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PATTERNS

Three-Dimensional Morphology of Inner Ear
Development in Xenopus laevis

Michele Miller Bever, Ying Y. Jean, and Donna M. Fekete*

The three-dimensional morphology of the membranous labyrinth of Xenopus laevis is presented from embryonic
through late tadpole development (stages 28 to 52, inclusive). This was accomplished by paint-filling the
endolymphatic spaces of Xenopus ears at a series of stages, beginning with the embryonic otic vesicle and ending
with the complex ear of the late tadpole. At stage 52, the inner ear has expanded approximately 23-fold in its
anterior/posterior dimension compared with stage 28 and it is a miniature of the adult form. The paint-filling technique
illustrates the dramatic changes required to convert a simple ear vesicle into the elaborate form of the adult, including
semicircular canal formation and genesis of vestibular and auditory organs, and it can serve as a basis for phenotype
identification in experimentally or genetically manipulated ears. Developmental Dynamics 227:422-430, 2003.
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INTRODUCTION

The amphibian ear shares with other
vertebrates conserved anatomy of
the pars superior, similar mechanisms
of auditory and vestibular physiol-
ogy. and comparable auditory infor-
mation flow and processing in the
brain (Fay and Popper, 1999; Lewis
and Narins, 1999). The African
clawed frog, Xenopus, in particular,
is well documented with respect to
general development (Nieuwkoop
and Faber, 1994) as well as ear de-
velopment (Paterson, 1948; Nieuwk-

oop and Faber, 1994) and is com-
monly the amphibian genus of
choice for molecular and genetic
techniques (Vize et al., 1991, Amaya
and Kroll, 1999; Bronchain et al.,
1999; Beck and Slack, 2001; Klein et
al., 2002). Xenopus tropicalis has
been promoted recently because
of several advantages over Xeno-
pus laevis for fransgenic studies
(Beck and Slack, 2001; Hirsch et al.,
2002). Although this atlas presents
morphogenesis of the Xenopus lae-
visinner ear, preliminary work by Ser-

rano (2001) compared the post-
metamorphic ears of these two
closely related species and demon-
strated that the sensory organs are
similar in size and organization.
Wever (1985) described the anat-
omy and functional sensitivity of the
ears of adult anura, including the
primitive family Pipidae to which Xe-
nopus belongs (see also review by
Elepfandt, 1996). Xenopus continues
an aguatic mode of life as an adult,
and ifs ear structure reflects some
modifications for efficient aquatic
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Fig. 1.

Structure of the inner ear in Xenopus laevis. A: Semi-diagrammatic medial view of a right inner ear based on a stage 52 paint-filled

ear, with the location of the sensory organs indicated in black. The three semicircular canals and the utricle comprise the pars superior,
whereas the pars inferior consists of the saccule, lagena, amphibian papilla, and basilar papilla. The endolymphatic duct is shown joining
the pars inferior, but the extensive dorsal endolymphatic sac is not depicted. B: Whole-mounted medial view of a stage 60 right inner ear
with the sensory epithelia labeled using an anti-hair cell antibody. Branches of the eighth nerve are still attached to the ear and also
exhibit fluorescence. For Abbreviations, see list. Scale bar = 0.5 mm in B.

sound conduction, especially in the
external ear. But, like its terrestrial rel-
atives, the Xenopus middle ear is an
air-filled cavity containing a colu-
mella whose medial end forms a
footplate at the oval window and its
inner ear has the same general
stfructure as other anuran ears.
Paterson (1948) illustrated the devel-
opment of Xenopus inner ears and
the associated perilymphatic spaces
using drawings of histologic sections
and diagrammatic reconstructions.
The fully developed inner ear has
two major divisions (Fig. 1): the pars
superior, consisting of a utricle and
three semicircular canals (anterior,
posterior, and horizontal); and the
pars inferior, consisting of saccule,
lagena, basilar papillar recess, and
amphibian papillar recess. The ex-
tensive endolymphatic sac is con-
nected to the ear by means of an
endolymphatic duct that arises from
the medial wall of the ear, near the
junction of the pars inferior and pars
superior. As with other vertebrates,
the sensory epithelia of the semicir-
cular canals and utricle (the cristae
and utricular macula, respectively,
Fig. TA.B) serve as sensors for equilib-
rium. In Xenopus, the lagenar mac-
ula is a band of sensory epithelium
located on the ventromedial wall of
the lagena (Fig. TA.B). In anura, the
lagenar maculae may provide
acoustic information in the form of

vibration sensitivity, in addition to
gravitational information, at least in
the more derived forms (Lewis and
Narins, 1999). The saccular macula is
a tear-drop shaped patch of sen-
sory epithelium located on the me-
dial wall of the saccule (Fig. 1A,B). At
least in terrestrial anura, the saccular
maculae serve an acoustic function
and appear to respond best to ex-
citation frequencies below 100 Hz,
such as substrate-derived seismic
signals (Lewis and Narins, 1999). The
principal acoustic detectors in frogs,
the amphibian papilla and the basi-
lar papilla, are found on the roofs of
two recesses of the pars inferior (Fig.
1A.B). In Xenopus, these acoustic
sensory surfaces provide a hearing
range of 200-3,900 Hz, with the am-
phibian papilla most sensitive to fre-
quencies below 1,000 Hz and the
basilar papilla most sensitive to fre-
quencies above 1,000 Hz (Wever,
1985; Elepfandt, 1996). The basilar
papilla in anurans is often tuned to a
component of the animal’s mating
call, whereas the amphibian papilla
is a “general-purpose acoustic sen-
sor” (Lewis and Narins, 1999) that is
functionally and structurally analo-
gous in many ways to the hearing
organs of other vertebrates (Fay and
Popper, 1999, Lewis and Narins,
1999).

The amphibian is a frequent
model for investigations of the ear,

including evolutionary or comparo-
five studies (Fritzsch and Wake, 1988;
Fritzsch, 1990; Reiss, 1997), anatomic
or histologic studies (Diaz et al., 1995;
Gao et al., 1998; Gale et al., 2000),
or studies that focus on questions
of development or regeneration
(Wiederhold et al., 1995; Gallagher
et al, 1996; Lopez-Anaya et al,
1997; Bever and Fekete, 1999;
Horowitz et al., 2001; Kil and Collazo,
2001; Gale et al., 2002). The purpose
of this project was to provide an at-
las that would illustrate the morpho-
genetic events of the developing
normal inner ear and that could
serve as a basis for phenotype iden-
fification in experimentally manipu-
loted ears. We present images that
demonstrate the three-dimensional
features of normal inner ear devel-
opment in Xenopus laevis.

RESULTS AND DISCUSSION

In Xenopus laevis, the inner ear be-
gins as a placode in the stage 23
embryo. This placode invaginates
and forms a closed vesicle that is
completely separated from the
overlying epidermis by stage 28
(Nieuwkoop and Faber, 1994). Fig-
ure 2 shows the appearance of
methyl salicylate-cleared specimens
at two stages of development and
the location of the developing inner
ear with respect to other body struc-
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Fig. 2. Paint-filled inner ears are shown in intact, fixed Xenopus laevis specimens at stage
28 (A) and stage 52 (B) to demonstrate the location and relative size of the developing ear.
Images are lateral views. Inner ears were filled with paint to visualize the inner surface of the
membranous labyrinth. The endolymphatic sac is visible in the stage 52 specimen (arrow-
head), even though it did not fill with paint (see text). Total length of stage 52 specimen is
25 mm from tip of snout to tip of tail. Scale bar = 1.0 mm.

tures. With the paint-fill method, di-
luted paint replaces the fluid that fills
the membranous labyrinth,  ulti-
mately leaving an “impression” of
the inner surface contours of the lab-
yrinth but not labeling the sensory
organs directly. In the stage 28 em-
bryo, the otocysts have just pinched
off from the overlying epithelium.
Each consists of a simple sac ap-
proximately 75 um in anteroposterior
(AP) and 110 um in dorsoventral
(DV) diameter. It is located approxi-
mately 125 um posterior and dorsal
to the eye (Fig. 2A). By comparison,
the ear of a stage 52 tadpole (Fig.
2B), located approximately 1.5 mm
posterior and dorsal to the eye, is
1.76 mm in its AP dimension (~23-
fold increase) and 1.35 mm in its DV
dimension (~12-fold increase) and
gross morphogenesis of its compo-
nent parts is complete. All animals
used in this study were staged
based on the external criteria de-
scribed by Nieuwkoop and Faber
(1994). Specimen length was not
used as an indicator of stage be-
cause of its high variability within
and between batches of tadpoles
raised in captivity. However, to fa-
cilitate comparisons with our work,
we include length measurements
(average = SD) for specimens used
in this study (see Experimental Pro-
cedures section).

Stages 28-40

This atlas begins with the ofic vesicle
of a stage 28 embryo, when the oto-
cyst is a simple fluid-filled sac (Figs.
3A. 4). In the young hatchling (stage
33/34), the vesicle becomes pear-
shaped and narrows to a point dor-
somedially at the origin of the nas-
cent endolymphatic duct (Figs. 3B,
4). By stage 40, the ear is more heart-
shaped in the lateral view and is
dominated by the pars superior
(Figs. 3C, 4). The ventral pole of the
vesicle is the pars inferior. Extending
above the pars superior is the tip of
the endolymphatic duct. We know
from sectioned specimens that the
endolymphatic duct is present at
this stage as a narrow tube arising
from the medial wall near the junc-
tion of the pars superior and pars
inferior (Paterson, 1948; Bever and
Fekete, 1999). The duct and ifs sac
often did noft fill with paint, but the
duct can be viewed at this stage
and in several of the representative
older specimens (see below).

Stages 43-46

Although stage 43 and stage 44
hatchlings can be distinguished
readily based on external criteriq,
the morphology and size of the
paint-filled inner ear remains similar
(Fig. 3D.E). The pars inferior is still a
small ventral sac (Fig. 3D.E, lateral

and ventral views, and Fig. 4). In the
pars superior, however, three
pouches expanding in the lateral,
anterior, and posterior directions
presage the horizontal, anterior, and
posterior canals, respectively (Fig.
3D.E, lateral views, and Fig. 4). Had-
don and Lewis (1991) showed that
canal formation occurs when pro-
frusions originating from the otocyst
wall grow centrally and fuse. This
process is initiated first for the hori-
zontal canal at stage 43 (Paterson,
1948; Haddon and Lewis, 1991). The
crista of the horizontal canal is al-
ready evident as an indentation into
the paint-filled fiuid labyrinth by stage
43 (Fig. 3D, lateral view, and Fig. 4). At
stage 44, the dimples representing the
anterior and posterior cristae are also
discernable with careful oblique light-
ing and appropriate specimen orien-
tation (hot shown).

At stage 46, a constriction is evi-
dent where the anterior and poste-
rior canals meet dorsally to join the
common crus (arrowheads in dorsal
and medial views, Fig. 3F). In addi-
tion, the contour of the uftricle is visi-
ble in the medial view and the an-
terior crista is more easily dis-
tinguished (Fig. 3F, lateral view, and
Fig. 4). In the pars inferior, the sac-
cule is now a prominent pouch.

Stages 47-52

The formation of the semicircular co-
nals by fusion of the axial protrusions
is completed for all three canal
pouches by stage 47 (Fig. 3G,H, lat-
eral and medial views). The process
of canal formation is roughly similar
in other vertebrates, with pillars (ze-
brafish) or plates (birds and mam-
mals) joining centrally to demarcate
the canals (Knowlton, 1967; Water-
man and Bell, 1984; Martin and
Swanson, 1993; Haddon and Lewis,
1996). In the early stage 47 paint-
filled specimens, the canals are dis-
finct from the utricle but still tightly
apposed to its surface. In subse-
quent stages, the canals gradually
arch away from the utricle (Fig. 3I-L)
and are separated from it by infer-
posing mesenchyme. An ampulla at
the end of each canal increases in
size and becomes more bulbous
(e.g.. compare horizontal ampulla in
stage 47 with stage 52 in Fig. 3G,L,
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lateral and dorsal views). In addition,
the ampullae and the cristae
housed within them gradually shift in
orientation with respect to the three-
dimensional axes of the ear. For ex-
ample, the crista of the horizontal
canal, which at stage 46 is a medial
projection into the lumen of the am-
pulla (Fig. 3F, lateral view), projects
more directly posterior intfo the stage
52 horizontal ampulla (Fig. 3L, lateral,
dorsal, and ventral views). Similarly,
a pivot of the anterior and posterior
ampullae leaves these cristae di-
rected dorsally into their respective
ampullae (Fig. 3L, ventral view).

The elaboration of the pars inferior
begins around stage 47 (Paterson,
1948; Nieuwkoop and Faber, 1994)
and involves the formation of three
diverticula from the saccule. Al-
though the differentiation of the sen-
sory epithelia is apparent in histo-
logic sections at earlier stages
(Paterson, 1948; Bever, unpublished
observations), in paint-filled ears, the
outpocketings that house the sen-
sory epithelia are not clearly per-
ceptible until stage 47. The recess for
the amphibian papilla is the most
evident of the diverticula early in
stage 47. It appears as a medial
evagination at the junction of the
utricle and saccule, just posterior to
the endolymphatic duct (Fig. 3G,
medial view; see also Fig. 5B). Also
during stage 47, the basilar papilla
recess evaginates from the postero-
medial wall of the dorsal saccule
(Fig. 3H, medial view). Later, the loca-
fion of the contact membrane that
separates this recess from the adjo-
cent perilymphatic space is apparent
as the flattened posteromedial wall of
the recess (Fig. 3I-L). The lagena is a
larger medial diverficulum that re-
mains in broad communication with
the saccule and is not clearly demar-
cated in paint-filed specimens until
stages 49-50 (Fig. 3J.K).

The endolymphatic duct is visible
as a thin tube originating anterior to
the amphibian papilla recess and
coursing along the medial wall of
the common crus (Fig. 3H,l, medial
views). At the end of the duct, the
endolymphatic sac expands dorso-
medially info a highly lobulated
structure that is apparent even
when unfilled with paint (Figs. 2A,
5A.B) because of the accumulation

of calcareous material. We refer
readers to the publication of Pater-
son (1948) for an extensive treat-
ment of the morphogenesis and
elaboration of the endolymphatic
sac apparatus in Xenopus.

Otoconia and Sensory Organs

In paint-filled ears of late stage tad-
poles, the locations of most of the
sensory epithelia can be identified
by indentations (e.g., the cristae, de-
scribed above) or rough-surfaced
areas (e.g., the maculae with their
overlying otoconia). A single (saccu-
lar) otoconial mass is visible by stage
46 in methyl sdlicylate-cleared but
unfilled specimens (not shown). Dur-
ing stage 47, the otoconia of the
ufricle and endolymphatic sac
emerge, and the lagenar otoconia
develop as an extension of the sac-
cular mass to produce the arrange-
ment seen in the stage 49 ear in Fig-
ure 5A. Some specimens had
otoconia within the endolymphatic
duct, extending between the sac-
cular otoconia and the endolym-
phatic sac otoconia (Fig. 5A). The
otoconia sometimes extended the
length of the duct but more fre-
quently were scaftered within if.
Whether this finding is a normal phe-
nomenon or an artifact of process-
ing remains to be determined, al-
though it has been suggested that
the endolymphatic sac may gener-
ate otoconia that are transported to
the vestibule for use by the otolithic
organs (Imoto et al., 1983).

Because the presence of otoconia
often disturbos paint flow within the ear,
these areas can be recognized in
many specimens, especially with fore-
knowledge of their final location and
appearance (Fig. 1B). A note of cau-
tion, however: the quality and density
of the paint-loading and the infegrity
of the otoconial masses will aoffect
how readily and accurately one can
distinguish the locations of sensory ep-
ithelia. The utricular macula is appar-
ent in the ventral view as early as
stage 47 (Fig. 3G) as an ovoid rough
spot on the utricular floor just posterior
and medial to the anterior ampulia.
By stage 48, the saccular macula is
visible as a teardrop-shaped impres-
sion on the medial wall of the saccule
(Fig. 3I-L, medial views). The lagenar

sensory epithelium is evident in stages
49-52 as a band that extends from
anterodorsal to posteroventral along
the medial wall of the lagenar diver-
ficulum (Fig. 3J-L, medial views). The
amphibian and basilar papillae are
not otolithic organs, but their papillar
structures can form impressions in the
paint. The tiny basilar papilla (Fig. 3L,
medial view) is located on the saccu-
lar side of a transverse ridge that ap-
pears in paint-filled specimens as an
indentation on the roof of the cylindri-
cal basilar papilla recess (Fig. 3I-L)
and is discernable in some paint-filled
specimens by stage 48. The amphib-
ian papilla, located on the roof of the
AP recess (Fig. 1B), is difficult fo discern
in paint-fills, unless the recess is viewed
from a dorsomedial perspective with
appropriate oblique lighting. In stage
48 and older specimens, it is Vvisible as
a gentle depression (Fig. 5B).

Metamorphosis

Our paint-fill analysis stops before
metamorphosis because the compo-
nents of the inner ear are formed by
late tadpole stage 50 (Paterson, 1960;
Nieuwkoop and Faber, 1994). The per-
ilymphatic (periotic) system, which we
have not addressed here, is also com-
pleted before metamorphosis (Pater-
son, 1948; Nieuwkoop and Faber,
1994). However, fine-tuning of the in-
ner ear confinues through and past
metamorphosis with, for example, the
formation of the contact membrane
in the AP recess and elongation of the
AP sensory epithelium (Smirnov, 1993),
increases in the numbers of hair cells
and VIiith nerve axons (Fritzsch et al.,
1988; Diaz et al., 1995; Lopez-Anaya et
al., 1997), and continued expansion
and lobulation of the endolymphatic
sac (Paterson, 1948). Additional criti-
cal events in the development of the
adult ear occur during metamorpho-
sis, such as the formation of the mid-
dle ear from its anlage beginning af
stage 56 and the appearance of the
tympanic membrane anlage ot
stage 63 (Nieuwkoop and Faber,
1994).

Comparison with Other
Vertebrates

There is a paint-fill-based atlas of in-
ner ear development for one com-
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Fig. 3. Atlas of the developing Xenopus laevis inner ear. The endolymph-filled spaces of the inner ear were injected with a solution of
alkyd paint and imaged to present three-dimensional views of the inner surface of the ear as it develops from stage 28 to stage 52 (staging
based on Nieuwkoop and Faber, 1994). All specimens are shown at the same magnification. For Abbreviations, see list. Scale bar = 1 mm.
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Fig. 3. (Continued.)

monly studied species in each of (Bissonnette and Fekete, 1996), classes illustrates the morphologic
four vertebrate classes: zebrafish mouse (Morsli et al.,, 1998), and now  similarities of the ears, especially in
(Bever and Fekete, 2002), chicken Xenopus. A comparison across the pars superior, as well as the



428 BEVER ET AL

Stage:

Lateral

-

Medial
D

. —

Fig. 4. Selected images enlarged from Figure 3. Lateral and medial aspects of ears at early stages reveal the emerging morphologic
features of the developing otocyst. Ear images from stages 28 -44 were approximately normalized to the stage 46 images; refer to Figure
3 for accurate size comparisons. For Abbreviations, see list.

F

Fig. 5. Anatomic details of the Xenopus laevis inner ear. A: Otoconia in a stage 49 left inner ear, lateral perspective, in a methyl
salicylate-cleared specimen that was not injected with paint. B: The location of the amphibian papilla (arrows) on the roof of its recess
and the position of the endolymphatic duct are demonstrated in this dorsomedial view of a stage 51 paint-filled right inner ear. The
endolymphatic sac is out of focus in the dorsal foreground and partially obscures the anterior and posterior semicircular canals. Axis
serves both images. For Abbreviations, see list. Scale bars = 250 um in A,B.

unique properties of each ear
“type.,” most notably highlighted by
morphologic differences in the audi-
tory organs of each class and chro-
notypic variations in the ear devel-
opment process. By using the
staging provided by Nieuwkoop
and Faber (1994), Xenopus requires
approximately 15 days to fransform
an otocyst to an inner ear. In con-
trast, the chicken completes this pro-
cess in 6 days, the mouse in 8 days,
and the zebrafish in approximately
20 days. Notably, the ectotherms

are significantly slowed in their com-
pletion of ear morphogenesis com-
pared with the endotherms. While
the Xenopus ear at hatching stage is
merely a simple vesicle with a small
dorsal endolymphatic protrusion,
the hatchling zebrafish already has
a completed set of semicircular ca-
nals. In mouse and chicken, the
semicircular canals are completed
within the first half of the ear devel-
opment period, whereas in Xeno-
pus, the canals are completed
within the first third of the ear devel-

opment period. The appearance of
the diverticuloe that house the hear-
iNng organs also varies across species.
In mouse and chicken, the outgrowth
of the pars inferior that presages the
cochlear duct occurs before forma-
tion of the semicircular canals and
before differentiation of any auditory
hair cells (Sher, 1971; Cotanche,
1987). In zebrafish, an overt diverticu-
lum for the hearing organ (saccule) of
the pars inferior forms over a week
after the first differentiated hair cells
appear (Haddon and Lewis, 1996).
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And, for Xenopus pars inferior, the re-
cesses for the amphibian and basilar
papilloce appear at stage 47, at the
same time that canal genesis is being
completed and during a period in
which, at least in the bullfrog
(Boatright-Horowitz  and  Simmons,
1997), tadpole auditory sense is al-
ready functional.

EXPERIMENTAL PROCEDURES

To initiate breeding, adult male and
female albino Xenopus laevis frogs
were injected with human chorionic
gonadotropin (HCG). Males were in-
jected into the dorsal lymph sac with
300 international units (IU) of HCG,
followed 4 hr later with a secondary
dose (100 IU). Females received a
150 IU of HCG and a 600 IU second-
ary dose 4 hr later. After the second-
ary dose, males and females were
placed together in breeding tanks.
The embryos were collected ap-
proximately 12-14 hr later and main-
tained in aerated well water at
22°C. Beginning on the fifth day, fad-
poles were fed Xenopus Tadpole
Food (Carolina Biological).

Specimens were staged accord-
ing to the external characteristics
described by Nieuwkoop and Faber
(1994, N/F), fixed in Bodian's fixative
(71.2% ethanol, 5% glacial acetic
acid, 5% formalin, 18.8% water), de-
hydrated through a graded alcohol
series and cleared in several
changes of methyl salicylate. After
processing for paint-filling, specimen
lengths (fip of snout fo fip of tail, Fig.
6) were measured by using an ana-
log caliper. On the whole, specimen
lengths for each stage were shorter
than that reported by N/F, possibly
owing to slightly cooler water tem-
perature and/or more specimens
per unit volume, in addition to shrink-
age based on fixation and dehydra-
fion. We compared length measure-
ments in live vs. fixed and dehydrated
specimens at stage 48 to determine
that the processed specimens are ap-
proximately 10% shorter (data not
shown). Developmental categories
used to describe specimens are de-
fined as follows (McDiarmid and Altig,
1999): embryo, N/F stages 1-32;
hatchling, N/F stages 33-44; tadpole,
N/F stages 45-58; metamorph, N/F
stages 59-66.
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Fig. 6. Mean length (fip of snout to tip of tail) of fixed, cleared Xenopus laevis specimens.
Staging was based on Nieuwkoop and Faber, 1994 (see Experimental Procedures section),
and sample size for each stage is given on the bar. E, early; L, late.

The paint-fill tfechnique (Martin
and Swanson, 1993; Bissonnette and
Fekete, 1996; Morsli et al., 1998;
Bever and Fekete, 2002) serves as a
tool for rapid determination of otic
membranous labyrinth structure. To
visualize inner ear morphogenesis in
Xenopus, the membranous labyrinth
was injected with 1% alkyd enamel
paint (Benjamin Moore & Co.; Base 1
235 1A) diluted in methyl salicylate.
This procedure was accomplished
by using a pulled glass micropipette
(with tip diameter 7-17 um, depend-
ing on the size of the ear) coupled to
a positive-displacement micro injec-
tor (Stolting). During injection, minu-
tien pins (Fine Science Tools) were
used to secure embryos or tadpoles
in grooves cut into a resin-filled dish
(Sylgard 182 Encapsulating Resin Kit,
Dow Corning Corporation). Ears
were injected from a dorsolateral
approach. After canal genesis be-
gan, the antferior canal was tar-
geted for injection.

Images of the paint-filled ears illu-
minated by an obliquely applied
gooseneck fiber optic light source
(KL1500, Schott) were obtained by
using a Wild Heerbrugg M5A micro-
scope, OM-4T Olympus camerq,
and Kodak 160 T film. Images from
these color slides were scanned (Po-
laroid SprintScan  35) info Adobe
Photoshop (versions 5.0.2 and 7.0).
Some dissection of overlying fissue
was necessary for unobstructed me-

dial and ventral views, and images
from some specimens were reversed
so that all ears are presented as
though they are right ears in the final
figures (excepting Fig. 5A). In order
that readers might readily compare
ears from different views and various
stages, ears for the atlas presentation
in Figure 3 were digitally excised from
the scanned images and pasted onto
a black background to produce a
composite figure. This process elimi-
nated the variafion in background
from one specimen image to the next
and removed the occasional paint
leak from the edge of an ear. Like-
wise, both specimens in Figure 2 were
pasted onto a black background to
facilitate comparison.

For whole-mount antibody stain-
ing. inner ears from 4% paraformal-
dehyde-fixed specimens were dis-
sected free of surrounding oftic
capsule and the lateral epithelium
of the saccule was opened to en-
hance reagent access to the inner
surface. Ears were freated with 50
wg/mil subtilisin to assist in removal of
the oftoliths (Gale et al., 2000),
washed 35 min with phosphate-buff-
ered saline+0.1% Tween (PBST), and
incubated in blocking solution (3%
bovine serum albumin, 0.4% Triton
X-100 in PBS) overnight at 4°C. HCS-1
primary antibody (courtesy of Jeff
Corwin; Finley et al., 1997) was ap-
plied at a dilufion of 1:250 in 0.1 M
PBS, 5% normal goat serum, and
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0.1% Triton X-100 and incubated on
a shaker for 2 days at 4°C. Ears were
washed 4 X 15 min in PBST then incu-
bated in  fluorescein-conjugated
horse anti-mouse immunoglobulin G
(1:200) on a shaker for 2 days at 4°C.
After washing at least 4 X 15 min in
PBS (pH 7.8), ears were viewed with a
Leica stereofluorescence microscope
(MZ FLIN. Images were acquired by
using a SPOT RT color digital camera
(Diagnostic Instruments, Inc.).
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