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Integration Between the
Epibranchial Placodes and the
Hindbrain

Jo Begbie and Anthony Graham*

Developmental integration results from coordination among components of
different embryonic fields to realize the later anatomical and functional rela-
tionships. We demonstrate that in the chick head, integration between the
epibranchial placodes and the hindbrain is achieved as the neuroglial hindbrain
crest cells guide the epibranchial neuronal cells inward to establish their central
connections. This work defines a role for the neuroglial hindbrain crest in
organizing the afferent innervation of the hindbrain.

After regional specification, during which con-
stituent parts of an embryonic field are defined,
the next developmental challenge is that of
integration, during which the different embry-
onic fields are coordinated, and thus, later anat-
omy and function established. Developmental
integration is particularly apparent in the verte-
brate head, because head development involves
integration of a number of disparate embryonic
cell types (/). Here, we studied in the chick the

development of the epibranchial ganglia: the

geniculate, petrosal, and nodose, which convey
gustatory and viscerosensory information from
the oro-pharyngeal cavity to central sensory
nuclei in the hindbrain (Fig. 1, A and B) (2).
The sensory neurons of these ganglia origi-
nate in the epibranchial placodes and connect
to the central nervous system (CNS) (3, 4).
These placodes are focal thickenings of ecto-
derm close to the tips of the pharyngeal
pouches, and which are induced by the pha-
ryngeal endoderm through the action of
Bmp-7 (5). It has been unclear, however, how
the neuronal cells generated by the epi-
branchial placodes migrate internally to the
site of ganglion formation. We show here that
this process is mediated by the neuroglial
rhombencephalic neural crest. The epi-
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branchial neuronal cells move inward along
the tracks of neuroglial neural crest that
extend from the hindbrain to the placodes.
These results define a role for the neurogli-
al hindbrain neural crest in the integration
of hindbrain and epibranchial placode
development.

With a view toward understanding this
process, we characterized the migratory
paths taken by the epibranchial placodal
cells as they move internally. The placodal
cells were labeled by application of the
lipophilic dye Dil to the exterior of the
embryo, at stages concomitant with the in-
duction of these placodes (6). This proce-
dure results in the labeling of the embryon-
ic ectoderm. Cells that leave this tissue
layer carry the label with them as they
move inward (Fig. 1). Cells migrating from
both the geniculate and the petrosal pla-
codes form organized streams extending
from the placodal ectoderm toward the
hindbrain (Fig. 1).

The migratory paths formed by the epi-
branchial neuronal cells are reminiscent of
those formed by another group of cells, the
neural crest. The neural crest cells in this
region of the embryo migrate as segregated
streams from specific axial levels of the
hindbrain (Fig. 2A) (7, 8). The crest cells
within these streams, however, have two
distinct fates. The early ventrally migrating
population fill the underlying pharyngeal
arches and form ectomesenchymal deriva-
tives within these structures, whereas the
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later-migrating crest cells do not enter the
arches and form neurons and glia (9). The
neuroglial crest cells can be specifically
visualized through their expression of a
number of markers, such as the HMG tran-
scription factor Sox-10 (10). Sox-10 labels
the more dorsally located crest, which ex-
tends from the hindbrain toward the arches,
whereas HNK-1 labels both these cells and
the ectomesenchymal crest within the arch-
es (Fig. 2) (8). The migratory epibranchial
neuronal cells, which express Phox-2a
(Fig. 2C) (11), overlap with the neuroglial
neural crest. Double in situ hybridization
with Sox-10 to mark neuroglial crest cells
and Phox-2b to mark epibranchial placodal
cells (/2) indicates that these two cell pop-
ulations do follow the same path (Fig. 2, D
and E). Tracking neural crest cells labeled
with Dil and placodal cells labeled with
DiO confirmed that epibranchial neuronal
cells follow the neuroglial crest cells (Fig.
2F) (6).

These results suggest the possibility that
the migratory epibranchial neuronal cells
are guided by the neural crest. To test this
hypothesis, we analyzed the effect of neural
crest ablations on migration of epibranchial
neuronal cells. We removed the hindbrain
at stage 9 of development and then grew the
embryos for either 24 or 48 hours (/3). This
manipulation results in the removal of the
crest, as judged through lack of Dix-2- and
HNK-I-expressing cells [(Fig. 3, A and B)
(14) (n = 10)]. In this situation, we found
that the absence of crest perturbed the in-
ward migration of the epibranchial neuro-
nal cells. Even though Phox-2a—positive
neural cells are evident, they do not move
internally, but rather sit subectodermally
(Fig. 3B; n = 10). Ablated embryos were
also grown up for 48 hours after the oper-
ation to determine if the absence of the
crest had any effects upon the differentia-
tion of the epibranchial neuronal cells. We
found that in these embryos, the epi-
branchial neuronal cells matured and sent
out axons, but that these fibers made aber-
rant connections, often extending toward
the adjacent ganglion (Fig. 3C; n = 7). We
also analyzed the effect of removing one
crest stream by ablating rhombomere 4,
from which the second arch neural crest
stream arises (7, /3). In these embryos, the
development of the petrosal and nodose
ganglia was largely unaffected, but the
geniculate ganglion was perturbed. These
neuronal cells remained subectodermal and
again made aberrant connections, sending
their axons to the otic vesicle (Fig. 3D; n =
S). In these small ablations, it was also
apparent that the axons of the vestibuloac-
coustic ganglion did not establish their cen-
tral projections (Fig. 3D). Because these
ablations involved the removal of the hind-
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brain along with the neural crest, it could
be possible that this behavior is due to the
lack of the CNS or its efferent motor axons,

rather than the neural crest cells. To test
this hypothesis, we ablated segments of the
neural tube at stage 12, after they had

B

Rﬁﬂ
g,

A

Fig. 1. Migration of the epibranchial neuronal cells. (A) Lateral view of a stage 17 chick embryo,
immunostained for neurofilament medium chain (NF-M). NF-M—positive cells are seen within the
epibranchial placodes, and migrating internally. Pharyngeal arches: |, Il, and Ill; otic vesicle, ov. (B)
Schematic representation of the epibranchial ganglia in relation to the pharyngeal arches, and the
hindbrain. Geniculate ganglion, g; petrosal ganglion, p; nodose ganglion, n; trigeminal ganglion, t;
rhombomeres: r2; r4; r6; and r7. (C and D) Dil-labeled placodal cells migrating away from
Dil-labeled ectoderm in cross section at the level of the geniculate placode (C) and the petrosal
placode (D). Bars in (A), (C), and (D): 140 pum.

Fig. 2. Migration of the epibranchial neuronal cells overlaps with the neuroglial crest. [(A) to (D) are
lateral views. (A) A stage 15 chick embryo, immunostained for HNK-1, which marks the majority
of migrating neural crest in comparison to (B) Sox-70 in situ hybridization, stage 16, which labels
a subpopulation of neural crest cells. (C) Phox-2a in situ hybridization, stage 17, labels the
epibranchial neuronal cells as they are born within the placodes, and migrate internally. (D) Double
in situ hybridization, stage 17, Sox-10 in red, and Phox-2b in blue. (E) Cross section through (D) at
the level of the petrosal placode shows that the neuroglial crest (red), and the placodal neuronal
cells (blue) overlap. (F) Dil labeling of the neural crest (red) and DiO labeling of the placodal cells
(green) confirms that these two populations follow the same path (white arrows). Bars: (A) through
(D), 140 wm; (E), 45 um; (F), 90 wm.
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produced the neural crest (7, 15), but before
their production of motor axons (/6, 17).
The consequence was that in the presence
of the neural crest, but in the absence of the
CNS tissue, the epibranchial neuronal cells
moved internally and sent axons toward the
CNS (Fig. 3, E and F; n = 6). However,
because their central target was removed,
these axons never connected and their fi-
bers overshot and projected beyond the
hindbrain (Fig. 3, E and F). Thus, the neu-
ral crest cells guide the epibranchial neuro-
nal cells internally toward the CNS and
enable their central connections.

Our results explain how integration be-
tween the epibranchial placodes and the
hindbrain is established. The neuroglial
neural crest cells thus are responsible for
organizing the sensory innervation of the
hindbrain, such that the geniculate gangli-
on, for example, forms between the second
pharyngeal arch and the hindbrain, and that

REPORTS

its projections enter at the rhombomere 4
level. In our ablation experiments, the ves-
tibuloaccoustic and trigeminal ganglia also
failed to connect to the hindbrain, suggesting
that crest cells also control these connections.

A number of lines of evidence suggest
that the segregation of the neural crest into
separate streams is required for the pattern-
ing of the pharyngeal arches (/8, 19). It has
been proposed that each of these crest
streams acquires distinct morphogenetic
cues within the hindbrain, and that these are
carried to the corresponding pharyngeal
arches. However, it is now clear that pha-
ryngeal arches can form, are regionalized,
and have a sense of identity in the absence
of neural crest (/4, 20), and that arch pat-
terning is more consensual than previously
believed, with the crest acting in concert
with endodermal and mesodermal cues (/,
20, 21). Furthermore, it has been shown
that lampreys, which are jawless verte-

Fig. 3. Migration of the placodal neuronal cells is dependent on the neural crest. (A) Lateral
view of an embryo 24 hours after neural tube ablation; arrows mark the extent of the ablation.
Double in situ hybridization using DIx-2 to mark neural crest (red) and Phox-2a (blue) to mark
placodal cells shows that the epibranchial placodes form normally in the absence of crest (*).
Pharyngeal arches: I, II, and Ill; otic vesicle, ov. (B) Section through (A) at the level of the
geniculate placode shows that the placodal cells fail to migrate internally. (C) Lateral view of
an embryo 48 hours after ablation. NF-M staining shows that the geniculate ganglion forms (*),
but is superficial and fails to connect to the hindbrain. (D) Lateral view of an embryo 24 hours
after r4 ablation, but before crest migration. The geniculate ganglion is superficial (*) and fails
to connect to the hindbrain. The black arrowhead marks the position of the forming
vestibuloaccoustic ganglion. (E) Lateral view of embryo 24 hours after r4 ablation, and after
crest migration. The geniculate ganglion forms normally, and sends projections toward the
hindbrain. (F) Dorsal view of (E) shows that although these axons pathfind correctly toward
their target, they overshoot and pass over the hindbrain (white arrowhead). Bars: (A), (B), (E).

and (F), 140 pm; (C) and (D), 280 pm.

brates, exhibit streaming of hindbrain crest
(22), which indicates that the streaming of
the crest has a more ancestral role than
separating the mandibular, first, arch crest
from the hyoid, second, arch crest. Thus, it
seems plausible that an ancestral role of
crest streaming could be to organize the
placodal innervation of the hindbrain,
which could also have been later co-opted
to help pattern the jaws and jaw-support of
gnathostomes.

These results, coupled with our earlier stud-
ies, demonstrate how successive interactions
can work to establish developmental integra-
tion. The sensory neurons of the epibranchial
ganglia are believed to mediate gustatory and
viscerosensory information for the oro-pharyn-
geal cavity to the solitary nucleus of the brain
stem, and at each point in their formation there
is a clear link between the developmental
events and their later function. The epibranchial
placodes are induced to form by the pharyngeal
endoderm (5), which is believed to be subse-
quently innervated by the sensory neurons of
the epibranchial ganglia, both generally and
through the innervation of the taste buds, which
arise autonomously from the pharyngeal
endoderm (23). The neuronal cells that subse-
quently emerge from the placodes are directed
inward, and their innervation of the hindbrain is
guided by streams of neural crest cells arising
from specific axial levels of the hindbrain.
Thus, through developmental integration, the
anatomical and functional relationships be-
tween the epibranchial ganglia and their central
and peripheral targets are established.
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Crystal Structure of an Early
Protein-RNA Assembly Complex
of the Signal Recognition
Particle

Klemens Wild,"* Irmgard Sinning," Stephen Cusack?

The signal recognition particle (SRP) is a universally conserved ribonucleopro-
tein complex that mediates the cotranslational targeting of secretory and
membrane proteins to cellular membranes. A crucial early step in SRP assembly
in archaea and eukarya is the binding of protein SRP19 to specific sites on SRP
RNA. Here we report the 1.8 angstrom resolution crystal structure of human
SRP19 in complex with its primary binding site on helix 6 of SRP RNA, which
consists of a stem-loop structure closed by an unusual GGAG tetraloop. Protein-
RNA interactions are mediated by the specific recognition of a widened major
groove and the tetraloop without any direct protein-base contacts and include
a complex network of highly ordered water molecules. A model of the assembly
of the SRP core comprising SRP19, SRP54, and SRP RNA based on crystallo-
graphic and biochemical data is proposed.

Proteins that are inserted in or transported
through membranes contain an NH,-terminal
signal sequence, which is cotranslationally rec-
ognized by the universally conserved signal
recognition particle (SRP) (/). SRP is a cyto-
plasmic ribonucleoprotein particle (RNP) that
binds the signal sequence as it emerges from the
ribosome and targets the nascent chain-ribo-
some complex to the endoplasmic reticulum
(ER) in eukaryotes or to the plasma membrane
in prokaryotes (2).

In higher eukaryotes, SRP contains six
proteins and can be split into two domains—
the Alu domain and the S domain—that are
linked by the SRP RNA consisting of ~300
nucleotides (nt) (Fig. 1A) (/). Whereas the
Alu domain is responsible for retarding the
ribosomal elongation of the nascent chain
during targeting, the S domain forms the
functional core by binding to the signal se-
quence and mediating the docking to the
translocation machinery in the ER membrane
in a guanosine 5’-triphosphate (GTP)-depen-
dent process (/). The S domain consists of the
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four larger proteins SRP19, the GTPase
SRP54, and the SRP68/72 heterodimer, as
well as the central part of the SRP RNA.

SRP19 is an essential player in the assembly
of SRP (3) and binds to free SRP RNA already
in the nucleolus (4). This early assembly event
is a prerequisite for the binding of SRP54 to
helix 8 of SRP RNA in eukaryotes (3) and
involves an SRP19-induced conformational
change in the RNA (5). Genome-based se-
quence alignments indicate that SRP19 ho-
mologs are present only in organisms whose
SRP RNA contains helix 6 (6), which has been
identified as the primary binding site of SRP19
(7). Helix 6 is closed by a tetranucleotide hair-
pin loop (tetraloop) of the unusual GNAR (N:
any nucleotide, R: either G or A) sequence
fingerprint (7). The adenine at the third position
is strictly conserved and has been shown to be
essential for SRP19 binding (7). Little structur-
al information is available about how SRP19
binds to and reorganizes the SRP RNA to form
an SRP core particle. Here we present the 1.8 A
resolution crystal structure of the human SRP19
in complex with a distal fragment of helix 6 that
includes the GGAG tetraloop. Together with
chemical footprint data (8, 9), the structure
allows us to propose a model for the assembly
of the SRP core.

To obtain crystals of the protein-RNA com-
plex, we removed the 24 COOH-terminal resi-
dues of SRP19 that were shown to be dispens-
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able for RNA binding (/0) and are not con-
served in the archaeal protein (6). The RNA
corresponds to the same 29-nt fragment of helix
6 previously used for structure determination of
the uncomplexed RNA (/7), and initial, but
poor, phases could therefore be obtained by the
molecular replacement method. The structure
was finally solved by a single-wavelength
anomalous dispersion (SAD) experiment with
5-bromouridine-labeled RNA (/7). Procedures
are described in (/2) and data and model sta-
tistics are listed in Table 1.

The structure reveals a complex protein-
RNA interface in which long, presumably flex-
ible, loops of SRP19 recognize the particular
shape of the rather rigid stem-loop RNA (Fig.
1B). SRP19 is a single-domain af-type protein
with a central three-stranded antiparallel B sheet
packed on one side against two helices. It has a
BaBBa topology with the COOH-terminal B
strand in the middle of the B sheet, similar to
the K-homology (KH) domain (/3), but quite
different from the aBRa topology found, for
example, in the double-stranded RNA binding
domain (/3) or in SRP9 and SRP14 (/4).
SRP19 sits on the tip of helix 6 with the Bl
edge of the B sheet contacting the GGAG te-
traloop. Two extended loop regions (L1 and
L3) with short interspersed 3, , helices and sev-
eral conserved sequence motifs [(sequence
comparisons are shown in Web fig. 1 (/5)] fill
the adjacent and extremely wide major groove
of the RNA, which originates from a tandem
A-C/C-A mismatch and a G-U wobble base
pair all opening toward the major groove
(Fig. 1B). Protein-RNA interactions without
any direct base recognition and a complex
network of highly ordered water molecules
characterize the molecular interface. Previous
results on the effect of mutagenesis on SRP19
binding to SRP RNA, either systematic (/6)
or of conserved basic residues (/7), are con-
sistent with the structure. The tight binding of
SRP19 to the RNA leaves, however, the last
three bases of the tetraloop, 148-GAG, sol-
vent-exposed with the potential to form
RNA-RNA tertiary interactions.

The unusual GNAR-type tetraloop is the
most highly conserved region of SRP RNA
helix 6 [see supplementary material (/5)]. Hair-
pins containing tetraloops are extremely com-
mon to large RNA molecules (/8) and are
thought to function as nucleation sites to ensure
proper RNA folding and especially RNA-RNA
tertiary interactions (/9). The GNRA tetraloops
are most common (/8) and the first atomic-
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