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bution pattern of gangliogenic cranial neural crest cells in
day-9.5 Hoxa-1 / embryos, in comparison with wild-type
embryos at the same developmental stage (Fig. 4A-H). In
both wild-type and Hoxa-1 / embryos, the basal plate of the
1st and 3rd rhombomeres (R1/RI and R3/RIII) is almost
devoid of CRABPI transcripts and the basal plate of the 2nd
rhombomere expresses the CRABPI gene (Fig. 4E-H;
Ruberte et al., 1992; Maden et al., 1992). This indicates that
the first three rhombomeres may be normal in Hoxa-1 /

embryos. In wild-type embryo, the CRABPI probe labels
three distinct populations of migrating neural crest cells in
the regions of R2, R4 and R6-R7, separated by R3 and R5,
which release little or no neural crest cells (Fig. 4A,B,E,F
and data not shown; Lumsden et al., 1991). In Hoxa-1 /

embryos, only two groups of labelled migrating neural crest
cells are found, opposite RII and RIV-RV, which are

separated by a crest-cell-free rhombomere (RIII, Fig. 4C,D).
The trigeminal neural crest cell population (C5, Fig. 4C,D,
G,H), located opposite RII, is well individualized. In
contrast, the putative facial-acoustic (C7-8, Fig. 4C,D,G,H)
and glossopharyngeal-vagus (C9-10, Fig. 4C,D,G,H) neural
crest cell populations are fused together. This raises the pos-
sibility that the caudalmost crest cell-free rhombomere of
wild-type embryos (R5) might be missing in Hoxa-1 /

embryos.

Cranial nerves and ganglia
The trochlear (IV), trigeminal (V), abducens (VI), facial
(VII), vestibulo-cochlear (VIII), glossopharyngeal (IX),
vagus (X), cranial accessory (XI) and hypoglossal (XII)
cranial nerves arise from the rhombencephalic region. These
nerves and their sensory ganglia were localized on whole

Fig. 1. Three-dimensional computer reconstructions from serial frontal histological sections of the rhombomesencephalic region of one
day-9.5 wild-type (A,C,E,G,I,K) and of one day-9.5 Hoxa-1 / (B, D, F, H, J, L) embryo. (A,B) Dorsal views of the reconstructions: the
rhombencephalic roof (roof of the 4th ventricle) has been removed to show the rhombomeres (R1-R7; RI-RV); the embryonic tissues
were represented in salmon-pink; the rhombomere boundaries and the rhombomesencephalic boundary (arrow) were labelled with green
dots on each of the serial sections. (C,D) Same as A and B, but with a more ventral section through the reconstruction at the level of the
otocysts (O), the cavity of which was ‘filled’ with red pseudocolour on each of the serial sections. (E,F) Mid-sagittal sections through the
reconstructions to show the medial (ventricular) surface of the left half of the rhombencephalon. Yellow represents the lumen of the
stomatodaeum (primitive mouth cavity), foregut and pharyngeal pouches which was ‘filled’ with the pseudocolour on each of the serial
sections. (G,H) Transverse sections through the midst of the otocysts: the reconstructions are viewed from their posterior (caudal) aspects.
(I,J) Medial (ventricular) aspects of the reconstructions, after ‘erasing’ of the tissues: right half of the embryos. (K,L) Dorsal aspects of
the reconstructions after ‘erasing’ the tissues: the otocyst (O, in red) is located in between the rhombomere boundaries (green) and the
foregut (yellow) on the dorsoventral axis; the 1st pharyngeal (endodermal) pouch (E1), which represents the anlage of the middle ear
cavity and auditory tube, appears normal in the Hoxa-1 / embryo; in the wild-type embryo, the 2nd pharyngeal (E2) pouch is masked by
the otocyst. A, anterior (rostral); B1 and B2, 1st and 2nd pharyngeal (branchial) arches; D, dorsal; DI, diencephalon; E1, E2 and E3, 1st,
2nd and 3rd pharyngeal (endodermal) pouches, respectively; MS, mesencephalon; O, otocyst; P, posterior (caudal); R1-R7 and RI-RV,
rhombomeres; SO cavity of the stomatodaeum (primitive mouth cavity); T, tail bud; V, ventral; arrows, rhombomesencephalic boundary.
Either the lateral walls or the floor of the neural tube in the plane of the computer-generated section were coloured grey on the
reconstructed image. Bar, 0.5 mm.
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mounts of day-10.5 and day-11.0 wild-type and Hoxa-1 /

embryos immunostained with an anti-neurofilament
antibody, and/or on serial histological sections through the
heads of day-10.5 and day-11.5 embryos and day-18.5
fetuses. The motor nuclei of the cranial nerves, each derived
from specific rhombomeres, (Lumsden and Keynes, 1989;
Lumsden, 1990) represent useful markers of the rhom-
bomeric phenotype: they differentiate, in situ, within the
neural epithelium to form discrete aggregates consisting of
closely packed neurons of large size, which are readily iden-

tifiable on histological sections from day-18.5 normal
fetuses.

The trochlear (IV) and hypoglossal (XII) nerves, which
are purely motor, have no ganglion connected with them.
Their neurons differentiate within the neural epithelium of
R1 and R8, respectively (Lumsden and Keynes, 1989;
Lumsden, 1990). In all Hoxa-1 / embryos and fetuses, both
nerves are clearly identified [see examples in Fig. 5D for
nerve IV (N4), and in Fig. 6B,C,F,G for nerve XII (N12)]
and their nuclei are normal in size and position (Lufkin et
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Fig. 2. Frontal sections through the
rhombencephalon of a day-9.0 (A,B) and
day-9.5 (C,D) wild-type (A,C) and
Hoxa-1 / (B,D) embryos.C5, C7-8 and C9-
10, trigeminal, facial-acoustic and
glossopharyngeal-vagus neural crest cells,
respectively; O, otocyst (otic vesicle); OP,
otic pit; R2-R7 and RII-RV, rhombomeres;
S1 and S2, 1st and 2nd somites respectively;
V, anterior cardinal vein; asterisk, the pial
mesenchyme at the level of the otocyst; the
white arrow in D points to the region of
fusion between the facial-acoustic and
glossopharygeal-vagus neural crest cells.
Groat’s hematoxylin and Mallory’s
trichrome. Bars, 50 µm (A,B) and 100 µm
(C,D).
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al., 1991, and data not shown). As previously reported
(Lufkin et al., 1991), the motor and sensory components of
the trigeminal nerve which are originating from R2 and R3
(Lumsden, 1990), appear unaffected in the Hoxa-1 / mice
(e.g. G5, compare Fig. 5C with D, Fig. 6A with B-D and
Fig. 6E with F,G and data not shown).

The abducens (VI) is a purely motor nerve. In wild-type
day 18.5 fetuses, its nucleus (NU6, Fig. 5A; Paxinos and
Watson, 1986) forms a small cluster of cells, found close to
the midline, which extends from the level of the rostral part
of the facial motor nucleus to the level of the caudal pole of

the motor nucleus of the trigeminal nerve. This nucleus dif-
ferentiates within the basal plate of R5 and R6 (Lumsden
and Keynes, 1989; Lumsden, 1990). In Hoxa-1 / fetuses
both the nucleus (compare NU6, Fig. 5A with B) and the
nerve (compare N6, Fig. 5C with D) are missing.

As previously reported (Lufkin et al., 1991), the nucleus
of the facial nerve is either considerably reduced or absent
in day-18.5 Hoxa-1 / fetuses (compare NU7, Fig. 5A with
B; Paxinos and Watson, 1986); consequently the motor root
of the facial nerve is missing (GN7, compare Fig. 5A with
B). The sensory components of the facial nerve are derived

Fig. 3. Frontal sections through the
rhombencephalon of a day-9.0 wild-type
(A,B) and Hoxa-1 / (C,D) embryos
hybridized with an int-2 anti-sense RNA
probe. (A,C) Bright-field and (B,D)
darkfield. OP, otic pit; R4-R7 and RI-
RV, rhombomeres. Bar, 200 µm.
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from bipolar neuroblasts and Schwann cells, which are
closely related, during embryogenesis, to the cells of
vestibulo-cochlear nerve (VIII), the two groups forming a
single facial-acoustic (VII-VIII) ganglion (G7-8, Fig. 6A-
G). This ganglion has a dual origin, the neurons being
mainly derived from the placodal ectoderm (otic placode

and first epibranchial placode) and the glial cells being
derived from the R4 neural crest cells (D’Amico Martel and
Noden, 1983; Noden, 1988; Lumsden, 1990). In day-10.5
and day-11.0 Hoxa-1 / embryos, the facial-acoustic
ganglion is present (G7-8, Fig. 6B-D,F,G). The facial nerve
ganglion (geniculate ganglion, derived from the first epi-
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Fig. 4. Frontal sections through the lateral walls of the rhombencephalon (A-D) and through the ventral surface of the rhombencephalon
(E-H) of day-9.5 wild-type (A,B,E,F) and Hoxa-1 / (C,D,G,H) embryos, hybridized with a CRABPI anti-sense RNA probe.
(A,C,E,G) Bright-field; (B,D,F,H) darkfield. C5, C7-8 and C9-10, trigeminal, facial-acoustic and glossopharyngeal-vagus neural crest
cells, respectively; O, otocyst; R1-R7 and RI-RV, rhombomeres; V, anterior cardinal vein. Bar, 200 µm.
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branchial placode) is clearly individualized and readily iden-
tifiable on histological sections from day-18.5 Hoxa-1 /

fetuses (G7, Fig. 9F); in contrast, the acoustic portion of the
vestibulo-acoustic ganglion (spiral ganglion, derived form
the otic placode) is missing (G8a, compare Fig. 9A with B
and Fig. 9D with E) and the vestibular portion (Scarpa’s
ganglion, derived from the otic placode) appears smaller
than normal (not shown: see Lufkin et al., 1991). The Hoxa-
1 / facial nerve, (N7, compare Fig. 6E with F,G) passes into
its normal target organ, the 2nd pharyngeal arch. However,
in day-18.5 Hoxa-1 / fetuses, the branches of the facial
nerve either appear to be considerably reduced (N7p,

compare Fig. 5C with D) or are absent. The vestibular and
the cochlear nuclei are present in the hindbrain of day-18.5
Hoxa-1 / fetuses (not shown).

The glossopharyngeal (IX) and vagus (X) nerves have
small contingents of motor axons that have their origin in
the nucleus ambiguus and in the dorsal motor nucleus of the
vagus nerve. These nuclei, which differentiate within the
basal plate of R6-R7 and R8, respectively (Lumsden and
Keynes, 1989; Lumsden, 1990) are always present on cross
sections of the brain of Hoxa-1 / fetuses at day 18.5 (not
shown). 

The glossopharyngeal and vagus nerves have both
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superior, or root, sensory ganglia (referred to as the glos-
sopharyngeal-vagus ganglion) and inferior, or trunk, sensory
ganglia (petrosal ganglion for nerve IX, nodose ganglion for
nerve X). The glossopharyngeal-vagus ganglion is derived
from the R6 and R7 neural crest cells (D’Amico-Martel and
Noden, 1983; Lumsden, 1990; Noden, 1988). The petrosal
ganglion (G9t, Fig. 6A) and nodose ganglion (G10t, Fig.
6A,E) arise from ectodermal thickenings (or placodes)
developed from the 2nd and 3rd pharyngeal arches, respec-
tively (reviewed in Noden, 1988). In day-10.5 and day-11.0
wild-type embryos, the vagus nerve (N10, Fig. 6A,E) has
multiple fine rootlets (white arrows in Fig. 6A,E) associated
with the caudal rhombencephalon, which converge
ventrally, in a fan-like manner, into the glossopharyngeal-
vagus ganglion. There are no cranial nerve fibers that appear
to enter or leave the rhombencephalon beneath the otocyst
(O, Fig. 6A,E). The trunks of the glossopharyngeal and
vagus nerve pass into the 3rd and 4th pharyngeal arches,
respectively (Fig. 6A,E and data not shown).

The glossopharyngeal and vagus nerves appear dramati-
cally altered in day-10.5 and day-11.0 Hoxa-1 / embryos
(Fig. 6B-D,F,G). Their root fibers converge to form a single

large bundle, which progresses rostrally towards a large gan-
glionic mass located between the neural epithelium and dor-
somedial surface of the otocyst (compare Fig. 6A with B-D,
Fig. 6E with F,G, and Fig. 7A with B). This ganglionic mass
appears to be fused rostrally with the facial-acoustic
ganglion (see white asterisk in Fig. 6D,G). In addition, many
root fibers are closely associated with the rhombencephalic
region behind the otocyst (Figs. 6C,D,F,G). The proximal
portion of the glossopharyngeal nerve is often absent (Fig.
6B,C); in certain cases, this nerve may enter into the 2nd
instead of the 3rd pharyngeal arch (Fig. 6F). The proximal,
interganglionic, portion of the vagus nerve is always missing
(Fig. 6B,C,F,G) and the trunk of the vagus nerve (N10, Fig.
6C,G) appears to derive solely from the trunk (placodal)
ganglion. The inferior ganglia of the glossopharyngeal and
vagus nerves are often fused together (G9-10t, Fig. 6C,F,G)
and appear disconnected from the rhombencephalon (Fig.
6B,C,F,G).

Inner, middle and external ears
The structure of the inner, middle and external ears was
analysed on serial histological sections of day-10.5, day-
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Fig. 5. Frontal sections through the heads of day-18.5 wild-type (A,C) and H o x a - 1 / (B,D) fetuses. A and B, sections through the rostral
medulla. C and D sections trough the cranial base at comparable levels of the alisphenoid (AS), basisphenoid (BS) and pterygoid (P) bones.
AS, alisphenoid bone; BS, basisphenoid bone; FB, forebrain; G5, ganglion of the trigeminal (V) nerve (Gasser’s ganglion); GN7, genu of
the facial nerve (VII), missing in H o x a - 1 / fetuses; M, midline; N3 and N4, oculomotor (III) and trochlear (IV) nerves, respectively. N6
and NU6, abducens (VI) nerve and motor nucleus of this nerve, both of which are missing in H o x a - 1 / fetuses; N7p, a major branch of the
facial (VII) nerve, the greater superficial petrosal nerve is reduced in D; NU7, motor nucleus of the facial (VII) nerve which is markedly
reduced in H o x a - 1 / fetuses; P, pterygoid bone; PH, pharynx. Groat’s hematoxylin and Mallory’s trichrome. Bar, 100 µm .
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Fig. 6. Day-10.5 (A-D) and day-11.0 (E-G) embryos, immunolabelled with a monoclonal antibody (2H3) against the 155×103 Mr
neurofilament protein. (A,E) Left sides of wild-type fetuses; (B,F,C,G) left and right sides of two Hoxa-1 / , respectively; (D) a
dorsolateral view of C. B1 and B2, 1st and 2nd pharyngeal (branchial) arches; E,eye; G5, ganglion of cranial nerve V (Gasser’s
ganglion); G7-8, facial-acoustic ganglion; G9t and G10t, inferior (trunk) ganglia of cranial nerves IX and X, respectively; N5o, N5m,
N5a, ophthalmic, maxillary and mandibular branches of cranial nerve V, respectively: these were only labelled in A, but are easily
identifiable on both sides of the wild-type and Hoxa-1 / embryos in B-G; N3, N7, N9, N10, N11, N12 cranial nerves III, VII, IX, X, XI
and XII, respectively; O, otocyst; RH, rhombencephalon; asterisks, rostral level of the superior ganglionic complex of the cranial nerves
IX and X; small white arrow, roots of cranial nerves IX and X. In the wild-type embryos, the dorsal portion of the otocyst was removed to
unmask the pial surface of the rhombencephalon. The position of the otocyst (O) is indicated by a dashed black line. Also note that the
pharygeal arch mesenchyme has been removed in A-D and that the 3rd and 4th pharyngeal arches, which are barely visible externally,
were not labelled in E-G. Bars, 200 µm.
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11.5 and day-18.5 wild-type and Hoxa-1 / embryos and
fetuses. The abnormalities of the otocyst are more pro-
nounced in day-10.5 Hoxa-1 / embryos than at earlier
stages (see above). The otocyst is much smaller, bears no
endolymphatic duct (EL, Fig. 7A), and is now displaced not
only rostrally but also laterally, away from the neural epithe-
lium from which it is separated by the rostral part of the
glossopharyngeal-vagus ganglion (large arrow, compare
Fig. 7A with B).

The epithelial part of the inner ear, or membranous
labyrinth, is derived from the otocyst. It is divided into
distinct compartments, namely the endolymphatic duct
(EL), the vestible (comprising the three semicircular canals,
SC; the utricle, U and the saccule, SA) and the cochlea (CL),
the anlagen of which can all be readily identified at day 11.5
in wild-type embryos, but not in their Hoxa-1 / littermates

(compare Fig. 8A with B). In day-18.5 wild-type fetuses,
highly specialized neurosensory areas have differentiated
within each of these compartments: there are three cristae
ampullaris (one for each semicircular canal), two maculae
(utricular macula and saccular macula: SAM, Fig. 9D) and
the spiral organ of Corti, the latter occupying the full length
of the cochlea in wild-type fetuses (CO, Fig. 9A,D). In day-
18.5 Hoxa-1 / fetuses, the semicircular canals are very
short and their planes are abnormal (data not shown). The
rest of the membranous labyrinth is an inflated, thin-walled,
sac containing neurosensory areas of the vestibular types:
interestingly, the maculae and cristae are histologically
normal (Fig. 10A,B). There are usually two to four well-dif-
ferentiated maculae; however, there is no trace of a normal
organ of Corti (compare Fig. 9A with B).

The cartilaginous otic capsule (OT, Fig. 9A-F) and the
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Fig. 7. Frontal sections through the
dorsal portion of the otocyst of
day-10.5 wild-type (A) and Hoxa-
1 / (B) embryo, showing the
relationship between this organ and
the most rostral part of the
glossopharyngeal-vagus ganglion
(large arrow). Note the small size
of the Hoxa-1 / otocyst and
absence of an endolymphatic duct
(EL in A). B2, bulge of the second
pharyngeal arch; RH, wall of the
rhombencephalon; small arrows,
rhombomeric ridges; R4-R6 and
RIV, rhombomeres. Groat’s
hematoxylin and Mallory’s
trichrome. Bars, 100 µm.

Fig. 8. Three-dimensional computer
reconstruction from serial histological
sections of the cavity of a 11.5-day wild-
type (A) and Hoxa-1 / (B) right
membranous labyrinth: caudal views. The
cavity of the otocyst was ‘filled’ with the
red pseudocolor on each of the serial
sections, then the representation of all
surrounding tissues was ‘erased’. M,L,V,D
medial, lateral, ventral and dorsal,
respectively; CL, cochlea; EL,
endolymphatic duct; SA, saccule;
SC, semicircular canal; U, utricle. Bar, 0.2
mm.
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diffuse mesenchyme of the perilymphatic labyrinth (PL, Fig.
9A-F) both originate from the periotic mesenchyme. The
latter arises mainly from cephalic paraxial mesoderm
(Noden and Van de Water, 1986; Noden, 1988; Couly et al.,
1992). Hoxa-1 / inner ears possess a perilymphatic
labyrinth (see example Fig. 9C). However the perilymphatic
spaces [e.g. scala vestibuli (SV), Fig. 9D and scala tympani
(ST), Fig. 9D] are either unformed or collapsed, coincident
with the voluminous expansion of the membranous
labyrinth. The cartilaginous otic capsule has large fenestra-
tions through which the membranous labyrinth protrudes
medially, into the braincase (C2, Fig. 9B,E,F), and ventrally,
into the neck muscles (C1, Fig. 9B). These diverticula take
the form of large cysts, their wall consisting of a simple
epithelium, squamous to cuboidal, and of a thin layer of
diffuse mesenchyme. These extracapsular cysts can occupy
a considerable part of the cranium, compressing the pons
and extending rostrally up to the level of the hypophysis (not
shown).

The middle ear differs widely in its embryological origin
from the inner ear (Hamilton et al., 1945; Noden, 1983;
Noden and Van de Water, 1986). The three middle ear
ossicles are derived from the proximal portion of the 1st pha-
ryngeal arch cartilages [Meckel’s cartilage, for the malleus
(M) and quadrate cartilage for the incus (I, Fig. 9D)] - and
of the 2nd pharyngeal arch cartilage [Reichert’s cartilage,
for the stapes (S, Fig. 9D)]. The first and second arch carti-
lages both derive from neural crest ectomesenchymal cells
which, at day 8.0, migrate away from the presumptive
anlagen of R2 and R4, respectively (Lumsden et al., 1991;
Serbedzija et al., 1992). The tympanic cavity (ME, middle
ear cavity; Fig. 9A-D) is formed chiefly by the distal part of
the first endodermal pharyngeal pouch (E1, Fig. 1K) and the
tympanic membrane (TM, Fig. 9A) represents the area of
contact between the latter and the first ectodermal cleft
(Hamilton et al., 1945). In Hoxa-1 / fetuses, the cytoarchi-
tecture of the tympanic membrane (TM, Fig. 9B,C), as well
as the shape and relative positions of the malleus (M, Fig.
9F) and incus (I, Fig. 9E) are always normal, and the
tympanic cavity (ME, Fig. 9B,C) communicates normally
with the pharynx by means of the auditory (Eustachian) tube
(not shown). However, the stapes is fused medially to the
cartilaginous otic capsule (compare S, Fig. 9D with E) and
laterally to the tegmen tympani cartilage (TT, Fig. 9E). In
this situation, the stapedial artery (spheno-palatine artery,
straight large white arrow in Fig. 9B-F), instead of piercing
the stapes (dashed arrow in Fig. 9D), either crosses the
middle ear further rostrally (Fig. 9F) or is lacking (1 out of
6 examined ears). The abnormal course or the absence of the
stapedial artery in day-18.5 Hoxa-1 / fetuses should be
regarded as a secondary defect generated by the abnormal-
ities of the neighbouring cartilaginous structures (i.e. stapes,
otic capsule), since the artery of the 2nd pharyngeal arch,
which represents the primordium of the stapedial artery
(Hamilton et al., 1945), was always identified on histologi-
cal sections of day-9.5 and day-10.5 Hoxa 1 / embryos (not
shown). The muscle fibres associated with the malleus
(tensor tympani, TTM) and the stapes (stapedius, SM),
which are derived from the paraxial mesoderm, (Noden
1988) are always present in Hoxa-1 / fetuses (Fig. 9C).

The external ear, comprising the external acoustic meatus

and the auricle, arises from the 1st ectodermal cleft and from
mesenchymal tubercles, covered by the ectoderm, located on
either sides of this cleft. In day-9.5 Hoxa-1 / embryos, the
first ectodermal cleft is readily identifiable (Lufkin et al.,
1991 and data not shown). In day-18.5 Hoxa-1 / fetuses,
the external acoustic meatus (A, Fig. 9E,F), and the auricle
appear normal (not shown).

DISCUSSION

Only five rhombomeric structures can be
identified, instead of the normal seven, in
Hoxa-1 / embryos
In wild-type embryos, Hoxa-1 is selectively expressed
between day 7.5 and day 8.0 (Murphy and Hill, 1991) in the
neural epithelium and mesoderm of the rhombencephalic
region, caudal to the level of the presumptive R4 rostral
boundary (the preotic sulcus). This early rostral domain of
expression of the gene disappears prior to the formation of
the R4-R5, R5-R6 and R6-R7 boundaries. Based on
previous scanning electron microscopic data, we proposed
that the morphological segmentation of the rhomben-
cephalon was normal in Hoxa-1 / embryos (Lufkin et al.,
1991). In contrast, a major feature of the Hoxa-1 / embryos
generated by Chisaka et al. (1992) was a complete lack of
rhombomeres, including the first three where Hoxa-1 is
never expressed (Table 1). These contradictory results
prompted us to investigate further the rhombomeric pattern
in our Hoxa-1 / mutant mice.

The first three rhombomeres of Hoxa-1 / embryos (RI,
RII and RIII) appear to be identical to their wild-type
homologs (R1, R2, R3). Individual rhombomeres are char-
acterized by the expression of different combinations of
genes including Hox genes and the putative segmentation
gene Krox-20 (Frohman et al., 1990; Murphy et al., 1989;
Wilkinson et al., 1989a; Hunt et al., 1991). Dollé et al.
(1993), employing in situ hybridization with different
position-specific rhombomeric markers, have shown that in
day-9.5 Hoxa-1 / embryos, the molecular positional
identity of RI, RII and RIII is indistinguishable from that of
R1, R2 and R3, respectively: in both Hoxa-1 / and wild-
type embryos, the rostral expression domain of Krox-20,
which corresponds to R3/RIII is normal; Hoxa-2 (Hox-1.11)
transcripts extend into R2/RII, and Hoxb-2 (Hox-2.8)
expression extends up to the R2/R3 and RII/RIII boundaries.
In addition, we have shown here that the first three rhom-
bomeres of Hoxa-1 / embryos exhibit the same pattern of
CRABPI transcripts as their homologues in wild-type
embryos. Furthermore, the size and morphology of the
motor nucleus of the trigeminal nerve (derived from R2 and
R3; Lumsden and Keynes, 1989; Lumsden, 1990) appear
normal in Hoxa-1 / fetuses (Lufkin et al., 1991). When
combined together, these observations strongly suggest that
the first three rhombomeres of Hoxa-1 / embryos are
indeed identical to their wild-type homologues.

In contrast, it appears that, in Hoxa-1 / embryos, R4 is
reduced in size, R5 has almost disappeared with the
exception of its caudal most part, and the R4 and R5
remnants are apparently fused to R6 in a single mutant
rhombomere, (RIV). In the rhombencephalon of Hoxa-1 /



332

embryos, the expression domain of Hoxb-1 (Hox-2.9)
which, at day 9.0, likely encodes the positional identity of
R4 (Guthrie et al., 1992), is markedly reduced (Dollé et al.,
1993). The major part of the caudal expression domain of
Krox-20, which corresponds to R5 (Wilkinson et al., 1989a),
is missing (Dollé et al., 1993). The near absence of R5 in
Hoxa-1 / embryos is further supported by the lack of the
crest-cell-free region, which is normally interposed between

the neural crest cells destined to form the facial-acoustic
ganglion and those destined to form the glossopharygeal-
vagus ganglion. R4 positional markers [e.g. Hoxb-1 (Hox-
2.9)] and a R6-like combination of markers [e.g. the
presence of Hoxa-3 (Hox-1.5) and Hoxb-3 (Hox-2.7),
without Krox-20] are both expressed in the 4th rhombomere
of Hoxa-1 / embryos (i.e. RIV), in a narrow rostral region
and in a juxtaposed, broader caudal region, respectively
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(Dollé et al., 1993). The identification in Hoxa-1 / fetuses
of an ambiguous nucleus (a R6-R7 derivative) of apparently
normal size, further supports the conclusion that most of the
R6 material is indeed present. Data from rhombomere trans-
plantation experiments in the chick have demonstrated that
confrontation of tissues from even-numbered rhombomeres,
e.g. R4 with R6, fail to regenerate a boundary in the majority
of cases (Guthrie and Lumsden, 1991). This observation
might account for the formation in Hoxa-1 / embryos of a
single morphological segment (RIV) from the truncated R4
and from R6. The correspondance between the RIV
posterior boundary and the segmentation pattern of the
normal rhombencephalon cannot be clearly assigned.
However, data from rhombomere boundaries regeneration
experiments (Guthrie and Lumsden, 1991) and in situ
hybridizations of Hoxa-1 / embryos (Dollé et al., 1993)
support the notion that the RIV posterior boundary might be
homologous to a normal R6-R7 boundary.

The marked reduction of the size of R4 and R5 in Hoxa-
1 / embryos may be responsible for the absence of facial

nerve and abducens nerve motor neurons (derived from R4-
R5 and R5-R6, respectively). It should be pointed out that,
in wild-type embryos, the motor neurons of the facial nerve
cannot be seen on histological sections during the period of
their differentiation (i.e. day 10.0 to 12.0), because they are
not clustered into a dense nucleus. The facial nucleus
becomes identifiable histologically only at day 14, and from
this stage on it appears conspicuously smaller in Hoxa-1 /

fetuses. We do not know whether this reflects a lack of
differentiation or rather an excessive programmed cell death
in this neuronal population, and we also are uncertain as to
the rhombomeric origin of the few remaining Hoxa-1 /

facial motor neurons. Retrograde tracing of neurons from
the cranial nerves exit point at different developmental
stages should permit us to answer these questions.

In conclusion, our data are consistent with either a lack of
s p e c i fication or a lack of proliferation of the cells that
normally constitute R4 and R5. They confirm our previous
proposal (Lufkin et al., 1991) that the H o x a - 1 f u n c t i o n a l
domain (i.e. R4, R5 and perhaps part of R6) is restricted to
the region where there is no more posterior H o x g e n e
expressed. It would be very interesting to investigate the
expression patterns of H o x genes and of K r o x - 2 0 in the
H o x a - 1 / mutants of Chisaka et al. (1992), since these
authors found that the entire rhombencephalon is represented
by a smooth, morphologically unsegmented, neural tube.

Defects in gangliogenic neural crest cell migration
and differentiation of the otic epithelium in Hoxa-
1 / embryos are in part responsible for the faulty
development of cranial nerves VII, VIII, IX and X
Since Hoxa-1 is never expressed in gangliogenic neural crest
cells (Murphy and Hill, 1991), we hypothesized that the
abnormalities of cranial nerve sensory components in Hoxa-
1 / fetuses were related to a lack of specification of the pre-
migatory gangliogenic crest cells precursors, which are
contained within the neural epthelium between day 7.5 and
day 8.0 (Lufkin et al., 1991). The present data suggest addi-
tional possibilities. Firstly, many of the bipolar sensory
neurons of the vestibulo-acoustic nerve have the same
embryological origin as the epithelial inner ear (Noden and
Van de Water, 1986; Van de Water, 1988). Thus, in Hoxa-
1 / embryos and fetuses, the faulty development of the
sensory components of this nerve (spiral ganglion absent,
vestibular ganglion reduced) may stem in part from the
abnormal differentiation of the otic epithelium. Addition-
ally, because of the reduction of the size of R4 in Hoxa-
1 / embryos, the number of glial cells, originating from R4-
derived neural crest cells and contributing to the facial and
vestibulo-acoustic nerve ganglia, (Noden and Van de Water,
1986; Noden, 1988; Lumsden et al., 1991) might be reduced.

Secondly, data from tissue culture experiments have
suggested that neurite outgrowth and the establishment of
normal axonal projections from bipolar neuroblasts, such as
those of the glossopharyngeal (IX) and vagus (X) nerves,
might require the production, by the peripheral target fields
and by the central nervous system, of specific chemoattrac-
tants (reviewed by Davies, 1988 and Lumsden and Cohen,
1991). Because of the shortening of the rhombencephalon
in Hoxa-1 / embryos, the glossopharyngeal-vagus crest-

Fig. 9. Parasagittal (A-C) and frontal (D-F) sections through
middle and inner ears of day-18.5 wild-type (A,D) and Hoxa-1 /

(B,C,E,F)fetuses. (A-C) Sections at the level of the foramen
jugulare (curved white arrows): constant features of the Hoxa-1 /

inner ear (IE) are the absence of the spiral organ of Corti (CO in
A), spiral ganglion (G8a in A), and the formation of large cystic
protrusions into the neck muscles (C1) and/or into the braincase
(C2). In contrast, the middle ear abnormalities are much more
limited, and the cytoarchitecture of the tympanic membrane (TM,
enlarged in C) is normal. (D-E) Sections at the level of the stapes
(S) and incus (I). (F) Section slightly rostral to E, showing the
malleus (M) and the abnormal position of the stapedial artery
(large white arrow): the topographical relationships between the
malformed cartilaginous otic capsule (OT), and neighbouring
structures [e.g. external auditory meatus (A), middle ear cavity
(ME), stapes (S), cartilaginous styloid process (SY), tegmen
tympani cartilage (TT), tympanic bone (T)] are completely
disturbed in the Hoxa-1 / fetuses. A, external auditory meatus;
BO, basioccipital bone; C1 and C2, cysts; CA, cartilages of the
external auditory meatus; CO, spiral organ of Corti, which is
always absent in Hoxa-1 / fetuses; G7, ganglion of the cranial
nerve VII (geniculate ganglion); G8a, spiral ganglion (acoustic
portion of the cranial nerve VIII ganglion), which is always
missing in Hoxa-1 / fetuses; I, incus; M, malleus with Mm, its
manubrium; ME, middle ear cavity; MS, mesencephalon; N5 and
N7, cranial nerves V and VII; N8a, acoustic portion of cranial
nerve VIII, which is always missing in Hoxa-1 / fetuses. OT,
cartilaginous otic capsule with Os, its suprafacial commissure;
P, pons; PL, perilymphatic labirynth; S, stapes; SA, saccule;
SAM, macule of the saccule; SM, stapedial muscle; ST, scala
tympani; SV, scala vestibuli; SY, styloid process, derived from
the 2nd pharyngeal arch cartilage; T, tympanic bone; TE, temporal
bone, squamous portion; TM, tympanic membrane; TT, tegmen
tympani cartilage; TTM, muscle tensor tympani. The ectopic
cartilage (O* in F) is continuous caudally with the cartilaginous
otic capsule, and rostrally with the squamous temporal bone. It is
not in contact with the malleus and incus nor with the first arch
cartilage from which the malleus is derived. Thus, it does not
belong to the middle ear. Straight large arrow, stapedial artery;
double arrow, internal carotid artery. The dashed arrow in D
represents the course of the stapedial artery across the stapes.
Groat’s hematoxylin and Mallory’s trichrome. Bar, 200 µm.
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derived bipolar neuroblasts are displaced rostrally, thus
lying out of register with their respective target organs, the
3rd and 4th pharyngeal arches. This might inhibit the growth
of their peripheral axonal processes or misorient it, i.e.
toward a more rostral pharyngeal arch (e.g. arch number 2
instead of 3 in the case of the glossopharyngeal nerve).
Likewise, the relative positions on the rostrocaudal axis of
the posterior rhombencephalon and of the placode-derived
trunk ganglia of the glossopharygeal and vagus nerves are
out of register in Hoxa-1 / embryos: this might account for
the apparent failure of these trunk ganglia bipolar neurob-
lasts to grow axons towards the central nervous system.

The defects of inner and middle ear structures are
related to the abnormal relationship between the
otocyst and the rhombencephalon in Hoxa-1 /

embryos
In wild-type embryos, Hoxa-1 is never expressed in the pre-
sumptive ear ectoderm, otic placode, otic pit and otocyst

M. Mark and others

Fig. 10. High magnification of a macula (A) and of a crista
ampullaris (B) of a day-18.5 Hoxa-1 / inner ear. These
neurosensory epithelia are histologically identical to their wild-
type homologs: each consists basically of two cell types. The
sensory (hair) cells with round nuclei (large arrow) and the
supporting cells with elongated nuclei (small arrow) located closer
to the basement membrane (BM). EN, lumen of the membranous
labyrinth (containing the endolymph), Groat’s hematoxylin and
Mallorys trichrome. Bar, 10 µm.

Table 1. Comparison of the defects in the Hoxa-1 /

mice generated by Lufkin et al. (1991) and Chisaka
et al. (1992)

Lufkin et al., 1991
Feature and present report Chisaka et al.,1992

Viability die at birth survive up to 3.5
days after birth

Closure of neural tube delayed in some mutants normal

Rhombomeres 5 rhombomeres no rhombomere

Motor nuclei of cranial
nerves

trigeminal (V) normal normal
abducens (VI) absent NR
facial (VII) greatly reduced greatly reduced
ambiguous (IX,X) normal normal
dorsal vagus normal NR
hypoglossal normal NR

Sensory ganglia of
cranial nerves

trigeminal (V) normal normal
geniculate (VII) always present often absent
spiral (VIII) absent reduced
vestibular (VIII) reduced reduced
superior and jugular reduced reduced

(IX,X proximal)
petrosal and nodose fused; connexion with present

(IX,X distal) brainstem missing

Cranial nerves
V normal normal
VI absent NR
VII calibre of branches reduced

reduced
IX and X inter-ganglionic reduced

portion missing
XII normal NR

Inner ear
otocyst (day 9.5) small; displaced small; displaced

laterally and rostrally laterally and
rostrally

membranous labyrinth no endolymphatic no endolymphatic
(day-11/day-18.5) duct/forms cysts duct/forms cysts

sensory receptors Organ of Corti absent; all absent
presence of normal
cristae and of 
numerous maculae

otic capsule extensively fenestrated extensively
fenestrated

perilymphatic labyrinth present NR

Middle and external
ears

auditory tube normal NR
middle ear cavity present NR
tympanic membrane normal NR
ossicles normal malleus and all 3 missing

incus; stapes fused
with otic capsule

external auditory normal severely distorted
meatus

auricle normal severely distorted

Hoxa-1 proteins Both forms (133 331 amino acid
and 331 amino protein absent
acids) absent 133 amino acid

protein possibly
not affected

NR, not reported.
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(Murphy and Hill, 1991; B. Hill, personal communication).
All abnormalities observed in day-18.5 Hoxa-1 / membra-
nous labyrinths and cartilaginous otic capsules appear to
stem from the abnormal position of the otocyst in the
embryo, since they mimic those obtained by heterotopic
transplantation of this structure. It has long been known,
from transplantation experiments in birds and amphibians,
that the formation of a normal membranous labyrinth from
the otocyst can be impaired by disturbing the relationships
between this structure and the neural tube (Kaan, 1938;
reviewed in Deol, 1964a and in Noden and Van de Water,
1986). The concept that labyrinth morphogenesis depends
on the inductive influence of the neural tube was later
extended to mammals with the discovery of several mouse
mutants displaying rhombencephalic abnormalities preceed-
ing those of the inner ear (Deol, 1964a,b, 1966).

The FGF-related int-2 protein secreted by the neural
epithelium is a candidate signal substance required for the
morphogenesis of the membranous labyrinth (Wilkinson et
al., 1988; Represa et al., 1991; Mansour et al., 1993). The
otocyst of mice homozygous for a targeted disruption of int-
2 fail to form an endolymphatic duct similarly to the present
Hoxa-1 / otocyst (Mansour et al., 1993). However, it
should be pointed out that the initial size of the otocyst,
which is consistently reduced in Hoxa-1 / embryos, is not
affected in int-2 null embryos. This indicates that in Hoxa-
1 / embryos possible alterations in the int-2-dependent
pathway for inner ear development (see below) cannot
account for all of the inner ear defects. In day-9.0 Hoxa-
1 / embryos, the mutual relationship along the rostrocaudal
axis between the otic pit and neuroepithelial site of int-2
protein production does not appear significantly changed.
However, we cannot rule out the possibility that the neu-
roepithelial source of int-2 protein or of other, as-yet-
unidentified otogenic cues, might be reduced in Hoxa-1 /

embryos. Furthermore, in Hoxa-1 / embryos, the diffusion
of neuroepithelial-derived otogenic cues could be impaired
by the outflow of densely packed neural crest cells inter-
posed between the otic pit and the neural epithelium. It has
also been speculated that, in the otocyst, endogenous int-2
proteins might specify the areas that will become sensory
epithelium (Wilkinson et al., 1989b). In this context, it is
interesting to note that Hoxa-1 / inner ears, which lack a
spiral organ of Corti, appear to display a normal domain of
expression of int-2 transcripts at the otocyst stage. 

The cartilaginous otic capsule of vertebrate embryos
serves as a template for the formation of the bony portion
of the inner ear. Its morphogenesis is controlled by sequen-
tial and reciprocal epithelial-mensenchymal interactions
between the otocyst and the periotic mesenchyme (Frenz
and Van de Water, 1991; Frenz et al., 1992). In mammals,
the stapedial footplate (which belongs to the middle ear)
does not form from the otic capsule (Noden and Van de
Water, 1986) but develops in close contact with this
structure. Thus, it can be reasonably assumed that the
abnormalities of the otic capsule (disruption) and stapes
(fusion with the otic capsule and tegmen tympani cartilage)
are secondary to the abnormal differentiation of the otocyst,
although we cannot completely rule out the possibility of a
direct effect of the Hoxa-1 g e n e disruption on the pre-
sumptive anlage of the periotic mesenchyme where this

gene is expressed between day 7.5 and 8.0 (Lufkin et al.,
1 9 9 1 ) .

In conclusion, there is a strong possibility that all defects
observed in day-18.5 Hoxa-1 / membranous labyrinth and
cartilaginous otic capsule as well as the malformation of the
stapes might be a direct consequence of the abnormal rela-
tionship between the otic pit and the rhombencephalon in
the embryo. As already discussed by several authors
(Chisaka et al., 1992; Hogan and Wright, 1992; Noden and
Van de Water, 1992), such a direct causal relationship does
not apply to the Hoxa-1 / mutants generated by Chisaka et
al. (1992). In this case, the mutation affected equally
severely the three parts of the organ of hearing (external,
middle and inner ears), which are linked together only
through the medium of their definitive function (hearing),
but not causally connected in development (Balinsky, 1970).
Table 1 compares the phenotypes of the two different Hoxa-
1 / mutants.The absence of the malleus and incus in the
Hoxa-1 / fetuses generated by Chisaka et al. (1992) is par-
ticularly surprising, since the mesenchymal neural crest cell
precursors of these two ear ossicles arise in the neural tube
at an axial level corresponding to R2 (Lumsden et al., 1991),
where expression of Hoxa-1 has not been detected (Murphy
and Hill, 1991). The Hoxa-1 gene encodes two proteins, 133
and 331 amino acids long. The mutation in the Hoxa-1 gene
engineered by Chisaka et al. (1992) disrupts only the 331
amino acids long protein whereas both proteins are elimi-
nated in the mutation created by us (Lufkin et al., 1991).
Whether, and how, the expression of the 133 amino acid
long protein could account for the more severe phenotype
observed in the rhombencephalon and the additional defects
of the external and middle ear in the null mutant mice of
Chisaka et al. (1992) is unknown.

Hoxa-1 and kreisler (kr) are isomeric
The radiation-induced and recessive mouse mutation
kreisler (kr), was first identified by its effects on auditory
and vestibular functions in the adult, and subsequently found
to alter the pattern of rhombomere formation (Deol, 1964a
and references therein) as well as the patterns of Hox and
Krox-20 gene expression in the rhombencephalon (Frohman
et al., 1993). Hoxa-1 / and kr/kr embryos and fetuses
exhibit strikingly similar, although not fully identical,
defects of the rhombencephalon, inner and middle ears
(listed in Table 2). For instance, an important early feature
of the phenotype of kr/kr embryos is the extensive degener-
ation of cells that takes place in the 4th rhombomere at day
9.0 (Deol, 1964a; Table 2). This is not observed in Hoxa-
1 / embryo at the same developmental stage, or at any later
developmental stage. Interestingly, the invagination and
closure of the otic pit appear normal in both Hoxa-1 / and
kr/kr mutants. Thus the Hoxa-1 gene (located on mouse
chromosome 6; Duboule et al., 1990), and the gene(s) of the
kr locus (located on mouse chromosome 2; Green, 1981) are
not only isomeric (i.e. have similar phenotypic effects), but
appear to act during the same developmental period, through
similar developmental mechanisms. The genes of the HoxD
(Hox-4) complex have been mapped to mouse chromosome
2 (Duboule et al., 1990), but are not expressed, at any devel-
opmental stage, in the rhombencephalon [e.g. Hoxd-1(Hox-
4.9), Frohman and Martin, 1992]. Thus, the possibility that
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the kr locus might contain a Hox gene appears unlikely. It
is also unlikely that Hoxa-1 would control the expression of
kr, or reciprocally that kr would control the expression of
Hoxa-1, since the phenotypes of Hoxa-1 / and kr/kr mice
are not fully overlapping. Rather, it seems probable that
Hoxa-1 and kr act in parallel in controlling rhomben-
cephalon and ear development. 

Concluding remarks
Embryonic segmentation is an evolutionary-conserved
developmental strategy employed to build and to diversify
different body regions (reviewed in Keynes and Stern,

1988). In vertebrate embryos, three types of structures are
morphologically segmented: the somites, the nephrotomes
and the rhombomeres. However, only the latter correspond
to true insect-like segments, defined by cell lineage restric-
tion boundaries (Fraser et al., 1990). 

In Drosophila three groups of genes (gap, pair-rule and
segment polarity), collectively referred to as the segmenta-
tion genes, are responsible for establishing the repeating
pattern of metameric units or parasegments, along the
anteroposterior axis of the embryo. The homeotic genes are
not involved in segmentation, but impart distinct develop-
mental fates to the cells of the parasegments (reviewed by
Akam, 1989; McGinnis and Krumlauf, 1992).

The finding that Hoxa-1 / embryos lack two rhom-
bomeres (i.e. morphological segments) indicates that the
Hoxa-1 gene product is necessary for the proper segmenta-
tion of the R4-R6 region of the rhombencephalon in the
mouse. The Hoxa-1 gene product might exert its effects on
segmentation either by specifying the neurectodermal cells
in the R4-R6 region, by generating a morphologically
segmented rhombencephalic pattern in this region or by
maintaining an earlier-specified segmental pattern (these
three possibilities are not mutually exclusive). In these two
latter cases, it might act on neurectodermal cell prolifera-
tion, survival of neurectodermal cells (although there is no
obvious indication of increased cell death in Hoxa-1 /

embryos), and/or differentiation of the cells located at the
rhombomere boundaries. Hoxa-1 expression in the R4-R6
region during normal development is briefly transient as
well as early (i.e. prior to Krox-20 expression and morpho-
logical segmentation). Thus far, two genes [Hoxb-1 (Hox-
2.9) and Krox-20] have been found to be expressed in the
Hoxa-1 / affected region (R4-R6), which have an
expression pattern consistent with a possible role in the
formation of rhombomeres. These two genes are expressed
in a segment-specific manner (Hoxb-1 in R4, Krox-20 in R5)
at day 8.5, i.e. prior to the appearance of morphological
segments (Murphy and Hill, 1991). Interestingly, Krox-20
has partial homology to the Drosophila Krüppel gene which
is a gap-class segmentation gene involved in the control of
segment number (reviewed by Gaul and Jäckle, 1987;
Pankratz and Jäckle, 1990). In Drosophila embryos, the
positional information generated by the gap genes acts
upstream of homeotic genes. In the mouse, Krox-20 can act
as an activator of Hox genes (Sham et al., 1993). However,
it is clear that Krox-20 cannot control the expression of
Hoxa-1 in R5, because Krox-20 is detected in this rhom-
bomere 12 hours after the definitive disappearance of Hoxa-
1 transcripts (Murphy and Hill, 1991). To unravel, at the
cellular level, the mechanisms underlying the Hoxa-1
functions, it will be necessary to identify the genes that act
downstream of Hoxa-1 [e.g. morphoregulatory genes
(Edelman, 1992)]. Investigating whether the motor neurons
of the facial nerve are initially formed and subsequently
disappear should also be useful to determine the role of
Hoxa-1 in rhombencephalic development.

Clearly, further work is required to address the question
as to whether some vertebrate Hox genes perform functions
distinct from those of their Drosophila homeogene counter-
parts and, if in the case of Hoxa-1, the hierarchy of regula-
tory mechanisms (segmentation genes → homeotic genes)

M. Mark and others

Table 2. Comparison of the phenotype of Hoxa-1 / mice
(from Lufkin et al., 1991 and present report)and of
mice homozygote for the radiation-induced kreisler

mutation (kr/kr) (from Deol, 1964a; Green, 1981 and
Frohman et al., 1993)

Viability Die at birth (Hoxa-1 / ); survive and may 
reach sexual maturity (kr/kr)

Rhombomere cellular 5 rhombomeres*, the fourth opposite the
phenotype otocyst; no crest-free rhombomere

flanking the otocyst; the first 3
rhombomeres and/or their derivatives 
appear normal. Extensive degeneration of
cells in the fourth rhombomere
(kr/kr only)*

Rhombomere molecular Absence of the Krox-20 caudal expression
phenotype domain; the fourth rhombomere is a

juxtaposition (Hoxa-1 / ) or a mixture
(kr/kr) of R4 and R6 molecular identities

Otocyst Small, displaced laterally and rostrally; no
endolymphatic duct.

Neural crest Interposed between the neural epithelium
and the otocyst; facial-acoustic continuous 
with glossopharyngeal-vagus crest cells.

Cranial ganglia† Vestibular ganglion, smaller than normal 
(Hoxa-1 / and kr/kr); spiral ganglion, 
absent (Hoxa-1 /−), absent or
rudimentary (kr/kr).

Membranous labyrinth Considerably dilated; normal subdivisions
into utricle, saccule and cochlea not
identifiable; rudiments of semicircular
canals present; forms extracapsular cysts;
contains numerous maculae; organ of Corti
absent (Hoxa-1 / ), absent or rudimentary
(kr/kr)

Cartilaginous otic Extensively fenestrated
capsule

Middle ear Stapes fused with the otic capsule; malleus, 
incus and tympanic membrane normal.

Auricle Normal

Abnormalities detected None (Hoxa-1 / ); abnormal hyoid bone 
outside the hindbrain (kr/kr)‡
region

Chromosomal Chromosome 6 (Hoxa-1 ) 
localisation Chromosome 2 (kr)

*At day-9 0 in kr/kr embryos; (From Deol, 1964a).
†Deol (1964a) and Frohman et al. (1993) do not mention abnormalities

of other cranial nerve ganglia and of cranial nerve motor nuclei, but do not
exclude these possibilities either.

‡This abnormality is only consistently detected in adult kr/kr mice. Its
expressivity at birth is slight.
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has not been conserved between insects and mammals
during evolution.
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