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There are a total of eight sensory organs in the chick inner ear.
Each sensory organ has a distinct structure tailored for its
function, and its morphology is well characterized. However,
the origin of these sensory organs and the lineage relationships
among them are largely unknown. In this report, we show that
BMP4 (bone morphogenetic protein), a secreted protein of the
TGF-b gene family, is the earliest sensory marker identified to
date for the chick inner ear. In addition to BMP4, we show that
Msx-1 is a sensory marker for the three cristae, the lagena, and
macula neglecta. P75NGFR (nerve growth factor receptor) is a
marker for the three cristae only. Based on the expression
pattern of these three genes—BMP4, Msx-1, and p75NGFR—it

is estimated that the first sensory organs to be generated were
the superior and posterior cristae at stage 19, followed by the
macula sacculi at stage 20, the lateral crista at stage 22, the
basilar papilla and lagena at stage 23, the macula utriculi at
stage 24, and the macula neglecta at stage 29. The age of
generation of each sensory organ as defined by the first ap-
pearance of these molecular markers is well in advance of the
histological differentiation. In addition, the differential gene ex-
pressions in each presumptive sensory organ may contribute to
the distinct structure of the mature organ.
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In the chick inner ear, there is one auditory sensory organ known
as the basilar papilla, and seven vestibular organs that include
three crista ampullae, two maculae, one lagena, and one macula
neglecta. The decision to become sensory versus nonsensory tissue
occurs early during development (Swanson et al., 1990). However,
the generation of the sensory organ topology within the inner ear
is not clear. Based on morphological analysis of nonmammalian
vertebrates (Knowlton, 1967; Norris, 1892), it was postulated that
all sensory organs of the inner ear are derived exclusively from the
ventromedial wall of the otocyst, a region that first gives rise to the
eighth cranial ganglion. More recent data suggest that cells in the
anteroventrolateral portion of the otocyst, rather than in the
ventromedial wall, give rise to the eighth ganglion (Carney and
Couve, 1989). However, the origin of the sensory organs remains
unclear.
To gain a better understanding of inner ear development and to

identify genes that are important in its pattern formation, one of
the gene families we focused on was transforming growth factor-b
(TGF-b). Many members of this gene family have been shown to
be important signaling molecules during embryogenesis, espe-
cially those that belong to the DVR (decapentaplegic-veg-related)
subgroup (for review, see Kingsley, 1994; Wall and Hogan, 1994).
Within the DVR subgroup, BMP4 is important for mesoderm
patterning as well as the development of many organs such as
heart, teeth, and limbs (Vainio et al., 1993; Fainsod et al., 1994;
Suzuki et al., 1994; Winnier et al., 1995; Zou and Niswander,

1996). It has been reported that BMP4 is also expressed in the
otocyst of mice (Jones et al., 1991).
Another class of genes that is important in patterning during

embryogenesis is the homeobox-containing genes. Among them,
Msx-1, previously known as Hox-7, is a mouse homolog of the
Drosophila muscle segment homeobox (msh) gene. Msx genes
have been shown to be important signaling factors in epithelial–
mesenchyme interactions during embryogenesis (Suzuki et al.,
1991; Takahashi et al., 1991). Msx-1-deficient mice have an ab-
normality in one of the middle ear ossicles (Satokata and Maas,
1994). In the chick inner ear, Msx-1 is first detected in the dorsal
one-third of the invaginating otic placode (Suzuki et al., 1991), an
area that we found eventually gives rise to the endolymphatic
apparatus. Thus far, there has been no report of Msx-1 gene
expression in later stages of inner ear development.
As reported here, we demonstrate that BMP4 is a marker for all

presumptive sensory organs in the chick inner ear using in situ
hybridization. Msx-1, in addition to being an early marker for the
endolymphatic apparatus, was found to be expressed in the three
cristae, the lagena, and the macula neglecta. Based on the gene
expression patterns of BMP4, Msx-1, and the previously reported
p75NGFR, the origin and time of generation for each presump-
tive sensory organ in the chick inner ear were determined.

MATERIALS AND METHODS
Embryos. Fertilized White Leghorn eggs (Truslow Farm, MD) were
incubated for designated times, and embryos were staged according to
Hamburger and Hamilton (1951).
Probes. The following chicken cDNA sequences were used to generate

digoxigenin-labeled sense and antisense RNA probes: a full-length BMP4
cDNA (Roberts et al., 1995), 3.1 kb of p75NGFR cDNA, which included
;2 kb of 39-untranslated region (Large et al., 1989), and a 550 bp
fragment of Msx-1 cDNA downstream from the homeobox (Suzuki et al.,
1991). Corresponding sense probes were carried out in each experiment
as controls and yielded little hybridization signal.
Whole-mount in situ hybridization. Whole-mount in situ hybridization

was performed as described previously (Riddle et al., 1993) with the
following modifications. All embryos were permeabilized with proteinase
K, and enzyme dosages used were optimized for different embryo stages.
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Proteinase K concentrations ranging from 1 to 20 mg/ml were used for
embryos ranging from stage 8 [embryonic day 1 (E1)] to stage 24 (E4),
respectively. Hybridization conditions, washings, and detection proce-
dures were carried out as described previously (Riddle et al., 1993).
Embryos that were selected for preparation of frozen sections were
dehydrated in 30% sucrose, embedded in gelatin, and subsequently
sectioned.
In situ hybridization of frozen sections. Frozen sections of chick embryos

were processed for in situ hybridization essentially as described above.
Briefly, embryos were fixed overnight with 4% paraformaldehyde in PBS,
dehydrated in 30% sucrose, and embedded in OCT. Embryos were
sectioned at 12–14 mm thickness onto SuperFrost slides (VWR) and
stored in a dessicator at 2808C. For in situ hybridization, slides were first
rehydrated, post-fixed, and permeabilized with 10 mg/ml proteinase K for
2 min. Hybridization was carried out in “seal-a-meal” bags (Kapak). Each
bag contained no more than 5 glass slides and 5 ml of hybridization
solution with a probe concentration of ;0.2 mg/ml.
Three-dimensional reconstruction. Images of serial sections of the chick

inner ear after in situ hybridization were captured directly from a Zeiss
Axiophot microscope onto a Macintosh computer using a charge-coupled
device camera and National Institutes of Health Image software. Image
files were transferred to a Silicon Graphics Manta workstation. Areas of
interest from each section were traced and subsequently aligned and
reconstructed into three-dimensional images using ROSS software (Bio-
computation Center, Ames Research Center, NASA). Alignment of
sections for reconstruction was also aided by the atlas of the developing
chick inner ear (Bissonnette and Fekete, 1996).

RESULTS
BMP4 mRNA expression in the chick inner ear
E1 (stage 8) to E4 (stage 24)
The following whole-mount in situ hybridization results are
summarized from a total of 87 chick embryos ranging from
stage 8 to stage 24 over 11 experiments. BMP4 mRNA was not
detected in the otic placode of chick embryos at stage 10 but
was expressed in rhombomere 3 and 5 of the hindbrain as
reported previously (Graham et al., 1994) (data not shown).
However, as soon as the otic placode started to invaginate,
BMP4 mRNA was found in the medial and posterior margin of
the invaginating placode (stage 11, E1.5, Fig. 1A, arrowheads).
When the otic placode deepened to form the otic cup, the
medial part of the invaginating placode became the dorsal
portion of the otic cup and remained in close association with
the hindbrain (black arrowheads in Fig. 1B). At this stage,
BMP4 transcripts were found in the rim of the otic cup (arrow-
heads in Fig. 1B). The positive area was broad at the dorsal and
posterior rim of the otic cup (black arrowheads in Fig. 1B), but
small at the ventral rim (white arrowheads in Fig. 1B,C). The
majority of the hybridization signal at the ventral rim, observed
in whole-mount embryos, was contributed by ectoderm imme-
diately adjacent to the otic epithelium rather than by the otic
epithelium itself (compare white arrow and white arrowheads in
Fig. 1C). At stage 16 (26–28 somites, E2.5), the otic cup was
closing rapidly and was closed by the beginning of stage 17
(E2.5). At the beginning of stage 16 (26 somites), the BMP4-
positive area at the ventral rim of the otic cup had expanded
(Fig. 1D,G, arrowheads). During stage 16 (28 somites), two
concentrations of the hybridization signal started to appear, a
posterior focus (arrow in Fig. 1E) and an anterior streak
(arrowhead, Fig. 1E). Both of these concentrations were more
apparent by stage 17 (arrow and arrowhead in Fig. 1F; n 5 8; 5
separate experiments), and the hybridization signals were lo-
cated within the otic epithelium (Fig. 1H, I ). By stage 19 (E3),
two principal foci of BMP4 hybridization signals were evident
in the otocyst, an anterior and a posterior (Fig. 1 J ). The
anterior streak of BMP4 expression (black arrowheads in Fig.

1E,F ; white arrow in Fig. 1H) was replaced by a single focus.
Whereas the restriction of the posterior focus occurred grad-
ually and was quite evident from our results (Fig. 1E,F, J ), the
origin of the anterior focus is less clear. Even though the
presence of the anterior streak (arrowhead, Fig. 1E,F ) before
the appearance of the restricted anterior spot (Fig. 1 J) was
obvious, the transition from the streak to a single focus ap-
peared abrupt. Among eight stage 18 embryos (pool of 5
experiments), four had a positive anterior streak, two had an
anterior spot, and two were negative for both hybridization
signals. Because the hybridization signal in the anterior focus
was always lower than that of the posterior focus (Fig. 1 J ), the
transition from the streak to a single spot may have been
difficult to detect because of technical limitations. Alterna-
tively, the anterior focus arises independently and bears no
relationship to the positive streak.
Whereas more BMP4 expression appeared in other parts of the

otic epithelium as development continued, the two initial foci of
BMP4-positive areas persisted and remained in the same relative
positions within the otocyst (based on whole-mount embryos; data
not shown). These two positions, the anterior and the posterior,
corresponded to the areas that give rise to superior and posterior
crista ampullaris, respectively (Romanoff, 1960; Von Bartheld et
al., 1991). These results suggested to us that BMP4 may be an
early marker for sensory organs in the chick inner ear, and further
analysis of BMP4 expression pattern in older embryos was carried
out using frozen sections.
Results from in situ hybridization performed on frozen sections

confirmed the observations made in whole-mount embryos: only
one predominant posterior focus of BMP4 expression was seen in
the stage 18 otocyst (data not shown), and two foci of BMP4
expression were noted by stage 19 (Fig. 2A, sc and p). Over the
next five stages, three more foci appeared near the anterior focus
(i.e., presumptive superior crista) as new sensory organs were
generated. Identification of each presumptive sensory organ was
determined by carefully tracing each respective area of BMP4
expression through different stages of development until histology
of the sensory tissue was distinct, as well as by comparing the
relative relationship between different areas of BMP4 expression
using three-dimensional reconstructions (Fig. 3) (see also Fig. 3 in
Oh et al., 1996). At stage 20, a new area of BMP4 expression
appeared in the medial part of the otocyst that was the beginning
of the presumptive macula sacculi (n 5 6), and the pattern
became more apparent by stage 21 (E3.5) (Fig. 2B, see s). By
stage 22/23, the presumptive lateral crista ampullaris appeared in
the anterolateral wall of the otocyst (Fig. 2C, lc). By stage 24 (E4),
the presumptive macula utriculi also appeared and had a broad
and diffuse domain of BMP4 expression located between the
macula sacculi and the lateral crista ampullaris (Fig. 2D, u).
The area of BMP4 expression in the posterior region of the

otocyst was observed to give rise to four presumptive sensory
organs: the posterior crista, macula neglecta, lagena, and basilar
papilla. By stage 20, this posterior domain started to expand
ventromedially. Because all four sensory organs were positive for
BMP4 and hybridization signal from each sensory organ was
contiguous with that of the other, it was difficult to ascribe the
time of generation for these sensory organs based on BMP4 gene
expression alone. However, using a combination of BMP4 with
other markers, such as Msx-1 and p75NGFR, a closer approxima-
tion of the time of generation for each of these four sensory
organs was feasible (see section on Msx-1 and p75NGFR expres-
sion below).
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E5 (stage 27) and later
By stage 27 (E5), the inner ear had undergone substantial
expansion in the dorsoventral dimension. Even though histo-
logical differentiation of sensory tissues had just begun at this
age, most of the sensory organs in the inner ear were already
discrete entities based on BMP4 mRNA distribution. Figure
2E is a transverse section through the middle of the inner ear
showing discrete BMP4 expression at the lateral crista (lc),
maculae utriculi (u), and sacculi (s). In addition, BMP4 tran-
scripts were detected in the mesenchyme surrounding the pri-
mordium for the anterior and posterior semicircular canals. A
posterior section from a stage 30 (E6.5) embryo is shown in
Figure 2F. BMP4 was expressed in the same sensory organs as
seen in stage 27 (E5; s, u, and lc in Fig. 2E) and in the basilar
papilla and lagena (Fig. 2F, bp and la). In addition, BMP4
expression was found in the roof of the ampullae (arrow in Fig.

2F), which most likely arose independently from that in the
presumptive crista (Oh et al., 1996). Even though the histology
of the sensory organs was much more distinct at stage 30
(E6.5), most of the sensory organs could be discerned by stage
27 (E5) based on BMP4 expression pattern. Three-dimensional
reconstruction of the in situ data helps illustrate the localiza-
tion of hybridization signals to each respective sensory organ
(Fig. 3). At stage 27 (E5), the morphological structure of the
inner ear was still rudimentary. The semicircular canals have
not yet formed, and the basilar papilla has not acquired its
mature length (Fig. 3) [also refer to the atlas of the developing
chick inner ear (Bissonnette and Fekete, 1996)]. However,
seven of the eight sensory organs were already evident at stage
27 (E5) based on BMP4 expression. The macula neglecta was
not identifiable until stage 29 (E6.0; see section below). Also,
based on BMP4 expression alone, the presumptive lagena and

Figure 2. Gene expression of BMP4 in developing inner ear, stages 19 (E3) to stage 30 (E6.5), by in situ hybridization of frozen sections. A–D are
horizontal sections of chick otocysts. At stage 19 (E3; A) only two BMP4-positive areas were present [anterior (sc) and posterior ( p)]. The BMP4
expression in macula sacculi (s) is shown at stage 21 (B); lateral crista (lc) at stage 22 (C) and macula utriculi (u) at stage 24 (D). E and F are transverse
sections of chick otocysts of stage 27 (E5) and stage 30 (E6.5), respectively. In addition to the BMP4-positive sensory organs as indicated in E and F, BMP4
was also expressed in the mesenchyme surrounding the dorsal portion of the inner ear (E), the tip of the first pharyngeal pouch (arrow in E), and the roof
of the ampulla (arrow in F ). Orientation: A, anterior; D, dorsal; L, lateral. ed, Endolymphatic apparatus; bp, basilar papilla; la, lagena. Scale Bar, 50 mm.
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papilla were continuous with each other at stage 27 (E5) and
did not become separate entities until stage 30 (E6.5; Fig. 2F,
see bp and la). However, the combination of expression of
BMP4 and other markers indicate that the lagena and the
papilla were clearly separate units at least by stage 23 (see
section below).

Msx-1 and p75NGFR expression in the developing
chick inner ear
As described earlier, the first BMP4 area to become restricted in
the otocyst was the posterior focus at stage 18. Its location
corresponded to the future posterior crista ampullaris. However,
this posterior focus quickly expanded medially and ventrally and
subsequently included more than one sensory organ. In an effort
to identify other molecular markers that would help distinguish
the different presumptive sensory tissues within the posterior
cluster, two available markers proved useful: p75NGFR and
Msx-1. P75NGFR mRNA was reported to appear first in the
E3–E4.5 chick otocyst as two foci, one anterior and one posterior,
which presumably are the anlages of the anterior (i.e., superior)
and posterior crista ampullaris, respectively (Von Bartheld et al.,
1991). By E7, p75NGFR mRNA was reported to be present in the
three cristae and was restricted to only the planum semilunatum
area of each crista by E11 (Von Bartheld et al., 1991). In general,
our findings were in agreement with published results, except that
we detected p75NGFR expression earlier than E3, during forma-
tion of the otic cup (data not shown). The initial expression of
p75NGFR in the presumptive cristae was broader than that of
BMP4 (Fig. 4C,D). Both the presumptive superior (compare Fig.
4C and 4D, sc) and lateral cristae (compare Fig. 4G and 4H, lc),
based on BMP4 expression, were included in one broad anterior
hybridization signal of p75NGFR (Fig. 4D,H). As sensory tissue

differentiation began, p75NGFR expression segregated from the
main sensory areas starting at E5 (data not shown), and remained
in the peripheral portion of the crista known as the transitional
zone at E12. (arrow in Fig. 5A). On the other hand, Msx-1 (also
known as G-Hox 7) was reported to be expressed in the dorsal
one-third of the otic cup at stage 13 (E2) embryos, and this
expression persisted in the otocyst (Suzuki et al., 1991). We
determined that this dorsal area of the otocyst gave rise to the
endolymphatic apparatus by tracing Msx-1 expression in later
stages of development. In addition to the endolymphatic appara-
tus, we found Msx-1 expression in all three cristae, the lagena,
macula neglecta, as well as some portions of the semicircular
canals (Fig. 5B) (see also Fig. 6F for expression in macula
neglecta).
Both Msx-1 and p75NGFR were used to help distinguish

among the four presumptive sensory organs in the posterior
otocyst: the posterior crista, basilar papilla, lagena, and macula
neglecta. Within this posterior cluster, p75NGFR was a marker
for the posterior crista only (Fig. 4C,D). On the other hand,
Msx-1 is a marker for all four sensory organs initially, including
most of the papilla (Fig. 4B,F, J ). Even though the first restric-
tion of BMP4 expression in the otocyst was located in the area
of the future posterior crista at stage 18, we estimate the
generation age for the posterior crista to be stage 19. This is
based on the time when primordia for other sensory organs can
also be identified using the differential expression of p75NGFR
and BMP4. At stage 19, p75NGFR overlapped with the poste-
rior area of BMP4 except for a small medioventral portion that
was positive for BMP4 only and was presumed to be the
primordium for the papilla and lagena (data not shown; n 5 3).
The portion of otic epithelium that was positive for both

Figure 3. Three-dimensional reconstruction of BMP4 gene expression of a stage 27 (E5) chick inner ear. The right inner ear is shown from an anterior
(A) and a posterior (B) view. BMP4-positive areas are displayed in different colors, which include superior crista (sc) in blue, lateral crista (lc) in yellow,
macula utriculi (u) in red, macula sacculi (s) in orange, basilar papilla (bp) and lagena (la) traced as one object in fuchsia, and posterior crista ( pc) in
bluish-green. Image in A was tilted dorsally to reveal all of the positive areas. This specimen was reconstructed from 20 alternate sections of 12 mm
thickness. Only the inner borders of the otic epithelium from each section were traced to give the contour of the inner ear. However, the entire outlines
of each positive area were traced, which included the inner and outer borders of the positive epithelium. As a result, positive areas appear as bulged
objects situated on the reconstructed fluid ducts of the inner ear. ed, Endolymphatic apparatus; psc, primordia for the superior and posterior semicircular
canals. Scale bar, 100 mm.
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markers was the anlage for the posterior crista. By the end of
stage 19 and the beginning of stage 20, Msx-1 gene transcrip-
tion was activated within this presumptive sensory area and its
expression pattern overlapped with BMP4, including the ven-
tromedial portion, which was p75NGFR-negative (data not
shown). This ventromedial portion was the beginning of the
presumptive papilla and lagena, and this area expanded and
became more evident by stage 23. Figure 4 is a series of
horizontal sections of otocysts at stage 23 and illustrates the
complexity of the broad posterior BMP4-positive area. The
most dorsal portion of this posterior area was the presumptive
posterior crista, which was positive for BMP4, Msx-1, and
p75NGFR (Fig. 4A–D, pc). The p75NGFR-positive area was
always broader and more extensive than that of BMP4 (com-
pare Fig. 4C and 4D). A few sections more ventrally, the otic
epithelium became p75NGFR-negative (compare Fig. 4G and
4H, see bp) while remaining positive for BMP4 and Msx-1
(compare Fig. 4E and 4F, bp). This area was part of the
presumptive basilar papilla. At the most ventral portion of this
broad posterior area, the otic epithelium was strongly positive
for Msx-1 and BMP4 (Fig. 4 I, J, see la), negative for p75NGFR
(data not shown), and marked the presumptive lagena.
Furthermore, at E4 (stage 23/24), the otocyst started to extend

in both a ventral and a medial direction, forming a tube-like
structure to achieve the shape of a mature inner ear. This tube-
like structure formed the basilar papilla, and the tip of the tube
was the lagena. The medial surface of this tube-like structure
developed into the sensory organ of the basilar papilla (for review,

see Romanoff, 1960). However, the entire medial surface of the
basilar papilla was not positive for BMP4 but, rather, the positive
BMP4 area was in somewhat of a V-shape with a short anterior
arm and a longer posterior arm joined ventrally by the lagena at
stage 27 (E5; see fuchsia color area in Fig. 3B). The posterior arm
was Msx-1-positive (stage 26, E4.5–E5.0) and gradually became
negative by stage 29 (E6; compare Fig. 6B and 6C with Fig. 5B).
The short anterior arm that was slightly anterior to the lagena was
always BMP4-positive but Msx-1-negative at stage 26 (E4.5; ar-
rowhead in Fig. 6A). Before the appearance of a clear V-shaped
pattern of BMP4 expression in the papilla, a portion of otic
epithelium anterior to the presumptive lagena was always BMP4-
positive and Msx-1-negative (area marked by bracket in Fig. 4 I),
which presumably is part of the presumptive sensory tissue in the
papilla. Therefore, we ascribe the generation age for lagena and
basilar papilla anlages to be stage 23, an age when these sensory
organs can be identified separately from each other as well as
from the posterior crista.
The macula neglecta is the smallest of the eight sensory organs.

It is located on the floor of the utricle immediately anterior to the
posterior crista ampullaris (Correia et al., 1974). Based on BMP4
and Msx-1 expression, the macula neglecta was the last sensory
organ to form its own discrete unit. In the presumptive location
where macula neglecta developed, BMP4 and Msx-1 were ex-
pressed at least by stage 23. Because of the proximity of these
expressions to the presumptive posterior crista and the posterior
arm of papilla, which were both BMP4- and Msx-1-positive, the
generational age of macula neglecta could not be ascribed until

Figure 4. Gene expression pattern of BMP4, Msx-1, and
p75NGFR in a stage 23 (E4) chick otocyst. A and B, E and
F, and I and J are pairs of adjacent 12 mm sections from one
embryo, with A and B being the most dorsal pair and I and
J the most ventral. C and D and G and H are pairs from
another embryo. The C/D pair was chosen from a level
similar to the A/B pair, and the G/H to E/F. A, C, E, G, and
I were probed for BMP4 mRNA; B, F, and J were probed
for Msx-1; and D and H were probed for p75NGFR. In the
most dorsal sections, the posterior BMP4-positive area was
Msx-1-positive (B) as well as p75NGFR-positive (D), which
marked the presumptive posterior crista ( pc) area. More
ventral sections were still positive for Msx-1 (F ) but nega-
tive for p75NGFR (H ), indicating the presumptive basilar
papilla (bp) region. The positive p75NGFR area in H
included the presumptive lateral crista area and was con-
tinuous with the superior crista area in D. In the ventral
portion of this broad BMP4-positive area (I, J ), part of the
area was strongly positive for Msx-1 marking the presump-
tive lagena. Area marked with bracket in I, which was
positive only for BMP4, was part of the presumptive basilar
papilla. Scale bar, 100 mm.
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stage 29 (E6), when BMP4 expression became discrete (arrow in
Fig. 6D, mn). However, at this age results from adjacent sections
analyzed for Msx-1 mRNA indicated that the Msx-1 expression
was not yet restricted and was still continuous with that of the
posterior crista as well as the papilla (data not shown). By stage 31
(E7), both BMP4 (Fig. 6E) and Msx-1 (Fig. 6F) expressions in the
macula neglecta were discrete.

DISCUSSION

Origin of sensory organs
Based on morphological studies by Knowlton (1967), it was pos-
tulated that the ventromedial wall of the otic cup gave rise to the
eight sensory organs of the inner ear. However, several lines of
evidence argue against this hypothesis. First, crude fate mapping
studies of the mouse otocyst at the 11th day of gestation indicate
that the topology of the inner ear, including the sensory organs, is
basically established by this age of development (Li et al., 1978).
The 11th day of gestation in the mouse is equivalent to approxi-
mately stage 24 in the chick, a time, according to Knowlton
(1967), when sensory organs have not yet split away from their
origin. However, different portions of the mouse otocyst give rise
to appropriate sensory and nonsensory structures after 10 d of
culturing in vitro (Li et al., 1978). Sensory organs were not found
to arise from a single area of the otocyst as Knowlton’s hypothesis
might predict.
Another line of evidence that argues against sensory organs of

the inner ear originating from the ventromedial wall of the otocyst
comes from studies of other sensory organ markers, such as
brain-derived nerve growth factor (BDNF) and p75NGFR. At E4,
BDNF and p75NGFR mRNAs were not localized to the medial
part of the otocyst as might be expected but, rather, in an anterior
and posterior focus similar to the pattern of BMP4 (Von Bartheld
et al., 1991; Hallbook et al., 1993). Even though we detected
BDNF and p75NGFR mRNA earlier than previously reported,
we did not detect any transcripts in the ventromedial wall of the
otic cup or otocyst (data not shown). One possible explanation is
that sensory organs may indeed originate from the ventromedial
wall of the otocyst but at an earlier time than Knowlton (1967)
had described, with transcription of sensory-specific genes such as
BDNF, p75NGFR, or BMP4 only activated as each sensory organ

Figure 5. Gene expression of p75NGFR and Msx-1 in the developing
inner ear. Transverse sections of an E12 (stage 38; A) and an E6 (stage 29;
B) inner ear were probed for p75NGFR and Msx-1, respectively. At E12,
p75NGFR expression was expressed in the three cristae of the inner ear.
A part of the lateral crista ampullaris is shown in A. P75NGFR expression
was located in the peripheral portion of the crista (arrows in A) as well as
many areas of mesenchyme next to the otic epithelium (arrowheads). At
E6 (stage 29), as illustrated in B, Msx-1 was expressed in the lagena (la),
three cristae ampullaris [lateral crista is shown (lc)], the endolymphatic
apparatus (ed), and some portions of the semicircular canals (ssc). Orien-
tation: D, dorsal; M, medial; hb, hind brain. Scale bars: A, 50 mm; B,
100 mm.

Figure 6. BMP4 and Msx-1 expression in the presumptive
basilar papilla and macula neglecta. A–C and F were probed for
Msx-1. D and E were probed for BMP4. A and B are transverse
sections of a stage 26 embryo (E4.5–E5) showing that the Msx-1
expression was absent in the anterior portion of basilar papilla
(arrowhead in A) but present in the posterior portion of the
papilla (arrowhead in B). The arrow in A points to part of the
positive area in the lagena, which is more obvious in a posterior
section shown in B (la). The Msx-1 expression in the papilla
decreased over time (stage 27, E5; C) and eventually disap-
peared with transcripts remaining in the lagena (la) only (see
Fig. 5B). D and E are transverse sections indicating BMP4
expression in macula neglecta (mn) at stage 29 (E6) and stage
31 (E7), respectively. F is an adjacent section of E probed for
Msx-1. Arrowheads in D and E point to positive hybridization
signals from the posterior ampulla. The proximal tip of the
basilar papilla (bp), which was BMP4-positive, is also shown in
D–F. Orientations: D, dorsal; M, medial; hb, hind brain. Scale
bars: A–C, 100 mm; D–F 5 50 mm.

6460 J. Neurosci., October 15, 1996, 16(20):6454–6462 Wu and Oh • Sensory Organ Generation in the Chick Inner Ear



is generated. This may be argued in the case of BDNF because
BDNF transcripts were not detected until stage 17/18 (data not
shown). However, this does not hold for BMP4 because it was
expressed when the otic placode began to invaginate, before the
formation of the eighth ganglion. The initial expression of BMP4
was along the dorsal and posterior portions of the invaginating
otic placode. Based on the initial pattern of BMP4 expression
from the invaginating placode to the otocyst, we postulate that
induction of early presumptive sensory tissues most likely occurs
at the junction of the otic epithelium and the adjacent ectoderm.
Specifically, the portion of otic epithelium that is in close associ-
ation with the hindbrain, rather than the ventromedial wall of the
otocyst. Intimate interaction of the hindbrain with the otocyst is
important for normal inner ear development (for review, see
Noden and Van De Water, 1992). Furthermore, because the
distribution of BMP4 mRNA was broad to begin with and became
restricted later as two foci in the otocyst, it is conceivable that the
area with the potential to develop into sensory tissue may also be
broad initially and becomes restricted to specific locations, possi-
bly by other genes such as the proneural or neurogenic genes.
Therefore, depending on how the otic cup closes to form the
otocyst, it is possible that cells within the anterior and posterior
foci may share the same lineage. It is also possible that cells in the
anterior focus and cells that give rise to the ganglia (Carney and
Couve, 1989) may share one lineage, because they are located in
close proximity to each other. These possibilities need to be
examined with detailed fate-mapping studies. Nevertheless, it is
interesting to note that hair cells develop autonomously when the
otocyst is transplanted to ectopic locations as early as stage 13
(E2), whereas other morphogenetic changes fail to occur normally
(Swanson et al., 1990). These data suggest that induction of
sensory tissue is an early event. Because BMP4 mRNA was
already present in the otic cup by stage 11 (E1.5), activation of
BMP4 gene transcription may be associated with sensory tissue
induction.

Order of sensory organ initiation
Based on the pattern of BMP-4, Msx-1, and p75NGFR mRNA
distribution, we postulate that the first presumptive sensory or-
gans to generate in the inner ear are the anterior and posterior

cristae ampullaris at stage 19, the macula sacculi at stage 20, the
lateral crista at stage 22, the papilla and lagena at stage 23, the
macula utriculi at stage 24, and the macula neglecta at stage 29
(Table 1). It is interesting that the anterior and posterior cristae
are also the first sensory organs to show histological differentia-
tion (Knowlton, 1967), suggesting that early discrete BMP4 ex-
pression may be correlated with early sensory differentiation.
As far as we can determine, the three sensory organs—superior

crista, macula sacculi, and lateral crista—appear to arise de novo
as independent units based on the discrete appearance of BMP4
hybridization signals. However, our data cannot exclude the pos-
sibility that a small number of cells split from the anterior focus
(the presumptive superior crista) to form the next two organs (the
lateral crista and the macula sacculi) and that these primordia are
undetectable using in situ hybridization techniques until the sen-
sory tissues became more developed. On the other hand, the
origin of the macula utriculi is different. This sensory organ
appeared at stage 24 as an area of diffuse BMP4 expression
between the presumptive lateral crista and macula sacculi with no
clear demarcation of boundaries. Therefore, macula utriculi could
arise independently or split from its neighboring sensory tissues,
namely, the lateral crista, macula sacculi, and/or superior crista.
By the same token, our data also cannot exclude the possibility
that the four sensory organs in the posterior cluster arise de novo,
independently from each other.
In addition, the macula neglecta is thought to split from the

posterior crista ampullaris at embryonic day 6 (Knowlton, 1967).
Macula neglecta was positive for BMP4 and Msx-1, and the
posterior crista was positive for both of these markers as well as
p75NGFR. However, we were not able to identify the macula
neglecta component within the presumptive posterior crista area
and confirm the origin of this sensory organ. Macula neglecta
could arise either from the posterior crista directly or from the
primordium of lagena and papilla after its separation from the
posterior crista. A more specific marker for the macula neglecta is
needed before we can address this issue in more detail.
In summary, our study provides a more in-depth understanding

of the origin and the developmental organization of sensory
organs in the inner ear. At the moment, the functions of BMP4
and Msx-1 remain elusive. In other systems, both BMP4 and
Msx-1 are important molecules mediating epithelial–mesenchy-
mal interactions (Takahashi et al., 1991; Vainio et al., 1993). The
interaction between mesenchymal and epithelium is also an im-
portant component of the normal morphogenesis of the inner ear
(for review, see Van Der Water et al., 1980). Both BMP-4 and
Msx-1 may function solely in the development of the sensory
organs within the otic epithelium and/or they may mediate a
coordinated differentiation between epithelia and mesenchyme.
The type I BMP4 receptors identified so far, alk-3 and alk-6, are
both present in the developing inner ear (Dewulf et al., 1995).
Alk-3 is ubiquitously expressed while alk-6 is associated with the
mesenchyme surrounding the otic capsule as well as sensory
tissues of the cochlea and saccule (Dewulf et al., 1995). Therefore,
both models appear to be possible at this time. In BMP4-deficient
mice, the consequence of the lack of this gene product in devel-
opment of the ear cannot be pursued because mutant embryos do
not survive beyond 9.5 d of gestation (Winnier et al., 1995).
Nevertheless, our results will provide a good basis to address
commitment and plasticity of presumptive sensory organs, as well
as to decipher the functions of BMP4 and Msx-1 in the develop-
ment of the inner ear.

Table 1. Summary of sensory organ generation based on BMP4, Msx-1,
and p75NGFR gene expression patterns

Sensory organ BMP4 Msx-1 p75NGFR
Stage of
generationa

Superior crista 1 1 1 19
Macula sacculi 1 2 2 20
Lateral crista 1 1 1 22
Macula utriculi 1 2 2 24
Posterior cluster 1 18
Posterior crista 1 1 1 19
Basilar papilla
Anterior arm 1 2 2 23
Posterior arm 1 1b 2 23

Lagena 1 1 2 23
Macula neglecta 1 1 2 29

aThe generation age for each sensory organ is defined when discrete expression of
each molecular marker listed was activated for that particular sensory organ. The
only exception is the macula neglecta: at stage 29 (E6), only BMP4 expression was
restricted, and Msx-1 expression did not become restricted until stage 31 (E7).
bMsx-1 expression in the posterior arm of the basilar papilla disappeared by stage 29.
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