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Abstract

Macrophages are the primary effector cells of the innate immune system and are also activated in response to tissue injury.
The avian cochlea contains a population of resident macrophages, but the precise function of those cells is not known. The
present study characterized the behavior of cochlear macrophages after aminoglycoside ototoxicity and also examined the
possible role of macrophages in sensory regeneration. We found that the undamaged chick cochlea contains a large resting
population of macrophages that reside in the hyaline cell region, immediately outside the abneural (inferior) border of the
sensory epithelium. Following ototoxic injury, macrophages appear to migrate out of the hyaline cell region and towards
the basilar membrane, congregating immediately below the lesioned sensory epithelium. In order to determine whether
recruited macrophages contribute to the regeneration of sensory receptors, we quantified supporting cell proliferation and
hair cell recovery after the elimination of most resident macrophages via application of liposomally-encapsulated
clodronate. Examination of macrophage-depleted specimens at two days following ototoxic injury revealed no deficits in
hair cell clearance, when compared to normal controls. In addition, we found that elimination of macrophages did not affect
either regenerative proliferation of supporting cells or the production of replacement hair cells. However, we did find that
macrophage-depleted cochleae contained reduced numbers of proliferative mesothelial cells below the basilar membrane.
Our data suggest that macrophages are not required for normal debris clearance and regeneration, but that they may play a
role in the maintenance of the basilar membrane.
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Introduction

Sensory transduction in the inner ear is mediated by hair cells,

which detect sound vibrations and head movements, and provide

synaptic input to afferents of the eighth cranial nerve. Hair cells –

along with their accompanying supporting cells - reside in

epithelial sheets that form barriers between the two fluid spaces

of the inner ear (perilymph and endolymph). Cells within these

sensory epithelia can be injured or killed by acoustic trauma,

treatment with ototoxic drugs, or as a consequence of aging. In

order to preserve the integrity of the inner ear fluid chambers, it is

essential that cellular debris be quickly removed after injury or

apoptosis. Epithelial debris clearance can be mediated by several

distinct mechanisms. Cell corpses may be actively extruded from

the epithelium [1], removed by resident or recruited macrophages,

or engulfed by surrounding cells (acting as ‘amateur phagocytes’).

In the avian cochlea, most dying hair cells appear to be extruded

from the sensory epithelium [2], while recent evidence suggests

that apoptotic vestibular hair cells are phagocytosed by adjacent

supporting cells [3]. Although the sensory organs of the avian

inner ear contain resident populations of macrophages [4], it is not

clear whether those cells also participate in the removal of hair cell

debris. The avian inner ear also has a robust ability to regenerate

hair cells after injury, and prior studies have suggested that

resident macrophages may help initiate this regenerative process

[4,5,6].

In light of the uncertain role of macrophages in the inner ear,

the aims of the present study were to determine whether

macrophages are required for removal of hair cell debris after

ototoxic injury and to test the hypothesis that resident macro-

phages promote hair cell regeneration. Experiments were

conducted on organotypic cultures of the chick cochlea, which

retains its regenerative ability when maintained in vitro [7,8].

Liposomally-encapsulated clodronate was used to deplete resident

macrophages in cochlear cultures, and the resulting effects on

debris clearance and sensory regeneration were quantified.

Although ototoxic injury caused increased numbers of macro-

phages to migrate towards the lesioned regions, we found that the

removal of macrophages did not affect the removal of apoptotic

hair cells from the sensory epithelium. Instead, dying hair cells

were quickly extruded from the lumenal surface of the epithelium

in both normal and macrophage-depleted cochleae. Regenerative

proliferation of cochlear supporting cells was also unaffected by

macrophage removal, although we did observe reduced prolifer-

ation among cells below the basilar membrane. Finally, we

observed no differences in hair cell recovery in macrophage-

depleted cochleae vs. cochleae with normal macrophage popula-

tions. Together, these findings suggest that macrophages are not

essential for the clearance of apoptotic hair cells or for the
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initiation of sensory regeneration. However, our findings suggest

that macrophages may participate in the maintenance of the

basilar membrane.

Methods

Animals
Fertilized chicken eggs were obtained from Charles River

(Franklin, CT) and incubated until hatching. Chicks were then

housed in heated brooders for 10–15 days, prior to use in

experiments. All protocols were approved by the Animal Studies

Committee of Washington University.

Ototoxic Injury in vivo
Cochlear hair cells were lesioned in vivo through systemic

treatment with streptomycin sulfate. Streptomycin was dissolved

in 0.9% NaCl and chicks were given intramuscular injections of

1,200 mg/kg. Injections were given at ,12:00 PM for three

consecutive days. At 24 hr after the final injection, chicks were

euthanized via CO2 asphyxiation and cochleae were removed,

fixed 30 min in 4% paraformaldehyde (in 0.1 M phosphate buffer)

and processed for immunohistochemistry.

Preparation of Organotypic Cultures
Cultures of the cochlea (basilar papilla) were prepared following

previously described methods [4,8]. Chicks were euthanized via

CO2 asphyxiation and decapitated. Following removal of the skin

and mandible, heads were placed in 70% EtOH for 5–10 min., in

order to kill surface pathogens. The temporal bones were opened

and cochleae were quickly explanted and placed in chilled

Medium 199 (M199) with Hank’s salts and HEPES buffer. Fine

forceps were used to remove the tegmentum vasculosum from

each cochlea, and the lagena was also cut away using iridectomy

scissors. However, the tectorial membranes were not removed

from any of the specimens, either before placement in organotypic

culture or prior to immunohistochemical processing. Individual

dissected cochleae were transferred into culture wells (MatTek)

that contained 100 ml of M199 with Earle’s salts 2,200 mg/l

sodium bicarbonate, 0.69 mM L-glutamine, 25 mM HEPES,

supplemented with 1% FBS. Cochleae were initially incubated in

medium that contained 1 mM streptomycin sulfate. After 24 hr of

streptomycin treatment, all specimens were rinsed 36 in fresh

medium and maintained for an additional 2–7 days in strepto-

mycin-free medium. Cultured specimens were maintained at 37uC

Figure 1. Macrophages in the uninjured chick cochlea. Surface views revealed macrophages (green) associated with the sensory region (A). In
addition, numerous macrophages were present in the hyaline/cuboidal cell region, which is immediately outside the inferior border of the sensory
epithelium (B). Three-dimensional reconstructions of confocal image stacks indicated that macrophages in the sensory region were mainly located
below the sensory epithelium (A9, B9). Macrophages in the sensory and nonsensory (hyaline cell) regions of the cochlea were quantified from five
100 mm-wide strips, located in the midregion of the cochlea (shaded areas, C). Green: KUL01 (macrophages), Red: phalloidin. Scale bar = 30 mm.
doi:10.1371/journal.pone.0051574.g001
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in a 5%CO2/95% air environment, and were fed fresh medium at

two-day intervals.

Clodronate Depletion of Macrophages
Liposomally-encapsulated clodronate (,18 mg/ml clodronate

[9]) was stored at 280uC and thawed immediately prior to use.

Liposomes were then added to cochlear cultures at a dilution of

2 ml liposome solution to 100 ml medium, so that single cochleae

were exposed to ,36 mg clodronate. Control cultures were treated

with equal volumes of ‘empty’ (PBS-containing) liposomes, or

received no liposomal supplement. Specimens were incubated in

these media for 24 hr and were then rinsed 36 over 30–60 min.

and used for further experimentation.

Identification of Proliferating Cells
Proliferating (S-phase) cells were labeled by the addition of

bromodeoxyuridine (BrdU, 3 mg/ml) to culture medium. Speci-

mens were incubated with BrdU for four days; BrdU-containing

medium was replaced with fresh medium every 48 hr.

Immunohistochemistry
All cultures were fixed for 30 min with 4% paraformaldehyde

(PFA; in 0.1 M phosphate buffer). Specimens were then

thoroughly rinsed with PBS and nonspecific antibody binding

was blocked by incubation for 2 hr in PBS with 5% normal horse

serum (NHS) and 0.2% Triton X-100. Hair cells were identified

with an antibody against myosin VIIA (Proteus Biosciences, rabbit

polyclonal, 1:500). Macrophages were labeled with the KUL01

antibody (1:100, mouse monoclonal, Southern Biotechnology or

Santa Cruz Biotechnology [10]). Immunohistochemistry for BrdU

was performed using previously published methods [11]. Speci-

mens were maintained in primary antibodies overnight and were

then rinsed 56 in PBS and incubated for 2 hr. in secondary

antibodies (Alexa-488 donkey anti-mouse, Alexa-546 donkey anti-

rabbit, 1:500) and/or Alexa-488 or Alexa-546 phalloidin (all Life

Technologies; Carlsbad, CA). The secondary antibody solutions

also contained DAPI, in order to label cell nuclei. All

immunolabeling was done at room temperature.

Imaging and Data Analysis
Confocal microscopy (Zeiss LSM 700) was used for all imaging.

Image stacks were reconstructed and processed using Volocity

software (PerkinElmer) and stored as TIFF files. All quantification

was conducted offline, from stored images. Macrophages within

the sensory and hyaline/cuboidal cell regions were counted from

100 mm-wide strips, beginning ,1 mm from the distal tip of the

cochlea and proceeding toward the proximal end (see Fig. 1C).

Surviving and regenerated hair cells were counted from five

1006100 mm regions/cochlea. These sampled regions were

located approximately midway between the superior and inferior

edges and the proximal and distal tips. A similar sample scheme

was used to quantify BrdU-labeled cells. All data are presented as

mean6SD, as computed by Microsoft Excel. Statistical signifi-

cance was assessed using Students t-test (2-tailed, Microsoft Excel).

Results

Response of Cochlear Macrophages to Ototoxic Injury
in vivo

In initial studies, we used the KUL01 antibody to characterize the

distribution of macrophages in the normal (undamaged) chick

cochlea. Surface views revealed moderate numbers of macrophages

associated with the sensory region (Fig. 1A, B). However, three-

dimensional reconstructions of confocal images indicated that almost

all such macrophages were located below the sensory epithelium,

near the basilar membrane (Fig. 1A9). We also observed numerous

macrophages within the hyaline/cuboidal cell region, just outside of

the inferior border of the sensory epithelium (e.g., Fig. 1B, B9).

Macrophages in the sensory epithelium were quantified from five

100 mm-wide strips that extended from the neural to abneural border

and were oriented perpendicular to the tonotopic axis. The sampled

regions were located in the widest portion of the sensory epithelium

(i.e., ,1–2 mm from the distal tip) and were separated from each

other by 100 mm. We also quantified the numbers of macrophages in

the adjoining hyaline cell regions of these same sampled regions (see

Fig. 1C). Uninjured cochleae contained 2.861.7 macrophages/

100 mm (n = 25 samples from five specimens) within the sensory

region, while the adjoining hyaline/cuboidal cell region contained

8.863.1 macrophages/100 mm. This observation indicates that the

hyaline/cuboidal cell region (which is only ,15% as wide as the

sensory region) contains a relatively large proportion of resting

macrophages.

We next examined changes in the numbers and distribution of

cochlear macrophages following aminoglycoside ototoxicity. Chicks

were given three injections of streptomycin (1,200 mg/kg, 1/day, for

three consecutive days), which killed nearly all hair cells in the

proximal ,50% of the sensory epithelium. Surface views of cochleae

fixed one day after streptomycin injections revealed enhanced

numbersofmacrophageswithin the lesionedsensoryregions (Fig.2A,

Figure 2. Response of cochlear macrophages to ototoxic injury.
Chicks received three injections of streptomycin (1,200 mg/kg, 1/day),
which killed most hair cells in the proximal-most ,50% of the sensory
region. Cochleae were fixed 24 hr after the final injection, and
macrophages were identified by immunoreactivity for KUL01 (green).
Hair cell stereocilia and cell-cell junctions were also labeled with
phalloidin (red). Surface views (A) indicated that the sensory regions of
lesioned cochlea contained increased numbers of macrophages. The
dashed line indicates the inferior border of the sensory epithelium.
Examination of three dimensional renderings of the confocal image
stacks (B) indicated that most newly-recruited macrophages remained
below the sensory epithelium. Scale bar = 30 mm.
doi:10.1371/journal.pone.0051574.g002
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B). Notably, this increase appeared to be accompanied by a

corresponding decrease in the numbers of macrophages in the

hyaline/cuboidal cell region (Fig. 3A, B). In order to confirm a

redistribution of macrophages after hair cell injury, we counted the

numbers of macrophages/100 mm in both the sensory and the

hyaline cell regions (Fig. 3C). At one day after completion of

Figure 3. Redistribution of cochlear macrophages following ototoxic injury. The hyaline cell regions of undamaged cochleae contained
numerous macrophages (A, green). After ototoxic injury, increased numbers of macrophages were observed within the sensory region (B).
Macrophage numbers in the sensory and hyaline regions were quantified using the scheme shown in (C). Data from undamaged cochleae indicated
that the hyaline cell region contained more macrophages than did the adjacent sensory region (D, left, p,0.001). After injury, however, macrophages
in the sensory region outnumbered those in the hyaline region (D, right, p,0.001). This apparent redistribution suggests that resting macrophages
migrate into the sensory region in response to hair cell injury, as schematized in (E). Scale bar = 30 mm.
doi:10.1371/journal.pone.0051574.g003
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streptomycin injections, the sensory region contained 12.266.4

macrophages/100 mm, while the hyaline cell region contained

2.661.6 macrophages/100 mm (Fig. 3D; n = 25 samples from five

specimens). This redistribution of macrophages suggests that, after

ototoxic injury, macrophages migrate from the hyaline cell region

into the sensory region (e.g., Fig. 3E). Most of the newly-recruited

macrophages remained below the sensory epithelium, although

occasional macrophages appeared to extend processes into the

sensory region (Fig. 2B). Also, since one possible function of tissue

macrophages is to remove apoptotic cells, we looked for evidence of

phagocytosis of hair cell debris. Cochleae were fixed at one day after

completion of streptomycin injections and were then immunolabeled

for KUL01 (to identify macrophages) and myosin VIIA (to label the

remnants of apoptotic hair cells). Occasional cells labeled with both

antibodies were observed (Fig. 4), but such cells were rare (,1–2/

cochlea). This observation, combined with the fact that most

macrophages remained well below the sensory epithelium, suggests

that phagocytosis of apoptotic hair cells is not a primary function of

cochlear macrophages.

Selective Elimination of Macrophages from Organotypic
Cultures of the Chick Cochlea

The processes of hair cell injury, macrophage recruitment, and

hair cell regeneration can be readily observed in organotypic

cultures of the chick cochlea (Fig. 5) [4,7,8,12]. In order to assess

the role of macrophages in regeneration, we first examined

whether macrophages can be selectively eliminated from cochlear

cultures. Studies of macrophage influences in other somatic tissues

(conducted both in vivo and in vitro) have employed liposomally-

encapsulated clodronate to reduce macrophage numbers [9,13].

Clodronate is a bisphosphonate compound that is toxic to

macrophages when internalized (i.e., though the phagocytosis of

clodronate-containing liposomes). Cultured cochleae (n = 8) were

treated for 24 hr in medium that contained clodronate liposomes.

Specimens were then thoroughly rinsed and maintained in culture

for an additional 24 hr in clodronate-free medium. Control

cultures (n = 6) were run in parallel, but did not receive clodronate

liposomes. Following fixation, specimens were processed for

KUL01 immunohistochemistry and macrophages were quantified

from 100 mm segments in the cochlear mid-region (e.g., Fig. 1C,

with sensory and hyaline cell region macrophages combined

together). In all cases, we found that treatment with clodronate

liposomes caused a dramatic reduction in the numbers of

macrophages (Fig. 6). Significantly, we observed no evidence for

hair cell damage in the clodronate-treated cultures. The inferior

regions of clodronate-treated cochleae contained 73.7610.5 hair

cells/10,000 mm2, while comparable regions of control cochleae

contained 74.068.2 hair cells/10,000 mm2 (n = 4 samples from

each specimen). These observations suggest clodronate can

eliminate macrophages from the chick cochlea without affecting

hair cell survival.

Figure 4. Co-localization of macrophages with hair cell debris. Cochleae were fixed at one day after completion of streptomycin injections
(see text) and immunolabeled for KUL01 (green, macrophages) and myosin VIIA (red, hair cells). Specimens contained a small number of cells that
were double-labeled for both markers (arrows). Such labeling is suggestive of macrophages having phagocytosed the remains of injured hair cells.
Reconstruction of confocal image stacks revealed that such cells were below the sensory epithelium (C). Scale bar = 30 mm.
doi:10.1371/journal.pone.0051574.g004

Figure 5. Ototoxic injury and hair cell regeneration in organotypic culture. Cultures of chick cochleae were treated for 24 hr with 1 mM
streptomycin, which killed nearly all hair cells in the sensory epithelium (center). When such lesioned specimens were maintained for an additional
seven days in streptomycin-free medium, significant hair cell recovery was observed (right). All images show the midregion of the chick cochlea.
Labels: red-Myosin VIIA (hair cells), green-phalloidin. Scale bar = 30 mm.
doi:10.1371/journal.pone.0051574.g005
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Macrophages are not Required for the Clearance of
Apoptotic Hair Cells

In most tissues, a primary function of resident macrophages is

the removal of cellular debris after apoptosis. We predicted that, if

cochlear macrophages were essential for clearing dying hair cells

after ototoxic injury, then the sensory epithelia of cochleae that

lacked resident macrophages should contain numerous fragments

of hair cell debris. To test this prediction, cochleae (n = 20) were

placed in organotypic culture; ten specimens received liposomal

clodronate while the remaining cochleae served as untreated

controls. After 24 hours, all specimens were rinsed 36 and then

treated for 24 hr in 1 mM streptomycin, in order to kill hair cells.

Following ototoxic injury, the specimens were thoroughly rinsed

and maintained in vitro for an additional 48 hr (to allow hair cells

to complete the apoptotic process). Specimens were then fixed and

labeled with phalloidin and immunolabeled for myosin VIIA. We

observed widespread myosin VIIA immunoreactivity in all

cochleae, which co-localized with hair cell debris (Fig. 7A, B).

Using confocal imaging and 3-D reconstruction, we found that

nearly all myosin VIIA-immunoreactive material was located

above the lumenal surface of the sensory epithelium (Fig. 7C, D). It

should be noted that tectorial membranes were not removed from

these specimens, so it is likely that hair cell debris was extruded

from the epithelium and then held in place by the overlying

tectorial membrane. In contrast, very little myosin VIIA-labeled

material remained within the sensory epithelium (Fig. 7E, F).

Quantification of hair cells within the sensory epithelium revealed

that macrophage-depleted cochleae contained 0.460.7 hair cells/

10,000 mm2, while cochleae with normal macrophage populations

contained 1.162.1 hair cells/10,000 mm2. Together, these data

suggest that apoptotic hair cells are removed from the lumenal

surface of the sensory epithelium and that this process does not

require the assistance of resident macrophages.

Elimination of Macrophages does not Affect Hair Cell
Regeneration

Having established that macrophage depletion did not affect the

clearance of hair cell debris after ototoxic injury, we next examined

whether macrophages influence the process of hair cell regeneration.

Cochleae were incubated for 24 hr in either: (1) clodronate-

containing liposomes, (2) ‘empty’ (PBS-containing) liposomes, or (3)

normal medium without liposomes. Each treatment group consisted

of 10 cochleae. After these treatments, all specimens were thoroughly

rinsed with fresh medium, incubated for 24 hr in medium that

contained 1 mM streptomycin, and then thoroughly rinsed in fresh

medium and maintained in culture for seven days (in order to allow

time for hair cell recovery). After fixation, the specimens were

immunolabeled for myosin VIIA and the numbers of hair cells were

quantified from five 1006100 mm regions in the central region of

each specimen (Fig. 8). Regardless of pretreatment, all cochleae

contained ,10–15 hair cells/10,000 mm2, which is an approximate-

ly15-fold increase over the hair cell density observed at 48 hr after

ototoxic injury (compare Fig. 7G vs. Fig. 8C). This result suggests that

eliminationofmacrophagesdoesnotaffect the initial stagesofhaircell

regeneration.

Elimination of Macrophages does not Affect Supporting
Cell Proliferation

The avian cochlea can regenerate hair cells through two distinct

mechanisms: (1) the evoked proliferation of supporting cell precur-

sors, or (2) direct transdifferentiation of supporting cells into

replacement hair cells [14]. It is possible that macrophage depletion

may selectively impact one or the other of these processes, but that

normal levelsofhaircell replacementmaystilloccurviaenhancement

of the unaffected mechanism. To resolve this issue, we examined the

effects of macrophage depletion on supporting cell proliferation.

Cochleae (n = 10) were treated for 24 hr in clodronate-containing

liposomes, followed by 24 hr in streptomycin (as described above).

Control specimens (n = 10) were run in parallel, but did not receive

clodronate. Following streptomycin treatment, all cultures were

rinsed and the mitotic tracer BrdU was added to the medium.

Specimensweremaintainedforanadditional fourdaysandwerethen

fixed and processed for immunohistochemical labeling of BrdU.

Confocal images of the sensory epithelia were obtained and BrdU-

labeled cellswere quantified from1006100 mm regions in the central

portion of the sensory region. Nearly identical levels of BrdU

incorporation were observed in clodronate-treated and control

specimens (Fig. 9B, C, D), indicating that macrophage depletion does

not alter the regenerative proliferation of cochlear supporting cells.

Macrophages Depletion Reduces Cell Division within the
Basilar Membrane

Although the previous data revealed similar numbers of

proliferating supporting cells in clodronate-treated and control

cultures (e.g., Fig. 9D), visual inspection of those specimens

suggested that macrophage-depleted cochleae contained fewer

Figure 6. Treatment with liposomally-encapsulated clodronate reduces the number of macrophages in cochlear cultures. (A)
Untreated cochlear cultures possess numerous macrophages (green), particularly in the hyaline/cuboidal cell region. (B) After treatment for 24 hr in
clodronate-containing liposomes, very few macrophages remain (arrows). In contrast, hair cell morphology did not appear to be affected by
clodronate treatment (red: phalloidin). (C) Quantification of macrophages in clodronate-treated vs. control cultures (n = four samples/specimen from
eight clodronate-treated and six control cochleae) demonstrates a sharp reduction in the resident macrophage population after clodronate treatment
(p,0.001). Scale bar = 30 mm.
doi:10.1371/journal.pone.0051574.g006
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Figure 7. Elimination of macrophages does not affect the clearance of hair cell debris after ototoxic injury. (A, B) Surface views of
cochleae fixed at 48 hr after streptomycin treatment. High levels of hair cell debris (labels: red-myosin VIIA; green-phalloidin) were present in all
specimens, regardless of pretreatment. (C, D) Three-dimensional reconstructions of confocal image stacks indicated that nearly all hair cell debris was

Macrophages and Cochlear Regeneration
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BrdU-labeled cells than did untreated controls (e.g., Fig. 10E, F).

In order to characterize cell proliferation in these specimens more

completely, we obtained confocal image stacks through the entire

depth of the sensory region, which contained both epithelial

supporting cells as well as the basilar membrane and associated

mesothelial cells (Fig. 10A). Three-dimensional renderings of these

confocal stacks revealed that proliferation in clodronate-treated

specimens was mainly confined to the sensory epithelium

(Fig. 10B), while control specimens also contained numerous

proliferating cells in the regions below the sensory epithelium

(Fig. 10C). Quantification of all BrdU-labeled cells indicated that

clodronate treatment reduced the total number of proliferating cells

by ,40% (Fig. 10D). Finally, the morphology of BrdU-labeled

nuclei permitted us to tentatively distinguish between epithelial

supporting cells and cells located outside the sensory epithelium.

Supporting cell nuclei were round and of approximately equal

diameter (Fig. 9B, C). Nearly all BrdU-labeled nuclei observed in

the clodronate-treated cochleae corresponded to this phenotype

(Fig. 10E). However, confocal images of control specimens

contained both round nuclei as well as oval-shaped nuclei of

various sizes (Fig. 10F). Those nuclei were usually deeper in the

tissue and correspond to cells below the basilar membrane.

Proliferation of Mesothelial Cells and Macrophages in
Cochlear Cultures

Given that the depletion of macrophages reduced proliferation

among cells below the basilar membrane, we then focused on

identifying the affected cells. A previous study had shown evidence

for the proliferation of macrophages in cochlear cultures [4], so it

was possible that the observed reduction in proliferation was

simply due to the elimination of those cells. In order to resolve this

issue, we first compared the numbers of KUL01-labeled macro-

phages with the numbers of proliferating cells within the cochlear

regions shown in Fig. 9D. At one day after streptomycin

treatment, cultured cochleae contained 6.463.3 macrophages/

10,000 mm2 while, at four days post-streptomycin, cochleae

contained 5.062.5 macrophages/10,000 mm2 (n = 22/24 samples

from six cochleae/time point). However, our BrdU data indicate

that clodronate treatment reduced proliferation in these regions by

,12 cells/10,000 mm2 (Fig. 10D). These data suggest that the

simple elimination of resident macrophages is not sufficient to

account for the clodronate-evoked decrease in proliferation. We

also examined the location and morphology of BrdU-labeled cells

in frozen sections of cochleae that were fixed at four days after

treatment with 1 mM streptomycin. Labeled nuclei within the

sensory epithelium (supporting cells) were typically larger and

rounder than labeled nuclei below the sensory region (arrows,

Fig. 11 A, B). Double-labeling with the KUL01 antibody indicated

that both proliferating and quiescent macrophages were present in

all cultures (Fig. 11C, D). Notably, however, proliferating

macrophages constituted a minority of BrdU-labeled cells within

all regions of the cochlea. Proliferating cells below the basilar

membrane often had elliptically-shaped nuclei and were situated

between the basilar membrane and the fluid space of scala

tympani. Such cells are generally classified as mesothelial or

tympanic border cells [15].

Discussion

The present study confirms and extends prior observations,

demonstrating that the avian cochlea contains a resident

population of macrophages and that increased numbers of

macrophages are attracted toward sites of hair cell injury

[4,6,16]. Most somatic tissues contain resident populations of

macrophages, which play a key role in innate immunity and serve

as first responders after injury. Our observations indicate that the

avian cochlea contains a large population of resting macrophages

that are concentrated just outside of the inferior border of the

sensory epithelium. Ototoxic injury appears to cause these

macrophages to migrate across the inferior border into scala

tympani, below the hair cell lesion. However, few macrophages

appeared to enter the sensory epithelium, and we observed limited

evidence for macrophage phagocytosis of apoptotic hair cells.

Moreover, selective elimination of macrophages from cultured

cochleae did not affect debris clearance from the injured sensory

epithelium and did not impair hair cell regeneration. Instead,

macrophage elimination reduced the proliferation of cells beneath

the sensory epithelium, including the mesothelial cells that line the

basilar membrane. Taken together, our results suggest that

macrophages may participate in the maintenance and homeostasis

of nonsensory cochlear tissues, but do not serve a critical role in

the initiation of hair cell regeneration.

Phenotypic Identity of Leukocytes in the Avian Ear
Results of prior studies suggest that the avian cochlea contains

several distinct classes of leukocytes. Initial studies, based on acid

phosphatase histochemistry, revealed numerous resident macro-

phages in the sensory and nonsensory regions of the chick cochlea

[4]. A subsequent study reported that the chick inner ear

contained cells that resembled macrophages and that expressed

the leukocyte-common antigen CD45 [6]. Use of more specific

immunolabeling reagents indicated that the avian ear contains

several types of leukocytes, as well as B- and T-lymphocytes [16].

Although the role of these cells in the context of inner ear function

remains undetermined, such data challenge the notion that the

inner ear is ‘immune-privileged.’ The present study used the

KUL01 antibody, which recognizes an unidentified epitope on the

extracellular surface of chick macrophages. Prior studies have

shown that KUL01 selectively labels chick monocytes, macro-

phages, and activated (but not resting) microglia [10]. As such, the

present results provide the most definitive characterization to-date

of macrophages in the avian cochlea, and suggest that macro-

phages are widely distributed in the nonsensory structures of the

cochlea, but are relatively rare in the sensory epithelium.

Spatial Distribution of Macrophages in the Normal and
Injured Cochlea

One novel finding of the present study was that the inferior

(abneural) region of the avian cochlea hosts a large population of

resting macrophages. This epithelial region is comprised of so-

called hyaline and cuboidal cells, which form the inferior

boundary of the sensory region and connect the basilar membrane

to the surrounding cartilage. Hyaline cells receive extensive

efferent innervation [17], which may regulate the mechanical

properties of the basilar membrane [18,19]. The functional

located above the lumenal surface of the sensory epithelium. (E, F) In contrast, confocal images that were confined to the sensory region revealed
very low levels of hair cell debris remaining in the epithelia of either clodronate-treated (E) or control (F) cultures. Arrows in (E) and (F) point to myosin
VIIA-labeled cells that remained within the sensory epithelium at 48 hours after ototoxic injury. Quantification of such cells confirms that macrophage
depletion did not impair the removal of hair cell debris from the sensory epithelium (G). Scale bars = 50 mm.
doi:10.1371/journal.pone.0051574.g007
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significance of this localized collection of macrophages just outside

of the sensory region is unclear, but it is conceivable that large

numbers of resting macrophages within or below the sensory

epithelium might interfere with cochlear mechanics or with other

aspects of the transduction process. It is also not clear what

chemical signals cause macrophages to remain within the hyaline

cell region in the normal cochlea, but then summon them into the

basilar membrane after ototoxic injury. Macrophage activation

and motility are regulated by a large number of cytokines and

chemokines, and little is known about the expression of these

molecules within the cochlea. Microglia (the resident macrophages

of the CNS) are activated and recruited by the release of ATP

from injury sites [20,21]. Prior studies have demonstrated that

ATP is also released from sites of hair cell injury in the cochlea,

leading to the generation of a propagating Ca2+ wave [22,23].

Given these data, it is tempting to speculate that similar

mechanisms might regulate the behavior of resident macrophages

in the inner ear and in the CNS. However, the precise relationship

between microglia and cochlear macrophages has not been

determined and resolution of this issue awaits further experimen-

tation.

Macrophages are not Required for Removal of Hair Cell
Debris After Ototoxic Injury

One established function of tissue macrophages is to quickly

remove the debris of apoptotic cells, in order to preserve epithelial

integrity and to prevent an inflammatory response. Although it is

reasonable to suspect that cochlear macrophages might contribute

to the clearance of debris after hair cell injury, definitive evidence

remains lacking. Prior studies of the avian ear have revealed at

least two distinct mechanisms of ‘corpse’ removal after hair cell

death. In the cochlea, most dying hair cells appear to be directly

extruded from the apical surface of the sensory epithelium [2,24].

Once removed from the epithelium, the fate of cellular debris is

unknown. A somewhat different form of clearance is observed in

the chick utricle, following aminoglycoside ototoxicity. In that

situation, the apical portions of dying hair cells (containing the

stereocilia and cuticular plate) are extruded from the lumenal

surface, while the basal portions of those cells are phagocytosed by

surrounding supporting cells [3]. Although the utricular sensory

epithelium does contain some macrophages, those cells do not

appear to engulf dying hair cells [3]. Our results are in general

agreement with these previous studies. Specifically, we found that

the extrusion of apoptotic hair cells did not require the presence of

macrophages, and we observed very limited evidence for hair cell

phagocytosis by macrophages (e.g., Fig. 4). Together, our data

indicate that removal of apoptotic cells is not the primary function

of resident cochlear macrophages.

Elimination of Cochlear Macrophages does not Affect
Hair Cell Regeneration

The ears of nonmammalian vertebrates are capable of

regenerating hair cells after acoustic trauma or aminoglycoside

ototoxicity [25]. Prior studies had suggested that injury-evoked

macrophage behavior in lateral line neuromasts of amphibians

and in the cochlea and vestibular organs of birds was suggestive of

a role in initiating sensory regeneration [4,5,6,26,27]. Although

macrophages have been shown to stimulate tissue repair in other

organ systems [28], no prior studies have provided direct evidence

Figure 8. Depletion of cochlear macrophages does not affect
hair cell recovery after ototoxic lesion. Cochlea were treated with
clodronate-containing or ‘empty’ liposomes, or received no pretreat-
ment. They were then incubated for 24 hr in 1 mM streptomycin (to kill
hair cells) and allowed to recover in vitro for an additional seven days.
Nearly identical levels of hair cell recovery were observed in all
specimens, regardless of pretreatment (A, B). Quantification of hair cell

density from five 1006100 mm regions/cochlea confirmed that macro-
phage depletion had no effect on hair cell regeneration (C). Scale
bar = 30 mm.
doi:10.1371/journal.pone.0051574.g008
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for macrophage involvement in hair cell regeneration. The present

results suggest that macrophages are not essential for regeneration

in the avian cochlea. We observed nearly identical numbers of

proliferating supporting cells and regenerated hair cells in normal

vs. macrophage-depleted cochleae. Since our studies were

conducted in vitro, we cannot rule out the possibly that cochlear

injury in vivo results in the recruitment of additional macrophages

from circulation, which may then enhance regeneration. However,

regenerative proliferation in the chick cochlea begins within 24 hr

of hair cell death [8]. Resident macrophages are likely to be the

‘first responders’ to epithelial injury, and would be best poised to

initiate tissue repair and regeneration. Thus, we conclude that

macrophages are not necessary for the onset of hair cell

regeneration.

Correlation between Decreased Proliferation and the
Loss of Cochlear Macrophages

Although the depletion of cochlear macrophages did not affect

the regenerative proliferation of supporting cells, we did find that

clodronate treatment reduced cell proliferation below the basilar

membrane (Fig. 10B). Some of this reduction may be attributable

to the loss of proliferative macrophages. Tissue injury often results

in the proliferation of resident macrophages [29], and organotypic

cultures of the chick cochlea have been shown to contain some

proliferating macrophages [4]. However, our quantitative data

suggest that the total numbers of macrophages that reside below

the basilar membrane are not sufficient to account for the

observed reduction in cell proliferation. As such, it appears that

the loss of macrophages leads to decreased division of some other

cell type. The basilar membrane of the mature mammalian

cochlea is lined by mesothelial cells (also called ‘tympanic border

cells’ [30]), and similar cells are present below the basilar

membrane in the avian cochlea [15]. Macrophages are known

to stimulate proliferation of mesothelial cells in other somatic

tissues [31], and it is possible that a similar interaction occurs in

the cochlea. The cellular maintenance of the basilar membrane is

poorly understood, but is likely to be essential for normal cochlear

function. We propose that macrophages may assist in maintaining

the basilar membrane, by removing dying mesothelial cells and/or

stimulating proliferation among mesothelial cell precursors.

Support for this notion is provided by the observations that

acoustic injury to the mammalian cochlea leads to both increased

numbers of macrophages below the basilar membrane [32] as well

as enhanced proliferation of tympanic border cells [33].

Injury-Evoked Behavior of Cochlear Macrophages:
Differences between Birds and Mammals

Finally, our results point to some clear differences in the

behavior of both resting and recruited macrophages in the

cochleae of birds and mammals. The mouse organ of Corti

contains relatively few resident macrophages, but increased

numbers of those cells are recruited into the cochlea following

Figure 9. Macrophage depletion does not affect regenerative
proliferation. Cochleae were treated for 24 hr. in clodronate-
containing or control medium, followed by 24 hr in 1 mM streptomy-
cin. Specimens were then rinsed and maintained for an additional four
days in medium that contained BrdU. Confocal microscopy was used to
image BrdU-labeled cells within the sensory epithelia of the cochleae
(A). Similar patterns of BrdU labeling were observed in clodronate-
treated (B) and control (C) cochlea. Quantification of BrdU labeled cells
(from four 1006100 mm regions/specimen) confirmed that supporting
cell proliferation was not affected by clodronate treatment and
macrophage depletion (D, p = 0.28). Scale bar = 30 mm.
doi:10.1371/journal.pone.0051574.g009
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acoustic trauma or ototoxic injury [32,34]. Macrophages in the

injured mouse cochlea are particularly evident in the lateral wall,

spiral limbus, the spiral ganglion, and along the walls of scala

tympani. In contrast, our results indicate that the undamaged

avian cochlea contains a relatively large number of resident

macrophages and that the initial macrophage response to hair cell

injury occurs via the redistribution of resident macrophages rather

than recruitment from circulation. It should be emphasized,

however, that our in vivo experiments only characterized the

redistribution of macrophages within 24 hours after ototoxic injury

(e.g., Fig. 3), and we cannot rule out the possibility that additional

macrophages are recruited into the cochlea at later time points. It

is also notable that studies of the injured cochleae of rodents have

not observed evidence for macrophage-mediated phagocytosis of

hair cell debris [35,36]. In any case, the present data suggest that

the striking differences in regenerative ability observed in the

cochleae of birds vs. mammals probably cannot be attributed to

macrophage-mediated influences. Instead, the regenerative poten-

tial of the vertebrate ear is most closely linked to the ability of inner

ear supporting cells to either re-enter the cell cycle or undergo

phenotypic conversion after hair cell injury [25].

Figure 10. Clodronate treatment reduces proliferation of nonsensory cells in the chick cochlea. (A) Confocal image stacks of BrdU-
labeled cells (green) in clodronate-treated and control specimens were obtained by scanning through the entire specimen (including both the
sensory epithelium and the underlying basilar membrane region). (B, C) Three-dimensional reconstructions of those images indicated that clodronate
treatment selectively reduced proliferation of cells below the sensory epithelium (C, arrowheads). Surface views of clodronate-treated (E) and control
(F) cultures also suggested fewer BrdU-labeled cells after clodronate treatment. Quantification of all BrdU-labeled cells in those specimens confirmed
that clodronate reduces proliferation (p,0.005). Scale bar = 30 mm.
doi:10.1371/journal.pone.0051574.g010
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