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ABSTRACT The auditory and vestibular endorgans of the inner ear which are essential for the
senses of hearing and balance form early during development when the otocyst undergoes a
period of rapid growth and compartmentalization. Here we show the spatial and temporal
patterns of proliferating cells in the Xenopus laevis inner ear as this organ develops from an otic
vesicle at stage 31 until stage 47, an age at which compartmentalization and the initial appearance
of sensory structures are evident. Sites of new cell production were identified in specimens at
stages 31, 37, 42, 45 and 47 using immunohistochemical methods to detect bromodeoxyuridine
(BrdU) incorporation three hours after exposure to this thymidine analogue. Cells undergoing
terminal mitosis at stages 37, 42 and 45 were detected by exposing specimens at these stages to
BrdU and permitting development to proceed until stage 47. Our results show that while newly
replicating cells are uniformly distributed throughout the stage 31 otic vesicle, they are spatially
restricted in stages 37 through 45, with few dividing cells visible in the central patches of the
emerging sensory epithelia. In contrast, no clear proliferative pattern was discerned at stage 47.
BrdU-positive cells that had undergone terminal mitosis at stage 37, 42 and 45 were detected in
the central regions of nascent sensory epithelia at stage 47. These findings are consistent with a
developmental mechanism in which cells undergoing terminal mitosis during early X. laevis
stages contribute to sensory epithelia and in which cell mixing and migration are features of inner

ear compartmentalization.
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Introduction

Hearing loss is an emerging global health problem with many
underlying causes including genetic defects, noise, otoxic drugs,
aging and disease (Arslan et al., 1999: Pellicer et al., 2005; Petit,
2006). The majority of hearing impairment is attributed to senso-
rineural hearing loss and is believed to arise from damage to the
cells of the inner ear and of the neural pathways to the brain.
Approximately 1 in 20 persons may suffer from sensorineural
hearing loss, with vestibular dysfunction prevalent in many of
these cases (Angeli, 2003; Mitchell, 2006). In humans, hearing
loss is irreversible. This is partly due to the inability of the
mammalian inner ear to recover proliferative capacity and regen-
erate its epithelial receptors, the mechanosensory hair cells,
when these are damaged or destroyed (Chardin et al., 1995;
Walsh et al., 2000; Matsui et al., 2005).

In contrast, it has been well established experimentally that
other vertebrates such as birds (Stone and Cotanche, 1994;

Corwin and Oberholtzer, 1997), fish (Lombarte et al., 1993; Harris
etal., 2003) and amphibians (Baird et al., 1993; Taylor and Forge,
2005) are capable of regenerating and replacing mechanosensory
hair cells in individual endorgans of the inner ear in response to
trauma or injury. Of special interest are findings from scanning
electron microscopy studies of the amphibian inner ear that have
shown the continued production of mechanosensory hair cells
during development and adult life (Corwin, 1985; Kelley et al.,
1992; Diaz et al., 1995; Serrano et al., 2001). Presently, the
cellular mechanisms that govern proliferative development and
regeneration are not clear, consequently requiring better charac-
terization of mitotic processes and events in the inner ears of
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these different species. In particular, understanding of the prolif-
erative events that occur early during the development of the
nascent sensory epithelium may help to resolve open questions
regarding the relative potential of supporting cells to convertto the
hair cell phenotype through either mitotic or non-mitotic
(transdifferentiation) mechanisms (Matsui and Ryals, 2005).

In the present study we examined mitotic activity during the
early development of the Xenopus laevis (X. laevis) inner ear. The
Xenopus inner ear originates from a placode that develops into a
single compartment otic vesicle (otocyst) during embryonic life
(Noramly and Grainger, 2002). Through complex morphogenic
events that include invagination of the otic vesicle (Gallagher et
al., 1996; Kil and Collazo, 2001), the otocyst gradually forms a
multi-compartmentalized structure prior to metamorphosis. Resi-
dent within the mature inner ear are the eight sensory endorgans
characteristic of anuran amphibians. Together, these organs
serve as peripheral receptors for auditory (amphibian papilla;
basilar papilla, sacculus) and vestibular (anterior, horizontal,
posterior semicircular canals; utricle; lagena, sacculus) senses
(Paterson, 1948; Nieuwkoop and Faber, 1967; Haddon and
Lewis, 1991). In the amphibian inner ear, reception of sound of
different frequencies is distributed among three endorgan struc-
tures that together accomplish the task of the single human
cochlea. By mid larval life, well before metamorphosis, the Xeno-
pusinner ear resembles the adult post-metamorphic form (Bever
et al., 2003; Quick and Serrano, 2005).

This research was motivated by the expectation that a Xeno-
pus experimental model would offer unique opportunities for
investigating the regenerative potential of inner ear epitheliain an
amphibian species where there is a strong anatomical and ge-
netic foundation for mechanistic investigations (Kay and Peng,
1991; Amaya, 2005). To this end, we used bromodeoxyuridine
(BrdU) incorporation to assess cell proliferation and terminal
mitosis during the initial stages of compartmentalization of the
Xenopus inner ear, a period when the sacculus (an acoustico-
vestibular organ) and the vestibular organs first begin to appear
(Paterson, 1948; Nieuwkoop and Faber, 1967; Bever et al., 2003;
Quick and Serrano, 2005). BrdU incorporation previously has
been implemented to identify mitotically dividing cells in endorgans
ofthe undamaged inner ear (Wilkins etal., 1999; Lang et al., 2000)
as well as the damaged inner ear (Stone and Cotanche, 1994;
Zheng and Gao, 1997).

Cells undergoing replication were identified by transient expo-
sure of X. laevis to BrdU during stages 31-47, a period where the
inner ear is undergoing early compartmentalization as estab-
lished in a prior study (Quick and Serrano, 2005). In one set of
experiments, newly replicating cells in the inner ears of stages 31-
47 X. laevis were identified by immunohistochemical analysis
three hours after BrdU exposure. In a second series of experi-
ments, X. laevis were exposed transiently to BrdU at stages 31-
45, then allowed to develop to stage 47. At this stage, the initial
formation of vestibular compartments is visible, as well as the
presence of the mixed acoustico-vestibular organ, the sacculus.
This second series of experiments permitted evaluation of the
contribution of cells with earlier birthdates to the formation of
stage 47 inner ear compartments.

The analysis of serial cryostat sections counterstained with
hematoxylin revealed the temporal and spatial proliferative pat-
terns produced by newly replicating cells within the otic epithelium

and demonstrated extensive mitotic activity in the ventricular
zone of the brain. BrdU-positive cells that had undergone terminal
mitosis at stage 37, 42 and 45 were detected in the sensory
epithelia of the stage 47 sacculus and in other regions of the otic
epithelium. Our results are in accordance with a developmental
mechanism whereby cells that have undergone terminal mitosis
during early X. laevis stages form part of the sensory epithelia of
emerging sensory compartments and where cell mixing and
migration characterize inner ear organogenesis.

Results

Cell production in the X. laevis otic vesicle during embry-
onic (S31) and hatchling (S37, S42) stages

Newly replicating cells were detected at S31 in all sections
through the otic vesicle and in the ventricular zone of the brain
(Fig. 1, A1-A4). Almost all cells in the S31 otic epithelium
appear positive for BrdU. At this stage, there was an average of
152 + 41 BrdU-positive cells (mean = S.D; n = 3) in the otic
vesicle (Table 1). Control sections that were processed without
the primary antibody did not show immunoreactivity to the
secondary antibody at this stage (Fig. 1A5), nor at any other
stage.

BrdU-positive cells also were presentin all sections through
the S37 otic vesicle. However in middle sections of the S37 otic
vesicle a spatial pattern of cell production becomes apparent.
BrdU-positive cells were few or absent from the thickened
central zone of the ventromedial otic epithelium (Fig.1, B1-B3),
the region where the saccular epithelium emerges (Corwin,
1985; Quick and Serrano, 2005). As observed at S31, BrdU-
positive cells were present in the ventricular zone of the S37
brain (Fig. 1B4). Additionally, we observed cell replicationin the
S37sensory ganglion (Fig. 1B2). Counts through the entire
inner ear of one S37 specimen yielded an estimated mitotic
index of 78% for the otic epithelium. There was an average of
431+ 128 (mean = S.D; n=3) BrdU-positive cellsin the S37 otic
epithelium (Table 1), an increase of 184% (p < 0.07) as
compared with the average number of BrdU-positive cells
observed at S31.

Mitotic cell production was detected in the entire otic vesicle
and in the ventricular zone of the brain of S42 specimens (Fig.
1, C1-C4). The emerging spatial pattern of mitotic cells visible
at S37 was more pronounced at S42. As in S37, few BrdU-
positive cells were detected in middle sections of the inner ear
in the thickened central zone of the ventromedial otic epithe-
lium. Actively replicating cells were detected in the lateral

TABLE 1

CELL PRODUCTION IN THE X. LAEVIS OTIC EPITHELIUM
DURING INNER EAR DEVELOPMENT

S31 S37 S42 S45 S47
106 474 418 862 504
164 287 388 673 881
185 533 478 821 805
152+ 41 431+ 128 428 + 46 785+ 99 730+ 199

BrdU-positive cells were counted in sections through the entire inner ear of three animals at each
animal age. Single factor ANOVA analysis showed a statistically significant increase (p < 0.001;
F = 14.2) in the number of BrdU positive cells between stages 31, 37, 42, 45 and 47 during X.
laevis otic vesicle development (mean + standard deviation; n =3).
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Fig. 1. Cell proliferation in the stage 31 (A), 37 (B), 42 (C) and 45 (D) X. laevisinner ear,
three hours after transient exposure to BrdU. Representative anterior to posterior
sections (A1-A3; B1-B3; C1-C3; D1-D3) show BrdU-positive cells labelled with anti-BrdU
antibody (red/brown, arrows) and counterstained with hematoxylin (blue/violet). (A) At
stage 31, BrdU-positive cells are distributed throughout the epithelium of the otic vesicle
(A1-A3). (B-D) Few BrdU-positive cells are detected in the emerging saccular epithelium
(asterisks), while BrdU-positive cells can be seen flanking these regions in the stage 37
(B1-B3), 42 (C1-C3) and 45 (D1-D3) inner ear. BrdU-positive cells (arrows) can be seen
restricted to other regions of the otic epithelium and within the sensory ganglion at stage
42 (C1-C3)and 45 (D1-D3). BrdU-positive cells (dashed circles) are visible in the ventricular
zone of the brain in all stages (A4, B4, C4, D4). Control sections processed for immuno-
histochemistry with secondary antibody but without primary (anti-BrdU) antibody and
counterstained with hematoxylin (blue/violet) are shown in panels A5, C5, D5; panel B5
shows a control section that was not counterstained with hematoxylin. Scale bar, 100 um.

region of the S42 otic vesicle and were espe-
cially predominant between the budding axial
protrusions that will extend and eventually fuse
to form the walls of the horizontal semicircular
canal (Haddon and Lewis, 1991). Counts from
one specimen yielded an estimated mitotic
index of 65% for the S42 otic vesicle and an
average of 428 £ 46 (mean = S.D; n=3) BrdU-
positive cells present at this stage (Table 1).

Cell production in the X. laevis inner ear
during early larval stages (S45, S47)

At S45 the spatial patterns established by
BrdU-positive cells resemble those seen at
S42. Although replicating cells can be seen in
sections throughout the entire otic vesicle and
the ventricular zone of the brain, few BrdU-
positive cells are visible in the central region of
the emerging saccular zone and in the axial
protrusions of the horizontal canal (Fig. 1, D1-
D4). A mitotic index of 61% was estimated for
the S45 otic vesicle based on counts from one
specimen. There is a significant increase of
83% in the average number of BrdU-positive
cells (785 + 99; mean = S.D; n = 3) present in
the S45 otic epithelium (Table 1) as compared
with those detected at S42 (p < 0.02).

We previously have demonstrated with his-
tological sectioning and confocal microscopy
that by S47 the initial formation of the endorgan
compartments that contain the sensory epithe-
lia for vestibular (utricle, lagena, canals) and
acoustico-vestibular (sacculus) sense recep-
tion is evident (Quick and Serrano, 2005). In
sections from S47 specimens, we did not dis-
cern distinct spatial patterns of BrdU-positive
cells in the otic epithelium (Fig. 2, A-D). Ante-
rior sections of the S47 inner ear revealed
BrdU-positive cellsin dorsal and lateral regions
of the utricle (Fig. 2A, B) and in the endorgan
compartments of the sacculus, horizontal ca-
nal and anterior canal (Fig. 2B). In middle
sections of the S47 inner ear, cell production
was observed throughout the emerging saccu-
lar epithelium (Fig. 2C), while posterior sec-
tions showed the presence of BrdU-positive
cells in the otic epithelium of the nascent la-
gena and posterior canal (Fig. 2D). There was
an average of 730 £ 199 (mean + S.D; n = 3)
BrdU-positive cells in the S47 inner ear (Table
1). A mitotic index of 39% was estimated for
this stage for one specimen. As seen in earlier
X. laevisotic vesicle stages, BrdU-positive cells
also were visible at S47 in the sensory ganglion
and ventricular zone of the brain (Fig. 2C, E).
S47 was the oldest stage where the BrdU
immersion method was areliable procedure for
identifying dividing cells as confirmed by 100%
animal survival, the timing of developmental
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Fig. 2 (Left). Cell proliferation in nascent sensory compartments
of the stage 47 X. laevis inner ear, three hours after transient
exposure to BrdU. Anterior to posterior sections representing the
entire inner ear (A-D) show the presence of BrdU-positive cells (deep
black; arrows) in the epithelia of allendorgan compartments. (A) BrdU-
positive cells are more prevalent in the ventral regions of the utricle in
anterior sections. (B) BrdU-positive cells are distributed throughout
the epithelium of the utricle, horizontal canal, sacculus and anterior
canal. (C) BrdU incorporation was detected in the saccular sensory
epithelium and in the sensory ganglion. (D) BrdU-positive cells are
visible in the lagena and posterior canal in posterior sections of the
inner ear. (E) BrdU-positive cells were detected in the ventricular zone
of the brain. (F) Control section processed for immunohistochemistry
with secondary antibody but without primary (anti-BrdU) antibody.
Hematoxylin counterstain (grey). Scale bar, 100 um.

Fig. 3 (Right). Terminal mitosis in the inner ear of stage 47 X. laevis
that were transiently exposed to BrdU at stages 37 (A), 42 (B) and 45
(C). Anterior to posterior sections representing the entire inner ear show
the presence of BrdU-positive cells (black/dark-grey) with birthdates from
earlier stages (537, A1-A3; S42, B1-B3; S$45, C1-C3) in stage 47 otic
epithelia. Cells that had undergone terminal mitosis (arrows, dashed
circles) are predominantly seen in the central regions of the emerging
sensory epithelia of the utricle (A1, B1, C1) and of the sacculus (A2-A3,
B2-B3, C2-C3) regardless of stage of BrdU exposure. Images of the
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saccular region within the dashed circles are shown at higher magnification underneath the corresponding panels. Control sections processed for
immunohistochemistry with secondary antibody but without primary (anti-BrdU) antibody and counterstained with hematoxylin are shown in panels
(A4, B4, C4) for the saccular epithelium. Hematoxylin counterstain (light grey). Scale bar, 50 um.

progression as compared with controls and the labeling of cells
of the ventricular zone.

Terminal mitosis in the newly compartmentalized X. laevis
inner ear (S47)

The cessation of mitotic activity through terminal mitosis was
evaluated during inner ear organogenesis by exposing X. laevis
at S37, S42 and S45 to BrdU and then permitting development to
proceed to S47 (Fig.3, Fig. 4B). Similar spatial patterns of BrdU-
positive cells were observed in S47 sections, irrespective of the
stage at which animals were exposed to BrdU. In anterior sec-

tions, BrdU-positive cells were visible in the ventral and lateral
portion of the utricle (Fig. 3A1, B1, C1) and in endorgan compart-
ments of the horizontal canal, anterior canal and sacculus (Fig.
3A2, B2, C2). Sections through the inner ear showed BrdU-
positive cells that had undergone terminal division at earlier
stages located within the central zone of the saccular epithelium
(Fig. 3A3, B3, C3).

In Fig. 4, the spatial patterns established by newly replicating
cells in the emerging saccular region of the otic epithelium of S37
(Fig. 4A1), S42 (Fig. 4A2) and S45 (Fig. 4A3) specimens are
compared with those visible in the saccular epithelium of S47 X.



laevis that had been exposed to BrdU at S37 (Fig. 4B1), S42 (Fig.
4B2) and S45 (Fig. 4B3). As can be seen in Fig. 4, newly
replicating cells were visible primarily in the periphery of the
emerging saccular epithelium (Fig 4A). In contrast, by S47, cells
with earlier birthdates could be seen distributed throughout the
central zone of the saccular epithelium (Fig. 4B).

Discussion

Here we have demonstrated the presence of continued cell
production during early X. laevis inner ear organogenesis. Analy-
sis of our data revealed a steady increase in the total number of
BrdU-positive cells that were detected in cryosectioned tissue as
the X. laevis inner ear developed from a single compartment otic
vesicle at S31, into a multi-compartmentalized structure by S47
(Table 1). However BrdU-positive cells can be seen to comprise
progressively less of the otic epithelium as development pro-
ceeds (Fig. 1, 2) and estimates for mitotic index declined from
78% at S37 to 39% at S47. Previous morphological studies based
on paint-filled ears and histological serial sections have estimated
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that the X. laevisinner ear increases approximately six fold in the
anteroposterior dimension during this period (Bever et al., 2003;
Quick and Serrano, 2005). Our findings suggest that inner ear
growth is correlated with high levels of cell production relative to
the total number of cells in the otic epithelium in the early stages
of compartmentalization and that dividing cells comprise propor-
tionately less of the otic epithelium as the sensory endorgans and
compartments of the inner ear emerge (Table 1, Figs. 1, 2, 4A, 5).

A distinct spatial proliferative pattern was first observed at S37
(Fig. 1, B1-B3; Fig. 5B). At this stage, few or no BrdU-positive cells
were detected within the central zone of the emerging saccular
epithelium, while newly replicating cells were visible at the outer
margins of this region of thickened epithelium and occasionally in
the underlying supporting cell layer. A similar spatial pattern also
was observed in the otic vesicle at S42 (Fig. 1, C1-C3; Fig. 5C)
and S45 (Fig. 1, D1-D3; Fig. 5D). Actively dividing cells also were
visible in the sensory ganglion of the developing X. laevis otic
vesicle as early as S37 and in all later stages. Nerve growth factor
(Represa and Bernd, 1989) and transforming growth factor 32
(Okano et al., 2005) have been implicated in sensory ganglion
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Fig. 4 (Left). Comparison of new cell production (A) and terminal mitosis (B) in the saccular region of the X. laevisinner ear. (A) Cell proliferation
observed after three hours of development following transient BrdU exposure at stages 37 (A1), 42 (A2) and 45 (A3). BrdU-positive cells (red/brown)
flank the emerging saccular epithelium (dashed circles) at all stages. Few BrdU-positive cells are detected within the thickened region of the saccular
epithelium. (B) Terminal mitosis observed at stage 47 following BrdU exposure at stage 37 (B1), 42 (B2) and 45 (B3). Images of the saccular region
within the dashed circles are shown at higher magnification underneath the corresponding panels. In contrast to Fig. 4A, BrdU-positive cells (black/
dark-grey) with birthdates from earlier stages are prevalent in the thickened central region of the saccular epithelium (dashed circle). Hematoxylin
counterstain (A, blue/violet; B, light grey). Scale bar, 50 um.

Fig. 5 (Right). Schematic diagrams illustrating cell production in sections of the stage 31 (A), 37 (B), 42 (C), 45 (D) and 47 (E) X. laevis inner
ear that contain saccular epithelium (dashed circles) and the sensory ganglion (sg). (A) At early stages, BrdU-positive cells (red) are distributed
throughout the entire epithelium of the stage 31 otic vesicle. (B-D) At stages 37 (A), 42 (B) and 45 (C), BrdU-positive cells are detected throughout
the otic epithelium but appear restricted to specific regions such as the outer boundaries of the emerging saccular sensory epithelium and flanking
the protrusions of the emerging horizontal canals (D). (E) In the stage 47 inner ear, BrdU-positive cells are distributed throughout the otic epithelium
without a distinct trend toward localization in a particular region. Hematoxylin counterstain (blue). Scale bar, 100 um.
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cell production during early otic vesicle development in quail
and mouse respectively. It is possible that these or other
neurotrophic factors may be stimulating mitosis of sensory
neurons at these early developmental stages in X. laevis.

In Xenopus, as in other amphibians, the sensory epithelium
of the acoustico-vestibular sacculus is the first sensory epithe-
lium that can be distinguished during development. The saccu-
lar epithelium of amphibians comprises a circular central patch
populated by mechanosensory hair cells with actin-rich
sterociliary bundles interspersed among supporting cells (Li
and Lewis, 1979; Corwin 1985; Diaz et al., 1995). The presence
of hair cell bundles within the thickened X. laevis saccular
primordia (Figs. 1-4) has been confirmed previously using
fluorescent phalloidin probes to label F-actin in histological
sections of the inner ear at animal stages identical to those used
in this study (Quick and Serrano, 2005). Moreover, the postem-
bryonic emergence of hair cell bundles at the outer margins of
the X. laevis (Diaz et al., 1995), Rana catesbeiana (Li and
Lewis, 1979) and Bufo marinus saccular epithelium (Corwin
1985) has been demonstrated with scanning electron micros-
copy. Additionally, Corwin (1985) has shown that when B.
marinus are exposed to tritiated thymidine, hair cells at the
outer margins of the sacculus appear radioactively labeled in
sectioned tissue. Taken together with our results from cell
production studies, these findings are consistent with a mecha-
nism where production of new hair cells is coupled to mitotic
events that are enriched at the margins of the growing saccular
sensory epithelium during early organogenesis (Fig. 5).

We further noted that newly replicating cells were rarely seen
in the epithelium of the paired outpocketings that eventually will
fuse to form the walls of the horizontal canal in S42 (Fig. 1, C1-
C3) and S45 (Fig. 1, D1-D3) X. laevis. However, BrdU-positive
cells were prevalent in the region between the two axial protru-
sions atthese stages. Based on experimental evidence, Haddon
and Lewis (1991) have proposed a mechanism for semicircular
canal formation whereby localized synthesis of hyaluronan into
the core of the outpocketings, by epithelial cells at the tip of the
protrusions, drives the extension of the outpocketings into the
lumen of the X. laevis otocyst. The spatial pattern of BrdU-
positive cells in the regions where the horizontal canal is
forming suggests that new cells are preferentially added by cell
division to the base of the axial protrusions during early semi-
circular canal formation.

In contrast to earlier stages, no clear spatial pattern of new
cell production was discerned at S47, a stage where compart-
mentalization and endorgan formation are accelerated (Fig. 2).
The absence of distinct proliferative patterns in the S47 inner
ear potentially can be attributed to the dramatic morphological
changes that occur between S45 and S47. Between these two
stages, a gap of approximately 72 hours, the inner ear doubles
in size in the anteroposterior dimensions (Bever et al., 2003;
Quick and Serrano, 2005). Invaginations required for compart-
ment formation are predominant during this period of develop-
ment (Paterson, 1948; Haddon and Lewis, 1991; Quick and
Serrano, 2005) and may disrupt spatial patterns established
during earlier otic vesicle stages (Torres and Giraldez, 1998).
The widespread distribution of BrdU-positive cells throughout
the otic epithelium of S47 specimens also is consistent with a
developmental mechanism where newly replicating cells mi-

grate from other regions to pattern sensory epithelia and con-
tribute to endorgan formation and enlargement of the inner ear
(Goodyear and Richardson, 1997; Kil and Collazo, 2001; Bianchi
et al., 2006).

Terminal mitosis experiments from the present study re-
vealed that cells that ceased to proliferate during X. laevis otic
vesicle development were predominantly localized to central
regions of the S47 saccular epithelium and utricle regardless of
the stage of BrdU exposure (Fig. 3; Fig. 4B). As in the cell
production studies, BrdU-positive cells could be detected in the
supporting cell layer that underlies the central sensory zones.
Our attempts to visualize hair cell bundles within the central
zone by co-labeling sections from specimens exposed to BrdU
with fluorescent phalloidin as per a previous anatomical study
of early inner ear organogenesis (Quick and Serrano, 2005)
were unsuccessful. We attribute this difficulty to the require-
ment for hydrochloric acid treatment as part of the BrdU labeling
protocol. This procedure is necessary to denature the labeled
DNA and is known to degrade proteins and compromise
immunodetection protocols. However, the identity of the cells
that have terminally divided in the central region of the saccular
and utricular epithelium can be inferred from previous histologi-
cal investigations of hair cells and supporting cells in X. laevis
S47 inner ears (Diaz et al., 1995; Quick and Serrano, 2005) as
well as results from other studies of the amphibian sacculus and
utricle (Li and Lewis, 1979; Corwin, 1985).

Our results from terminal mitosis studies suggest that pre-
cursor cells that divide in the presence of BrdU at earlier stages
are able to generate new hair cells and supporting cells for the
central sensory zone of the S47 saccular and utricular epithe-
lium (Fig. 3, Fig. 4B). However, although terminal mitosis
experiments show that BrdU-positive cells with birthdates from
earlier stages are confined principally to central regions of the
sensory patches of the S47 inner ear (Fig. 3, 4B), cell produc-
tion studies show that newly replicating cells are distributed
throughout the S47 otic epithelium in no obvious pattern (Fig.
2). These findings underscore the complexity of inner ear
development and raise questions about underlying mecha-
nisms, such as the contribution of apoptotic events to develop-
ment of the X. laevisinner ear and the observed patterns of cell
proliferation. In chick, there is evidence that a complexinterplay
between apoptosis and cell proliferation contributes to the
initial development of the embryonic otocyst and that regional
otic outgrowth does not necessarily correlate with high cell
proliferation (Lang et al., 2000). Analysis of TUNEL-stained
Xenopus whole mounts from stages 10 to 36 has shown that
programmed cell death is prevalent during early Xenopus
development and is especially heightened in neural tissue and
sensory organs between stages 26 to 35 (Hensey and Gautier,
1998). Therefore, it is plausible that mitotic patterns observed
in this study are the net result of processes that control cell
proliferation and programmed cell death during inner ear devel-
opment.

Based on a substantial body of research, two main mecha-
nisms have been proposed for sensory hair cell regeneration
following damage or trauma (Matsui and Ryals, 2005). In one
model, new hair cells arise from the non-mitotic phenotypic
conversion, or transdifferentiation, of supporting cells into hair
cells. In the other model, new hair cells are thought to arise



following mitosis of supporting cells and the subsequent differen-
tiation of daughter cells into two hair cells, or a hair cell and a
supporting cell. The intriguing observation that BrdU-positive
cells could be detected in the supporting cell layer underlying the
central sensory zone in both the cell production (Fig. 1B2-B3, C2-
3, D2-3) and the terminal mitosis studies (Fig. 3, Fig. 4) may
signify a potential role for these cells as hair cell progenitors
during early inner ear development through a process that re-
quires mitosis and differentiation.

Although BrdU incorporation is a popular and established
method for identifying newly replicating cells (Gratzner, 1982;
Miller and Nowakowski, 1988; Stone and Cotanche, 1994; Lang
etal., 2000), itis known that BrdU can affect normal development
and morphology if it is delivered in certain dosage regimens and
for long exposure times (Stockdale et al., 1964; Kolb et al., 1999;
Pizarro etal., 2004). In this study we minimized deleterious effects
of BrdU by optimizing our protocols and with our methods, BrdU
administration resulted in zero mortality among experimental
animals. Moreover, the implementation of an immersion method
comparable to what previously has been used with larval zebrafish
(Kimmel et al., 1998) reduced the stress that is associated with
administration by invasive injection methods. The limitation of the
immersion method is that beyond a certain animal size (S47),
immersion is not an effective means for BrdU delivery to the otic
vesicle. In our experiments, the efficacy of BrdU administration by
im‘mersion was confirmed in all specimens in this study through
the presence of BrdU-positive cells in the ventricular zone of the
brain (Chapman et al., 2006).

In summary, the limited capability of the mammalian inner ear
to regenerate damaged sensory cells in response to insult or
injury due to terminal cell division during development is well
characterized (Chardin et al., 1995; Walsh et al., 2000; Matsui et
al., 2005). Amphibians such as Xenopus offer an alternative
model for unraveling mechanisms that promote regeneration in
an organism that is well characterized genetically and develop-
mentally (Nieuwkoop and Faber, 1967; Amaya, 2005). Further-
more, the increasing interest in the use of amphibians such as
Xenopus to investigate cell proliferation during development of
the olfactory bulb (Fritz et al., 1996), the spinal cord (Schlosser et
al., 2002) and the auditory medulla (Chapman et al., 2006), will
provide a foundation for comparative studies of the regenerative
potential of amphibian neural and sensory tissue as compared
with that of other vertebrates. Here we have demonstrated the
spatial and temporal patterns that characterize cell proliferationin
the developing X. laevis inner ear during the period leading to the
initial compartmentalization of auditory and vestibular structures
at S47, as well as the contribution of cells that had undergone
terminal mitosis during earlier stages to the formation of the
emerging S47 sensory epithelia. Results are in agreement with
models for inner ear development that identify the marginal
regions of sensory epithelia as hot spots for cell proliferation (Li
and Lewis, 1979; Corwin, 1985; Diaz et al., 1995; Serrano et al.,
2001). Our findings also are consistent with those of Kil and
Collazo (2001), whose cell lineage analysis demonstrated that
cells from different regions of the otocyst can contribute to
sensory organ formation and that inner ear development is
characterized by cell mixing. Identification of the mechanisms that
promote proliferation in the developing amphibian inner ear may
prove significant in defining strategies that will restore the ability
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of the mammalian inner ear to recover proliferative capacity in
response to damage (Matsui and Ryals, 2005; Pellicer et al.,
2005).

Materials and Methods

Xenopus laevis and bromodeoxyuridine administration

X. laevis were purchased from a commercial supplier (NASCO, Fort
Atkinson, WI), staged under a dissecting microscope according to the
Nieuwkoop and Faber table for X. laevis development (Nieuwkoop and
Faber, 1967) and classified as embryonic (stage 31), hatchling (stage 37,
stage 42) and early larval (stage 45, stage 47) as per McDiarmid and Altig
(1999). The stages used for the present study were selected according to
the morphological changes that occur during early inner ear compartmen-
talization (Quick and Serrano, 2005). BrdU (Sigma B9285) was adminis-
tered to stage 31, 37, 42 and 45 X. laevis by immersion in 10 mM BrdU
in phosphate buffered saline (PBS; Sigma-Aldrich P3813) for thirty
minutes at room temperature (22-26°C) as described by Kimmel et al.
(1998); stage 47 specimens were immersed in 20 mM BrdU in PBS for one
hour. For cell production studies of newly replicating cells, X. laevis were
allowed to develop for three hours after BrdU exposure prior to euthana-
sia; for terminal mitosis studies of cell birthdates, animals were allowed
to develop to stage 47 (approximately 15 days). In the terminal mitosis
experiments, BrdU uptake was confirmed by allowing a set of animals
from each stage (37, 42, 45) to develop for three hours and processing
tissue for BrdU incorporation using immunohistochemical methods. At
the end of the experimental developmental period, animals were euthanized
in 0.25% buffered (pH 7.4) 3-aminobenzoic acid ethyl ester
methanesulfonate salt (Tricaine; Sigma A-5040). Treatment regimens
were optimized such that our protocols resulted in zero mortality for
experimental and control animals. Experimental procedures were ap-
proved by the Institutional Animal Care and Use Committee of New
Mexico State University.

Immunohistochemistry

After euthanasia, animals were fixed in 4% p-formaldehyde/PBS for 2
hours at room temperature, rinsed with PBS, embedded in 5% sucrose/
5% agar and cryoprotected overnight at 4°C in 30% sucrose/0.1% sodium
azide in PBS. Slides were prepared using tissue that was sectioned to 15
um on a Leica 3050 cryotome. Sections were incubated for 30 minutes at
37°C with 2N HCI in PBS/0.1% Triton-X100 to denature DNA strands,
rinsedin PBS, thentreated with 0.5% H,O, in methanol for 15 minutes and
rinsed with PBS (2X, 5 min.). The VectaStain Elite ABC Kit (Vector Labs,
PK-6102) was used to immunolabel the mouse monoclonal anti-BrdU
primary antibody (1:300; Sigma B2531) with a biotinylated secondary
antibody and an Avidin:Biotinylated enzyme Complex (ABC) by optimiz-
ing the protocol as per the manufacturer's recommendations.

Slides were processed for color detection according to the
manufacturer's protocol using a peroxidase substrate method (Vector
Labs NovaRed Substrate Kit SK-4800), then counterstained with Harris
hematoxylin (Sigma HHS-16). Sections were dehydrated in 50%, 75%,
100% EtOH and coverslipped with Histomount. Two sets of control
sections were studied in parallel with animals treated with BrdU and
processed with the primary (anti-BrdU) and secondary antibodies. Non-
specific binding of the secondary antibody was evaluated in control
sections from specimens that were exposed to BrdU and were not
processed with the primary antibody. Non-specific binding of the primary
antibody was evaluated in control sections from specimens that were not
exposed to BrdU but were processed for immunohistochemistry with
primary and with secondary antibody.

Data analysis
Images of sectioned tissue were digitally captured using a Zeiss
Axioplan microscope and image acquisition system (Pixera, Princeton
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Instruments; Qimage, Olympus). The digitized images were processed in
AdobePhotoshop for figure preparation. Sections presented infigures are
representative of at least three independent experiments performed that
included three animals per experiment per stage. Counts of BrdU-positive
and hematoxylin-labeled cells in the otic epithelium were obtained for
three independent experiments from tracings of digitized images pro-
jected on a computer monitor. Mitotic indices were estimated at each
stage using one set of sections by counting the number of BrdU positive
cells and the number of total cells (BrdU-positive plus hematoxylin-
labeled cells) in the otic epithelium in sections through the entire inner ear.
The mitotic index for the whole otic epithelium was calculated by dividing
the number of BrdU-positive cells by the total number of cells counted. In
the cell production study, a single factor analysis of variance test (ANOVA)
was used to compare the mean number of BrdU-positive cells between all
five stages (Table 1). The level of significant difference between the mean
number of BrdU-positive cells detected in successive stages (e.g. 31 and
37) was established with Student’s t-test.
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