Hirose et al., 1997; Matsui et 

al., 2002; Tabuchi et al., 2007). Furthermore, the inhibition of caspases have been shown to 

inhibit hair cell death after aminoglycoside exposure in the utricle in vitro (Matsui et al., 

2002). In such forms of apoptotic cell death, inflammation and recruitment of leukocytes is 
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considered a rare event. However, it is clear that monocytes and macrophages do enter the 

cochlea during ototoxic injury and these cells collect the ligament and the spiral ganglion as 

seen after acoustic injury (Hirose et al., 2005). Macrophages migrate further apically in mice 

that receive combined therapy when compared to those mice receiving kanamycin alone, 

possibly due to chemotactic factors produced by damaged hair cells in the apical region. 

Despite significant atrophy and cell loss in the stria vascularis, we do not observe large 

numbers of macrophages in this area. This apparent lack of macrophages in the stria could 

be due to decreased permeability of strial endothelial cells to migrating leukocytes or to 

rapid reentry of macrophages back into circulation, leading to a shorter transit time in the 

intrastrial spaces. Why strial damage or atrophy does not induce an accumulation of 

macrophages, despite the apparent vascularity of this structure, is unclear.

After hair cell injury, supporting cells are believed to be involved in phagocytosis of debris 

in the sensory epithelium (Abrashkin et al., 2006; Li et al., 1995). We postulate that while 

supporting cells may play a role in cell clearance, professional phagocytes recruited to the 

cochlea might also contribute to clearance of hair cell debris. We did not observe direct 

evidence of macrophages engulfing hair cells in the light microscopic survey performed 

here, but the role of tissue macrophages in other organs is entirely consistent with this 

possibility. Macrophage migration could exacerbate ototoxicity, either due to bystander 

effects or due to activation of inflammatory mediators that follow monocyte and 

macrophage recruitment to the inner ear. It is also possible that monocytes and macrophages 

play a protective role after ototoxicity. Monocytes and macrophages are known to produce 

cytokines and growth factors that are important for epithelial repair in other organs and 

could play a similar role in the inner ear. At this time, we have no evidence to suggest that 

cochlear macrophage recruitment is either beneficial or detrimental after hair cell injury 

from ototoxicity. Exactly what role is played by recruited monocytes to the site of cochlear 

injury is currently unknown and is the subject of ongoing investigation.

In this study, cochlear macrophages are not observed in large numbers in the organ of Corti. 

Theyare located primarily in the lateral wall and in the spiral ganglion and adherent to the 

walls of the scala tympani. We hypothesize that the high potassium content of the 

endolymph is a hostile environment for macrophages and therefore, they are seen very rarely 

in the scala media. If the high potassium concentration is unfavorable for macrophages 

survival, how they remain viable in the intrastrial spaces is unclear. It is apparent from prior 

work that macrophages and monocytes are consistently observed in the stria vascularis, 

particularly surrounding the strial capillaries.

Fixed and stained tissue sections provide only brief snapshots of cochlear macrophages at a 

specific time and place. If hair cell clearance by macrophages occurs quickly and 

sporadically through brief extensions of filapodia into the sensory epithelium from cell 

bodies in scala tympani, it could be difficult to capture these cells in the act of ingesting a 

dying hair cell. To address these questions, we are pursuing other methods of imaging 

cochlear macrophages interacting with injured hair cells. Cytokines and growth factors 

secreted by macrophages could substantially affect the final outcome of the injured cochlea. 

To summarize, we propose that both supporting cells and recruited macrophages may 

contribute to clearance of damaged hair cells and that macrophages may play an important 
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role in repair and recovery of the sensory epithelium by modulating the inflammatory 

response to injury. We propose that circulating monocytes are recruited to the ear not only 

for their phagocytic function, but also to summon other downstream events that eventually 

lead to resolution of inflammatory cell recruitment and repair.
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Fig. 1. 
ABR threshold after saline, kanamycin, and kanamycin-furosemide injection. ABR 

thresholds were elevated at 16 kHz and higher after kanamycin, while thresholds were 

elevated at all tested frequencies after kanamycin-furosemide injections. Figure icons 

represent means and error bars represent standard errors of the mean (SEM). Asterisks 

demonstrate thresholds at which the difference between kanamycin and kanamycin-

furosemide were statistically significantly different as evaluated by one-way ANOVA test 

with p < 0.05.
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Fig. 2. 
Cytocochleograms after saline, kanamycin, and kanamycin-furosemide injection. A loss of 

outer hair cells was seen in the extreme base in saline-injected control animals. This degree 

of high frequency hair cell loss has been reported and is expected in the C57Bl6 mouse 

strain. Mild to moderate inner hair cell (IHC) damage was seen in high frequencies after 

kanamycin and kanamycin-furosemide injection. Moderate to severe outer hair cell (OHC) 

damage was seen in 14 kHz or higher frequency after kanamycin injection, whereas almost 

all OHC disappeared after kanamycin-furosemide injection. Mild spiral ligament damage 

was seen in the control mice, and there was no difference among three groups. Three out of 

11 mice exhibited spiral limbus damage after kanamycin-furosemide injection. Figure icons 

represent means, and error bars represent SEM. Asterisks demonstrate regions in which the 

difference between hair cell survival in kanamycin and kanamycin-furosemide treated 
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groups were statistically significantly different as evaluated by one-way ANOVA with p < 

0.05.
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Fig. 3. 
Complete outer hair cell loss was seen after combination kanamycin/furosemide injection. 

A: After kanamycin alone, outer hair cells (arrowhead) were preserved in lower apical turn. 

B: After combined kanamycin and furosemide, outer hair cells (black arrowhead) 

degenerated, pillar cells (white arrowhead) appear somewhat collapsed, but inner hair cells 

(arrow) were preserved in lower apical turn. C: Normal structures of the organ of Corti 

(arrowhead) were replaced by a flat epithelium in the lower basal turn after kanamycin and 

furosemide injection. Scale bar = 50 μm in A applies to A–C.
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Fig. 4. 
Degeneration of the spiral limbus was seen after kanamycin and furosemide injection. A: 

Saline injection. B: Kanamycin-furosemide injection. Stellate cells (fibrocytes) were 

damaged in the apical turn of the spiral limbus after kanamycin injection (B, arrowhead). 

Scale bar = 100 μm in A applies to A–B.
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Fig. 5. 
Stria vascularis in the lower apical turn after kanamycin-furosemide injection. A: Saline 

injection. B: Kanamycin-furosemide injection. Stria vascularis was shrunken after 

kanamycin-furosemide injection. Scale bar = 50 μm in A applies to A–B.
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Fig. 6. 
CD45 immunohistochemistry demonstrates migratory mononuclear phagocytes after saline 

(A), kanamycin (B and D), and kanamycin-furosemide (C and E). Figures A, B, and C show 

the basal turn; D and E demonstrate the apical turn. High magnification images are shown in 

A′, B′, C′, D′ and E′. A: After saline, there are few cochlear mononuclear phagocytes that 

are present in the spiral limbus (arrow in A), in the spiral ligament (see arrow in A′) and in 

the scala tympani (arrowhead in A′). B: After kanamycin, there are more CD45 positive 

cells in the spiral ligament, concentrated in the type IV fibrocyte region (arrow in B). C: 

CD45+ cells after kanamycin-furosemide were significantly increased when compared to 

kanamycin alone. There are notably more phagocytic cells present in the scala tympani 

(arrowheads in C). D: In the apical turn, there are few macrophages seen in the kanamycin 

alone treated ears (D and D′). E: After combination kanamycin-furosemide, there is an 

abundance of cochlear mononuclear phagocytes extending well into the apex as seen in E 

and E′. F: The number of CD45+ cells is quantified across the cochlear duct in mice exposed 

to saline, kanamycin and kanamycin-furosemide in F. (Scale bar in A also applies for figures 

B, C, D, and E. Scale bar in A′ applies for B′, C′, D′, and E′).
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