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Abstract

All vertebrates have a similar series of rhombomeric
hindbrain segments within which cranial nerve efferent
nuclei are distributed in a similar rostrocaudal sequence.
The registration between these two morphological pat-
ternsis reviewed here to highlight the conserved vs. vari-
able aspects of hindbrain organization contributing to
diversification of efferent sub-nuclei. Recent studies of
segmental origins and migrations of branchiomotor, vis-
ceromotor and octavolateral efferent neurons revealed
more segmental similarities than differences among ver-
tebrates. Nonetheless, discrete variations exist in the or-
igins of trigeminal, abducens and glossopharyngeal ef-
ferent nuclei. Segmental variation of the abducens
nucleus remains the sole example of efferent neuronal
homeosis during vertebrate hindbrain evolution. Com-
parison of cranial efferent segmental variations with sur-
rounding intrinsic neurons will distinguish evolutionary
changes in segmentidentity from lesser transformations
in expression of unique neuronal types. The diversifica-
tion of motoneuronal subgroups serving new muscles
and functions appears to occur primarily by elaboration
within and migration from already established segmen-
tal efferent pools rather than by de novo specification in

different segmental locations. Identifying subtle varia-
tions in segment-specific neuronal phenotypes requires
studies of cranial efferent organization within highly di-
verse groups such as teleosts and mammals.
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Introduction

The neuronal systems and peripheral relations of the
hindbrain are some of the most highly conserved verte-
brate characteristics. Many central nuclei crucial for ori-
entation, respiration, vocalization and cardiovisceral
control reside in similar hindbrain locations in most ver-
tebrates [Baker and Gilland, 1996; Nieuwenhuys et al.,
1998; Taylor et al., 1999]. This conserved pattern con-
trasts with the diversity of sensorimotor anatomy that is
served by hindbrain circuitry. A critical role for neuro-
epithelial segmentation in the generation of hindbrain
neuronal organization was long supported by compara-
tive morphological data [Gilland and Baker, 1993] and is
now well established, in large part based on functional
analysis of Hox genes [reviewed in Lumsden and Krum-
lauf, 1996; Cordes, 2001; Moens and Prince, 2002].
Mechanisms underlying dorsoventral specification of
neuronal types [Briscoe et al., 2000] are now being meshed
with Hox regulation of hindbrain axial patterning, allow-
ing the first glimpses of how segment-specific and dorso-
ventral transcriptional networks interact to organize both
spatial and temporal aspects of specific neuronal pheno-
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types [Gaufo et al., 2003; Pattyn et al., 2003; Samad et
al., 2004]. The columnar functional organization arising
from dorsoventral and temporal partitioning within neu-
romeric segments provides a genetic and structural frame-
work for documenting the diversification of behavioral
circuits during hindbrain evolution.

The best-known aspect of neuroepithelial segmenta-
tion in vertebrates is the partitioning of the hindbrain into
amorphologically distinct series of rhombomeres [Cordes,
2001; Moens and Prince, 2002]. Many neuronal types ap-
pear to be patterned according to the rhombomeric frame-
work [Gilland and Baker, 1993; Cambronero and Puelles,
2000; Straka et al., 2001; Chandrasekhar, 2004] and the
presence or locations of some nuclei are directly influ-
enced by spatial expression patterns of individual tran-
scription factors [reviewed in Cordes, 2001]. However,
studies on hindbrains that develop without rhombomer-
ic borders due to either genetic or signaling intervention
[Nittenberg et al., 1997; Waskiewicz et al., 2002], and on
retinoid induced alterations in reticulospinal and cranial
motoneuron organization [Linville et al., 2004; Muraka-
mi et al., 2004] have raised important issues regarding
the extent to which rostrocaudal neuronal patterning is
generated by versus merely modulated by, segmentation
of the hindbrain neuroepithelium. It is possible that axi-
al signaling gradients (e.g., FGFs and retinoids) may be
sufficient to specify a general rostrocaudal sequence of
neuronal phenotypes independent of segmental pattern-
ing. Segmentally restricted gene expression might act
largely to fine-tune this general pattern by either support-
ing or repressing specific neuronal types within individ-
ual segments. If so, there may be varying degrees of reg-
istration between rhombomeres and different classes of
neurons, e.g. reticular versus motor. The segmental loca-
tions of specific hindbrain nuclei in different vertebrate
groups might be expected to show considerable variation
under such a scenario. A survey of earlier data on verte-
brate hindbrain organization showed a number of possi-
ble differences in segmental locations of cranial nerve
efferent nuclei [Gilland and Baker, 1993]. To further test
these possibilities the present review brings together more
recent published and unpublished data on hindbrain neu-
roepithelial anatomy and cranial efferent neuronal pat-
terns in a wide taxonomic range of vertebrates: lamprey,
shark, cyprinid, frog, chick, and mouse. Because the goal
is to identify taxonomically invariant and variable as-
pects of hindbrain neuronal organization, studies that es-
tablish segmental origins and specific targets of cranial
efferent neurons will be highlighted.

Segmental Patterns of Cranial Efferent
Nuclei

The Vertebrate Hindbrain Neuroepithelium

Molecular subdivision of the hindbrain begins during
gastrulation, followed by sequential appearance of visible
rhombomeric borders [Moens and Prince, 2002]. The
precise order of border formation varies among species,
but generally r4 is the earliest recognizable definitive seg-
ment. Although rhombomeres are usually no longer dis-
cernable at later stages of embryogenesis, surgical fate
mapping in birds shows that individual rhombomeres
give rise to essentially intact segmental portions of the
hindbrain [Cambronero and Puelles, 2000]. Some neuro-
nal populations, including rhombic lip derivatives and
cranial nerve efferents, move between segmental territo-
ries, but the ventricular neuroepithelium, along with most
of the constituent neurons and glia of the brain wall, ap-
pear to retain the early segmental pattern throughout
morphogenesis. Vertebrates with prolonged larval peri-
ods such as lampreys and frogs retain visible segmental
patterning through much of their postembryonic devel-
opment [Straka et al., 2005]. The conservation of overall
hindbrain structure across vertebrates can be appreciated
by comparing flatmount preparations of larval lamprey
(fig. 1A) and embryonic spiny dogfish (fig. 1E), quail
(fig. 2A) and mouse (fig.2B). In these, as in all vertebrate
embryos or larvae described so far, the hindbrain neuro-
epithelium comprises a distinctly ‘rhombomeric’ region
spanning rhombomeres (r) 2-6, bracketed by equally
highly conserved rostral (rO-1) and caudal (r7-8) regions
(r8 not fully shown for the quail and mouse). The nomen-
clature for the latter two regions is quite variable as they
lack morphologically recognizable inter-rhombomeric
borders such as those that bound r2-6.

The midbrain-hindbrain border (MHB) corresponds
in early stages to the interface of Otx2 and Gbx2 expres-
sion [Zervas et al., 2004], and is usually visible at later
stages as a thin cell-free zone extending from near the
floor plate at the front edge of the trochlear nucleus up to
the roof of the neuroepithelium at the anterior medullary
velum. The region between the r1-2 border and the MHB
is often referred to simply as rl, but because it is much
longer than individual segments 2—6 and has rostrocaudal
differences, some studies distinguish the rostral part as
an isthmic or r0 division, and the caudal as r1 [Vaage,
1969; Gilland and Baker, 1993; Moens and Prince, 2002].
In the absence of distinct morphological boundaries, the
trochlear nucleus serves as a rough indicator of the extent
of r0. The combined rO-r1 region is distinguished from
caudal midbrain and r2 by expression of Gbx2, but nei-
ther Otx2 or Hoxa2. Gene expression patterns point to
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distinct identities of r0 and rl. In zebrafish, Ziro3, Fgfr3
and EphA4 are differentially expressed in rO and rl
[Waskiewicz et al., 2002]. Rhombomere 1, but not r0,
shows restricted expression of Nkx1.2 in mouse [Gavalas
et al., 1997] and a wedge-shaped zone of strong Pax6 ex-
pression medially in chick [Eddison et al., 2004]. Further
subdivision of this region may eventually be warranted
when the details of cerebellar and isthmo-pontine devel-
opment are better known in different species [Eddison et
al., 2004; Zervas et al., 2004].

Rhombomeres 2-6 contain most of the roots and ef-
ferent neuron origin zones for nerves V, VI, VII, and IX,
with the latter located also in r7 in some species. Curi-
ously, certain characteristics of the shapes and sizes of
r2-6 are conserved widely across species. Most notable
are the oblique and transverse orientations of the r3-4
and r4-5 borders, respectively; and the consequent great-
er length of r4 ventrally than dorsally, with r3 showing
the reverse, having a greater length dorsally (figs. 1A, lam-
prey; 2A, G, bird; 2B, J, K, mouse).

The r2-r6 rhombomeric borders contain distinctive
glia-like cells, extracellular matrix components and local-
1zed expression of signaling proteins [Moens and Prince,
2002; Riley et al., 2004]. Although no specific border cell
type or lineage has yet been isolated, neuroepithelial cells
in the borders appear to have larger apical ends [Ojeda
and Piedra, 1998] and differential junctional coupling
relative to adjacent cells [Martinez et al., 1992]. Many
early commissural axons project through these zones, re-
sulting in a ladder-like segmental framework visible in
hindbrains visualized with neurofilament proteins. In
chick embryos, the inter-rhombomeric zones contain
fan-shaped arrays of cells that down-regulate expression
of genes seen in neighboring rhombomeric zones. These
cells take on the appearance of radial glia and show ele-
vated expression of vimentin, follistatin, and Fgf3 [Hey-
man et al., 1995; Nittenberg et al., 1997]. Rhombomeric
borders in embryonic alligators are similar to those in
chicks and appear as narrow bands in sectioned mate-
rial immunostained for calretinin, peanut agglutinin, vi-
mentin and acetylcholine [Pritz, 1999]. Rhombomere
border regions in Xenopus develop over a much more
protracted time period. Patterns of distinct radial glia
cells and elevated levels of vimentin and proteolipid pro-
teins continue to be refined through nearly the whole
larval period [Yoshida and Colman, 2000]. Proliferating
cells appear to be concentrated near the borders in Xen-
opus, whereas cells expressing neuronal and astroglial
markers predominate in the central rhombomeric areas
[Katbamna et al., 2004]. In zebrafish a double palisade
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of glial cells are present at the rhombomeric borders
[Moens and Prince, 2002], matching the expression pat-
terns of multiple wnt genes in these regions [Riley et al.,
2004]. Knockdown of wnt expression suggests that local-
ized control of cell proliferation is one of the functions
of cells in the boundary zones [Riley et al., 2004]. The
role of rhombomere border regions as signaling centers
and pathways for early axon tracts, and their presence
late in larval development, implicates a subset of hind-

Fig. 1. Rhombomeres and cranial nerve efferent nuclei in larval
lamprey (Petromyzon marinus) (A-D), and spiny dogfish (Squalus
acanthias) (E-K). Rhombomeres are numbered 0-8 with cranial
nerve roots and dye labeled neurons indicated in roman numerals.
A-D Larval lamprey hindbrains retain the rhombomeric (A, C)
and neuronal (B, D) patterns established at embryonic stages.
A Flatmount of a 5.5-cm larval hindbrain treated with a dilute
solution of osmium tetroxide to visualize the ventricular neuro-
epithelial surface. Rhombomere borders appear as thin, pale lines
traversing the neuroepithelium and giant reticular neurons as pale
dots (I1, I3, I4 and M; arrowheads). B Cranial motor and reticulo-
spinal neurons retrogradely labeled with Rhodamine Dextran
Amine (RDA) in an 8-cm larva flatmount (midline is at left border
of frame). Rostral and caudal limits of abducens motoneurons in-
dicated by arrows. € Horizontal paraffin section through the hind-
brain of a 2-cm larva showing prominent rhombomeres and the
Vth root (arrow). D Confocal reconstruction of cranial motoneu-
rons labeled with RDA in a 10.5-mm larva showing the rostrocau-
dal limits of the VI nucleus relative to VII and IX and two large
dorsal cells caudal to the IX nucleus. E Lateral view of head region
and dorsal view of hindbrain flatmount with lipophilic dye labeled
cells in Scammon stage 24 S. acanthias embryo. Nerve roots V,
VII-VIII, IX and X in the lateral view are shown by colored dots
matched to the wholemount dye labels. Occipital roots x, y and z
are shown in the wholemount. F Stage 25 hindbrain after applica-
tion of dil to root V and diO to VII-VIII. G Labeled V efferent
neurons in caudal r2 and r3. Migrating V neurons have already
reached r6 by this stage (not shown) via the medial fiber tract in
r5 (arrow). H, 1 Stage 24 embryo in which the left VII-VIII root
was labeled with diO (yellow-green) and the right Vth root with dil
(red; both colors in I). Large numbers of VII-VIII neurons form a
continuous ipsilateral column from r4 to 6, including presumed
VIII efferents oriented laterally in r6. Crossing fibers densely fill
the floorplate in r5-6 and a few VIII cells are in contralateral r5.
The leading end of the caudally migrating V neurons in r5 and the
VII-VIII neurons in medial r4 are shown in I. VII-VIII neurons
are shown in r4. J Stage 26 embryo in which dil (red) was applied
to left VII-VIII and diO (green) to the right IXth root. Fibers and
presumed migrating VII neurons have reached the middle of r7.
Trailing processes of laterally migrated VIII efferents in r6 fill the
upper left and right of the frame. K Stage 27 embryo in which dil
was applied to the IXth roots bilaterally and diO to the left X root.
Migrating branchiomotor neurons that were adjacent to the floor-
plate in earlier stages are turning laterally.
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brain glia in providing a permanent framework of seg-
mental positional cues.

The hindbrain caudal to r6 comprises a generally rec-
ognizable r7, that is continuous with a much longer un-
segmented region, often referred to simply as r8. This
region gives rise to the vagal nuclei, the hypoglossal/spi-
no-occipital motor nuclei, inferior olive, inferior reticular
formation and many nuclei that regulate posture, respira-
tion and cardiac function [Nieuwenhuys et al., 1998].
Possibly because of the lack of visible landmarks, the cau-
dal hindbrain has received much less developmental at-
tention than r2-6. Vaage [1969] described the caudal
hindbrain in the chick as developing from the merging of
r7 with the first few myelomeres (intersomitic dilations
of the neural tube) adjacent to the rostral somites. Cam-
bronero and Puelles [2000] mapped this region surgically
in avian embryos and found that the hindbrain-spinal
cord junction, defined by traditional central landmarks,
mapped to the embryonic neural tube at the mid-point of
somite 5. The limits of many hindbrain nuclei and intra-
nuclear subdivisions were found to be in register at inter-
vals along the fate map, thus providing evidence for an
underlying segmental pattern in the caudal hindbrain,
referred to as ‘pseudorhombomeres’ 7-11 [Cambronero
and Puelles, 2000]. Although this region has not been de-
velopmentally mapped in other species, the widespread
topographic similarity of caudal hindbrain nuclei [Nieu-
wenhuys et al., 1998] suggests that the avian segmental
pattern may be typical. In terms strictly of length relative
to rhombomeres, the caudal hindbrain of frogs and ze-
brafish seem to include a roughly similar amount of ter-
ritory. Quantitative mapping of cranial efferent nuclei in
larval and adult frogs showed that the region between the
r6-7 border and the spinal cord was about five segments
long [Straka et al., 2005]. The caudal hindbrain in zebra-
fish extends back to the commissura infima at the level of
the third myotome [Myers, 1985] and thus contains not
only the vagal nuclei and inferior reticular formation, but
also what are often called the first two spinal cord seg-
ments. Although just a relative measure of length, the
region encompassing r7-Sp2 in zebrafish is likewise about
5 segments long [Hanneman et al., 1988]. Fate mapping
the caudal hindbrain nuclei in these species would test
the generality of the pattern found in birds.

The embryonic hindbrain-spinal cord junction at mid-
somite 5 in chicks matches the mesodermal occipito-cer-
vical junction [Huang et al., 2000]. Based on the similar
number of occipital somites and comparable patterns of
embryonic hypoglossal and cervical nerves in mammals,
birds and reptiles [de Beer, 1937; Miiller and O’Rahilly,
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2003], the hindbrain-spinal cord and cranio-vertebral in-
terfaces may be closely linked throughout amniotes. This
may also be the case in zebrafish, as the craniovertebral
junction, like the end of the hindbrain appears to be
around somite 3 [Morin-Kensicki et al., 2002]. Such a
relationship may seem self-evident, especially as somitic
influences on neuronal specification seem to include both
regional [Ensini et al., 1998] and fine-grained effects
[Lewis and Eisen, 2004]. However, the offsets between
neural and mesodermal Hox gene expression patterns
and phenotypic effects suggest that the establishment of
coincident anatomical borders in brain and skeleton in-
volve regulatory integration of axial patterns between, as
well as within, both tissues.

Classes of Cranial Nerves and Efferent
Neurons

The cranial nerves that carry peripheral efferent axons
are generally classified into somatic, branchiomeric and
octavolateral groups. Octavolateral efferents share close
developmental relationships with branchiomotor effer-
ents of nerves VII and IX, thus the VIIIth and lateral line

Fig. 2. Flatmounted hindbrains of embryonic quail (A, G-I) and
mouse (B-F, J-N) labeled with lipophilic dyes to highlight cranial
nerves V and VII-VIII. Rhombomeres are numbered 1-8 with cra-
nial nerve roots and dye-labeled neurons indicated in roman nu-
merals. Facial branchiomotor (VIIbm) and visceromotor (VIIvm)
are distinguished in D and F. A, B Hindbrains of H-H stage 19
quail and 11.5 day mouse showing identical organization of rhom-
bomeres including individual segment shapes and dimensions.
C Overview of a 12.5-day mouse embryo showing the distribution
of all efferent neurons in rhombomeres 2-8, except for abducens.
D-F Mouse embryos at 11.5 (D) and 12.5 (E, F) days showing the
separate roots and migration paths of VIIbm, VIIvm and VIIIth
nerve efferents in r4-r5. Dye combinations used in D versus E-F
were different so VIII efferents are yellow vs. red, respectively. In
E, the VIIvm area is shown on the right and the labeled neurons on
the left. F High magnification of VIII efferent processes crossing the
midline in r4. G-1 The contrasting pattern of VIII efferent neuronal
migration in birds showing migration of neurons, not processes,
across the midline in r4/5. G Rhombomeres 3-5 at H-H stage 19.
H-I Bilateral VI, right VII and left VIII labeled at H-H stage 23-24.
J-M Trigeminal root label in mouse at 11.5 (J-L) and 10.5 days
(M) showing the lateral group of neurons in r1 with greater number
and more rostral location in the older embryo. N Location of the
rostral hypoglossal neurons (orange) in a 12.5-day mouse just cau-
dal to the X neurons in r7. VI neurons in r5 are obscured by the
mass of migrating VIIbm neurons.
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nerves proper do not need to be considered separately.
The oculomotor (III), trochlear (IV), abducens (VI) and
hypoglossal/hypobranchial (XII) nerves are considered
somatic motor nerves that share basic similarities with
vertebrate spinal ventral roots. Inclusion of the IIIrd and
IVth nerves in this group has a long and contentious his-
tory intertwined with theories of head segmentation and
possible serial homology of head and trunk structures
[Neal, 1914]. The trigeminal (V), facial (VII), glossopha-
ryngeal (IX), vagus (X) and accessory (XI) nerves are
grouped together as the branchiomeric series based on a
number of shared features correlated with their presumed
origins as serially repeated elements of the primitive ver-
tebrate pharynx. Attempts to explain the phylogentic or-
igins of these two classes of cranial nerves invoke elabo-
rate theories of nervous system organization within chor-
dates and raise problems of serial and taxonomic
homology that remain largely unresolved [Gaskell, 1889;
Neal, 1914; Goodrich, 1930; Fritzsch and Northcutt,
1993; Kuratani et al., 1999]. Those topics are beyond the
scope of the present review, so the somatic and branchio-
meric nerve groups will only be surveyed to see which
efferent neuronal types they contain and how well the in-
dividual cranial nerves fit such a classification.
Brainstem efferent neurons can be sorted into differ-
ent types based on their target cells and developmental
origins. Somatomotor and branchiomotor neurons pro-
ject to striated muscle, visceromotor neurons to parasym-
patheic ganglia and octavolateral efferents to mechano-
sensory hair cells. All of these cell types originate in the
paramedian portion of the ventral basal plate in what was
often termed the ‘primitive motor column’. A lateral ori-
gin of somatomotor neurons within this column, versus
a medial origin for the other three types (and their subse-
quent migration away from the ventral region) was origi-
nally demonstrated using silver stains [see Windle, 1970
for earlier references]. Similar results were obtained using
phosphatase histochemistry, which also showed the III
and IV nuclei to share certain features with branchiomo-
tor rather than somatomotor nuclei [McAlpine, 1959].
Genetic and molecular analysis has confirmed the differ-
ent origins of these groups and shown that the ventral
region near the floorplate also gives rise to serotonergic
neurons, other ventral neuronal types as well as oligoden-
drocytes [Ericson et al., 1997; Briscoe et al., 2000; Cordes,
2001; Pattyn et al., 2003; Samad et al., 2004]. Formation
of distinct columns of ventral neuronal progenitor do-
mains is initiated by a gradient of sonic hedgehog protein
secreted by the floorplate and notochord. This gradient is
interpreted on a concentration dependent basis by two
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classes of mutually repressive homeodomain proteins,
that in turn regulate combinatorial expression of other
transcription factors to uniquely define different ventral
neuronal classes [Ericson et al., 1997; Briscoe et al., 2000].
As a result, cranial efferent neuronal types can now be de-
fined not only by their targets, origin zones and migration
paths, but also by the expression of specific subsets of the
genetic regulatory elements responsible for their specifica-
tion. All of the hindbrain efferent types arise within a ven-
tral region near the floorplate expressing Nkx6.1 and
Nkx6.2 that subsequently partitions into two domains.
Branchiomotor, visceromotor and octavolateral efferents
develop from a ventro-medial domain of cells expressing
Nkx2.2 and Nkx2.9, followed by Phox2b and then Phox
2a [Pattyn et al., 2003]. These efferent neurons extend
axons to reach the dorsally located sensory-motor root
zones and then migrate laterally within the axonal pro-
cesses or caudally within secondary neurites.

In contrast, precursors of abducens, hypoglossal and
spinal motoneurons emerge in a dorso-lateral domain,
farther from the floorplate, from cells expressing Pax6
and Olig2 [Ericson et al., 1997; Gaufo et al., 2003]. Ax-
ons project directly to ventral root exits whereas the mo-
toneurons remain just lateral to the early medial longitu-
dinal fasciculus, or, in some cases, translocate laterally
within secondary neurites (e.g., accessory abducens). Oc-
ulomotor and trochlear neurons develop differently than
VI and XII neurons. Instead of Pax6* precursors, IIT and
IV neurons express Phox2a and Phox2b in reverse order
compared to the branchiomotor group. In animals lack-
ing Phox2a, III and IV neurons fail to form, but neither
of these genes are required for development of VI and
XII motoneurons. Differential expression of LIM-class
homedomain proteins specify further distinctions within
and between the major efferent types [Briscoe et al., 2000;
Cordes, 2001], but for the present purpose the distinct
progenitor zones, axonal projections and targets are suf-
ficient to examine the validity of classifying cranial nerves
into somatic and branchiomeric series.

Branchiomeric cranial nerves are mixed sensory-mo-
tor nerves with proximal and distal sensory ganglia aris-
ing from neural crest and epibranchial placodes, lateral
rather than ventral motor roots and laterally located mo-
tor nuclei in adults. Efferent innervation is to striated
muscles of the pharyngeal wall and parasympathetic gan-
glia in the head and thoraco-abdominal viscera. The
VIIth, IXth and rostral divisions of the Xth nerve gener-
ally possess all these features, including gustatory sensory
components. In both fish and tetrapods, caudal vagal di-
visions differ considerably from the branchial arch nerves
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proper and primarily innervate the post-branchial region
of the pharynx and cardio-intestinal targets. In amniotes
and some amphibians the parasympathetic components
of nerves VII-X originate from nuclei that are anatomi-
cally distinct from the branchiomotor nuclei. Fish gills
have extensive autonomic innervation [Sundin and Nils-
son, 2002], but other than cardio-intestinal subdivisions
of the vagal nuclei [Taylor et al., 1999], distinct central
preganglionic visceromotor nuclei projecting through the
branchiomeric nerves do not appear to have been de-
scribed in either elasmobranchs or bony fish.

The trigeminal nerve has a unique identity that is not
easily explained by derivation from a common branchio-
meric pattern. Unlike other branchial nerves, the Vth
lacks visceromotor and gustatory components and prim-
itively has two sensory ganglia, neither of which corre-
sponds precisely to typical branchial nerve ganglia in ei-
ther origin or function. Despite these unusual features,
trigeminal motoneurons appear to match expectations of
proper branchiomotor neuron development. The final
nerve traditionally associated with the branchiomeric se-
ries is the accessory nerve (XI), which innervates appar-
ently homologous cucullaris/trapezius muscles in elasmo-
branchs and tetrapods (unclear in bony fish). In amniotes,
XI axons exit the rostral spinal cord through laterally po-
sitioned roots that appear to form a continuous series with
the caudal vagal rootlets. Although small, essentially ec-
topic sensory ganglia are often associated with XI roots;
this nerve has no intrinsic ganglia or dorsal roots. Inter-
pretations of the XIth nerve based on a proposed evolu-
tionary origin of the target muscles from caudal branchi-
al constrictors or levators [e.g., Straus and Howell, 1936]
view the XInucleus as a specialized part of the vagal bran-
chiomotor nucleus that migrated caudally during phylog-
eny [Székely and Matesz, 1993]. Although the XI nucleus
1s usually restricted to the spinal cord, extension into the
caudal hindbrain is known from skates and some amphib-
ians [Sperry and Boord, 1992; Székely and Matesz, 1993].
Because developing XI neuron precursors share topo-
graphic and gene expression features with branchiomotor
neurons [Pabst et al., 2003], a branchiomeric derivation
of the XIth nerve remains plausible, despite serious
doubts stemming from the uncertain evolutionary origins
of the target muscles and the strictly spinal location of the
efferent neurons in most species [Wake, 1993].

Somatic classification makes clear sense for the tetra-
pod XIIth nerve and hindbrain ‘occipitospinal’ nerves in
fish, as they form the rostral end of the series of ventral
roots that develop in relation with somites. In fact, these
nerves are more purely somatic than spinal ventral nerves,

Segmental Patterns of Cranial Efferent
Nuclei

most of which contain autonomic efferents in many ver-
tebrates [see Fritzsch and Northcutt, 1993 for difficulties
in defining primitive spinal nerve organization]. In addi-
tion to the unique genetic specification of the IIIrd and
IVth nuclei (above), the nerves innervating extraocular
muscles have numerous morphological features that raise
issues about their status as phylogenetically modified
members of a primitive somatic nerve class. In gnatho-
stomes, the main abducens motoneurons innervate me-
soderm rostral to the nucleus and root instead of imme-
diately adjacent, but otherwise fit the somatic profile. In
many groups an accessory VI nucleus forms by lateral
migration from the main nucleus [Evinger, 1988], but
because this migration is through secondary neurites
rather than through the primary axon, it is quite unlike
the early lateral migration seen in many branchiomotor
and visceromotor neurons. The main peculiarity of the
trochlear nerve is projection of axons dorsally to inner-
vate contralateral muscles, an accomplishment unlike
any other efferent neurons [Irving et al., 2002]. The ocu-
lomotor nerve exits ventrally, and projects bilaterally, re-
sulting from somal translocation across the midline [Ev-
inger, 1988; Pombal et al., 1994]. Although this is an un-
usual feature for somatomotor neurons, it is perhaps not
entirely unique, as sonic motor nuclei in some teleosts
fuse across the midline and project bilaterally. The I1Ird
nerve also has a parasympathetic component projecting
to the ciliary ganglion, a feature that is unique with regard
to cranial somatic nerves, but typical for sacral ventral
roots in many groups.

The abducens and trochlear nerves of lampreys add
further unusual features. The axons of VI neurons in lam-
preys do not exit ventrally like those of somatomotor neu-
rons, rather they ascend rostrally to exit in close associa-
tion with the V root, acting more like branchiomotor ax-
ons. Likewise, the lateral abducens subdivision present in
lampreys may arise by somal translocation through the
primary axon instead of through secondary neurites
[Fritzsch et al., 1990; Fritzsch, 1998a]. Lamprey troch-
lear axons share the gnathostome feature of exiting the
brain dorsally but, in addition, the nucleus is located far
dorsally in the alar plate. Whether the cells originate dor-
sally or, instead, originate ventrally and migrate dorsally,
is still a debatable issue [Pombal et al., 1994; Fritzsch,
1998a]. The lamprey IVth nucleus projects bilaterally to
the same muscle (caudal oblique) in both orbits [Fritzsch
et al., 1990], although it is unsettled to what degree this
depends on axon routing or somal midline crossing [Pom-
bal et al., 1994].
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The minimal assumption for embracing the extraocu-
lar nerves within the somatomotor group has tradition-
ally been the idea that the somites in early vertebrates
originally extended to the front of the head as in cepha-
lochordates, and that nerves III, IV and VI were motor
nerves to three such somites [Neal, 1914; Goodrich,
1930]. Various explanations were then devised to account
for the peculiar features of individual extraocular nerves
as specializations related to the early elaboration of ocular
motility [Neal, 1914]. Although the broader metameric
theories that produced these interpretations of extraocu-
lar nerve origins are no longer tenable, the similarities
between abducens and somatic nerves such as XII, sug-
gest that primitively segmented cranial mesoderm might
still be a viable hypothesis. Models of early vertebrates
without segmented cranial mesoderm must assume the
extraocular nerves originated without any relation to so-
mites. Accordingly, the unique features of nerves I1I and
IV would not be seen as problematic since these nerves
can be viewed as unique cranial innovations, basically
unrelated to other cranial or spinal nerves. The many so-
matomotor features of the abducens nerve are instead the
1ssue that requires special explanation.

In both classical [Gaskell, 1889] and recent studies
[Fritzsch and Northcutt, 1993] the origins of different
classes of cranial nerves and efferent neuronal types were
sought in comparisons with spinal nerve organization,
with the view that spinal nerve patterns in various chor-
dates would show the primitive antecedents from which
cranial nerves were assembled. Recent studies on amphi-
oxus cranial somatomotor neurons provide a more direct
approach to these problems and may eliminate the need
for head-trunk serial comparisons. Ultrastructural recon-
struction demonstrated two classes of somatomotor neu-
rons innervating the dorsal (DC) and ventral (VC) com-
ponents of rostral myotomes of larval amphioxus [La-
calli and Kelly, 1999]. The DC neurons showed a more
regular repeating pattern and closer association with vis-
ceral motoneurons, whereas the VC neurons were less
clearly segmented and extended farther rostrally than the
DC group. The proposal that vertebrate branchiomotor
neurons might have evolved from a DC-like system and
cranial somatomotor neurons from a VC-like system [La-
calli and Kelly, 1999] could greatly simplify analysis of
hindbrain and cranial nerve evolution. Initial correla-
tions between DC neurons and segmentally expressed
genes [Bardet et al., 2005] are shifting the focus to direct
comparison of hindbrain organization within chordates,
rather than on cranial versus spinal patterns.
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Branchiomeric and Octavolateral Efferent
Nuclei

Trigeminal Motor Nuclei

The trigeminal-innervated musculoskeletal system in
adult cyclostomes is structurally complex and differs
greatly from that of gnathostomes [Hardisty and Rovai-
nen, 1982]. Lampreys have an apparent homolog of the
mandibular nerve, but in addition, a larger ‘maxillary’
division that innervates rostral muscles via the apical and
basilar nerves [Hardisty and Rovainen, 1982]. Accord-
ingly, the trigeminal motor nucleus in larval and adult
lamprey is organized quite differently than in gnatho-
stomes [Homma, 1978; Fritzsch, 1998b; Kuratani et al.,
2004; Murakami et al., 2004]. The V motor nucleus in a
late larval lamprey (fig. 1B) occupies a large area in the

Fig. 3. The segmental locations of efferent neurons of cranial nerves
ITI-XII are schematically depicted for lamprey (Petromyzon),
shark (Squalus), teleost (Danio), frog (Rana), chick (Gallus and
Coturnix) and mouse (Mus) with respect to axial origin and migra-
tion, and secondarily, to mediolateral position. Efferents of bran-
chiomeric and octavolateral nerves are shown on the left side of
each diagram with symbols indicating segmental cell origins (solid
circles), primary axonal pathways (solid lines), migratory paths
(dashed lines) and late migratory segmental locations (open circles).
Somatomotor efferent neurons and branchiomotor root entry/exit
points are shown on the right; colors of all elements are matched
across species. Tetrapod VII visceromotor neurons are shown sep-
arately (magenta), but those of III, IX and X are not distinguished
from either somatomotor or branchiomotor components. Ontoge-
netic stages represented in the schematic: Lamprey, outline and
most neurons (see below) from 10.5-mm pro-ammocoete, rhombo-
meres from horizontal sections of 12-mm ammocoete; Shark,
Scammon Stages 24-27; Zebrafish, 24-48 h post fertilization; Frog,
Gosner Stage 27 larva with hypoglossal elements added from adult;
Chick, Hamilton-Hamburger Stages 19-20, except VIII in floor-
plate (H-H 23) and migrating VIIbm (H-H 25); Mouse, E9.5-11.5,
except ipsilateral IV, from adult mammal. All oculomotor (III) neu-
rons originate ipsilateral; however, the superior rectus subdivision
migrates to the contralateral side in all species as does the medial
rectus subdivision in shark [Evinger, 1988; Fritzsch et al., 1990].
Contralateral V dendrites are shown in embryonic shark, chick and
mouse, but contralateral projections are omitted for octavolateral
efferents of shark and zebrafish. All data are from our studies ex-
cept: lamprey III, IV and VIII, adult locations [Fritzsch et al., 1989;
Fritzsch, 1998a]; Zebrafish [Chandrasekhar et al., 1997; Chan-
drasekhar, 2004; Sapéde et al., 2005]; Frog [Straka et al., 2001,
2005]; Chick VIIbm, VIIvm [Jacob and Guthrie, 2000]. Abbrevia-
tions: r0-r8, rhombomeres; m, midbrain; III, oculomotor; IV,
trochlear; V, trigeminal; VI, abducens and accessory abducens; VII,
facial; VIII, lateral line, vestibular and auditory; IX, glossopharyn-
geal; X, vagus; XII, hypoglossal-hypobranchial.

Gilland/Baker



\Iﬂprey : Teleost
= = "))

YY)

Segmental Patterns of Cranial Efferent Brain Behav Evol 2005;66:234-254 243

Nuclei



lateral part of the anterior hindbrain, bounded on three
sides by giant reticular neurons; rostrally by I1 and 12,
medially by I3 and 14, caudally by the Mauthner cell.
Based on the rhombomere borders and giant neurons vis-
ible in figure 1A and B, the nucleus extends through all of
r2-r3, the rostral half of r4 and slightly into r1. Physiolog-
ically-identified neurons in the rostral V nucleus inner-
vate ventrolateral muscles by way of the mandibular
nerve, whereas neurons in the caudal part of the nucleus
mostly innervate buccal muscles served by the apical and
basilar nerves [Homma, 1978]. This pattern has been
shown to derive directly from the initial embryonic con-
dition [Kuratani et al., 2004]. In a 2 cm larva exhibiting
well defined rhombomeres, the Vth root can be seen to
exit the brain at the rl-r2 border, just caudal to the 12
neuron (fig. 1C, arrow). Confocal reconstruction of dye
labeled cranial efferent neurons in a 10-11 mm larva
shows the rostral part of the nucleus and separate intra-
medullary root to be distinct (fig. 1D, Vr). By examining
genes with segmentally restricted expression borders (e.g.,
Krox20, EphC, Pax6 and Hox3) in combination with ret-
rogradely labeled branchiomotor or reticulospinal neu-
rons, Murakami et al. [2004] determined rhombomeric
origins for giant reticular and trigeminal motoneurons in
late embryonic stages. Other than the rostral limit of V
neurons, which they place farther into rl, the segmental
locations of neurons in large ammocoetes (fig. 3) is essen-
tially the same as in late embryonic stages [Murakami et
al., 2004].

In contrast to lampreys, trigeminal motoneurons ap-
pear to originate largely or solely from r2 and r3 through-
out gnathostomes (fig. 3). Song and Boord [1993] pro-
posed that trigeminal motor nuclei and muscles con-
formed to a general pattern in which a rostral motor
subnucleus (r2) innervated jaw closers, and a caudal sub-
nucleus (r3) innervated jaw openers. This pattern has now
been directly demonstrated in zebrafish [Higashijima et
al., 2000] and chick [Prin et al., 2005] using genetic mark-
ers combined with retrograde nerve labeling to identify
the segmental origins and peripheral targets of early Vth
nerve subnuclei. Frogs also appear to match the general
pattern, based on segmental locations in larvae and in-
nervation patterns in adults [Straka et al., 2005].

Trigeminal motoneurons in elasmobranchs originate
in r2-3 and form separate rostral and caudal motor nu-
clei in adults, but both embryonic and adult features ex-
hibit unique aspects not seen in other species. Unlike
other vertebrates, the main trigeminal root in elasmo-
branchs lies in r3, with only a small rostral part of the
motor root originating in r2 (fig. 1E). This unusual loca-
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tion develops secondarily due to a caudal shift of neural
crest that arises initially from r2 [Neal, 1898; Kuratani
and Horigome, 2000]. The V motoneurons lie in a lat-
eral column extending from the middle of r2 to the mid-
dle of 13 (fig. 1F, G). Axons of motoneurons in caudal r2
and rostral r3 project laterally and turn caudal, forming
a longitudinal collecting trunk that joins the main root
in the middle of r3 (figs. 1G and 3). The caudal half of
r3 contains few laterally located neurons and r4 none, yet
both rhombomeres are filled with transversely running
processes that form a dense longitudinal descending tract
adjacent to the floorplate (fig. 1G, arrow). A thin, con-
tinuous chain of neuronal cell bodies extends along the
dorsal (ventricular) aspect of the medial tract from cau-
dal r3 to caudal r6 at stage 25 (leading cells are shown in
r5 in fig. 1I). The migrating Vth nerve neurons likely
form the nucleus ‘A’ comprised of large branchiomotor-
like neurons located adjacent to the abducens nucleus
[Smeets et al., 1983], which appears to match the caudal
Vth nucleus in Raja that innervates the levator maxil-
laris, levator labialis and spiracularis muscles [Song and
Boord, 1993].

The greatest reorganization of the trigeminal motor
system in gnathostomes is associated with the develop-
ment of the dentary-squamosal joint in mammals [Széke-
ly and Matesz, 1993]. Surprisingly, early stages of V mo-
tor development give no hint of the subsequent profound
changes in trigeminal nuclear organization and motoneu-
ronal morphology. Trigeminal motoneurons in mice, as
in chicks, originate as a medially located cell column ex-
tending through r2 and r3, with neurons appearing ear-
lier in r2 (fig. 2J, K). Occasional cells are seen in caudal
rl and rostral r4 (not shown). The adult trigeminal motor
nuclei include a main dorsolateral subdivision largely in-
nervating muscles homologous to jaw adductors, and a
ventromedial subdivision projecting to the mylohyoid
and anterior digastric, classic jaw openers [Székely and
Matesz, 1993]. Evidence that the dorsolateral Vth nucle-
us derives from r2 and ventrolateral from r3 would con-
firm that the developmental pattern proposed by Song
and Boord, as shown for zebrafish and chick, holds gener-
ally for gnathostomes.

An unusual feature seen in mouse (and ferret) embry-
os is the presence of large numbers of retrogradely labeled
trigeminal neurons in the lateral parts of r1 (fig. 2J-M).
These neurons are first seen between days 10.5 and 11 in
a small cluster immediately rostral to the root entry point
(fig. 2L). The cells have thick peripheral, and much thin-
ner central, processes oriented, not mediolaterally as with
the main group of trigeminal neurons, but rostrocaudally.
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By day 11.5 more lateral neurons are present, with somas
located farther rostral from the root (fig. 2K). These neu-
rons are probably a portion of the mesencephalic trigem-
inal (MesV) system, but their initial appearance near the
V root is difficult to reconcile with a mesencephalic origin
as proposed in birds [Narayanan and Narayanan, 1978].
These cells were previously identified as mesencephalic
trigeminal neurons from Vth nerve labeling [Easter et al.,
1993] and, at slightly later stages, from label applied near
the mesencephalic/rhombencephalic border [Widmer et
al., 1998]. In human embryos, an isolated group of mo-
nopolar putative MesV neurons were described in rl
[Windle, 1970]. Although caudal migration of midbrain
neurons without long leading processes is possible, direct
demonstration in mammals is lacking. Unlike many ver-
tebrates, the major portion of the mesencephalic trigem-
inal nucleus in mammals is located in the hindbrain [Te-
rashima, 1996], including the MesV pontine nucleus just
rostral to V motor. Thus an origin of part of this sensory
system either from the alar part of r1, or from neural crest
cells migrating centrally via the Vth nerve root zone, can-
not yet be ruled out.

Facial and Rostral Octavolateral Efferent Nuclei

Facial (VII) and octavolateral efferent (VIIIeff) nuclei
in adult vertebrates are remarkably diverse in terms of
topographic positions and peripheral targets. However,
because the VII branchiomotor (VIIbm) and VIlleff neu-
rons in most species appear to originate primarily in r4,
the various adult locations result mainly from differing
degrees of caudal and lateral migration (see overview in
fig. 3). In lampreys, the VIIbm nucleus extends from the
Mauthner cell in caudal r4 to just behind the accessory
Mauthner cell in caudal r5 (fig. 1B, D) at all stages from
early larvae [Murakami et al., 2004] through post-meta-
morphic adults. The VIIIeff neurons in adult lampreys
are located ipsilaterally near the Mauthner cell and
VIIbm neurons [Fritzsch et al., 1989], thus likely arising
in r4.

In elasmobranch embryos, the VIIth and VIIIth nerves
join the brain in a common root located in the caudal part
of r4. The VII-VIII efferent neurons migrate caudally at
nearly the same time as axons reach the root. They ini-
tially form a dense column of medially located neurons
extending through all of r4, r5 and slightly into r6, with
transversely running axons restricted to r4 (fig. 1E; stage
23). Slightly later, neurons are still present medially in
r4-5, but large numbers of transversely oriented neurons
areinipsilateral r6 and a few in contralateral r5-6 (fig.1H,
I; stage 24). A dense network of crossing fibers covers the
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midline especially in r5, and a large axonal trunk extends
to the contralateral VII-VIII root (fig.1F, H, I). A small
group of neurons in the lateral part of r5 extend axons
laterally and anteriorly to the VII-VIII root (fig. 1F). By
stage 26 a large group of VIIbm cells has reached the r7
region originally occupied by IX neurons (fig. 1J) and few
cells, if any, remain in medial r4 (not shown). The caudal
edges of the transversely oriented VIIIeff neurons that fill
caudal r5 and all of r6 are visible in the upper part of fig-
ure 1J [see Gilland and Baker, 1992]. Thus, it is likely
that VII motoneurons and VIII efferents originate prin-
cipally in r4, possibly also in r5, and migrate caudally
adjacent to the floorplate. They then take separate paths,
giving rise to a large octaval efferent nucleus located bi-
laterally in r5-6, as well as a VII branchiomotor nucleus
in r7, just behind the migrated V neurons (see summary
in fig. 3).

The early VII and VIII efferents in zebrafish show
many similarities to those of elasmobranchs as a com-
bined VII-VIII efferent cell group originates in r4, mi-
grates caudally along the edge of the floorplate and turns
laterally to form a large cell group in r6 along with a small-
er one in r7 [Chandrasekhar et al., 1997; Higashijima et
al., 2000; Sapéde et al., 2005]. The r6 group appears to
give rise to the rostral VII branchiomotor and octavolat-
eral efferent nuclei, while the smaller r7 group contributes
to the caudal VII branchiomotor and octavolateral effer-
ent nuclei [Luiten, 1976; Bricaud et al., 2001].

Frogs exhibit a simplified pattern in which VIIbm and
Vllleff neurons originate in r4 and VIIvm in r5, locations
retained in adults [Straka et al., 2001, 2005]. The VIIIth
nerve efferents project only ipsilaterally, as in lampreys.
A rostral group of lateral line efferent neurons in larval
frogs is located close to the VIlleff neurons in r4 (fig. 3).
In chicks, the early pattern is similar [Jacob and Guthrie,
2000], with most VIIbm and VIlIeff neurons located in
r4 and VIIvm in r5; however, many of the branchiomotor
neurons in r4 migrate to r5 where visceromotor and a few
VIIbm neurons appear to originate [Jacob and Guthrie,
2000]. The VIIIth nerve efferents in r4 extend processes
across the floorplate to the contralateral VIIIth nerve, and
some of these cells migrate across the midline to settle in
contralateral r4 and r5 (fig. 2H, I) [Simon and Lumsden,
1993].

By far, the most elaborate VII and VIII efferent orga-
nization is found in mammals, in which early events in
r4-5 are correspondingly diverse. The facial-vestibulo-
cochlear nerve complex in mice has three major efferent
rootlets that when teased apart and labeled separately
(fig. 2D, E) roughly outline the main efferent groups.
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VIIbm and VIIIth nerve neurons form a large column of
medial neurons that contribute to forming the internal
facial genu in r4. VIIvm neurons in r5 project axons lat-
erally and rostrally to reach the root. By labeling separate
peripheral branches and different central locations with-
in r4-5, Bruce et al. [1997] worked out the segregation
and migration of these groups as illustrated in fig. 2. Vis-
ceromotor neurons that project through the greater petro-
sal nerve and chorda tympani originate solely from r5.
They translocate laterally within axonal processes be-
tween days 10.5 and 13.5 (cf. fig. 2D, E, N), and then ra-
dially within secondary neurites to form the superior sal-
ivatory nucleus. Branchiomotor neurons (day 10) located
medially only in r4, begin migrating caudally through r5
on day 11 (fig. 2D) and turn laterally to settle in r5-r6,
caudal to the abducens and caudomedial to the superior
salivatory nuclei (fig. 2D, N and fig. 3 summary). Effer-
ents projecting through the vestibulocochlear nerve are
found in the medial part of ipsilateral r4 on days 11-12,
but both ipsi- and contralaterally in r4 by days 12-13.
The contralateral otic projections in mice do not involve
somal translocations across the midline (fig. 2F) as occurs
in chick (fig. 21). The crossing zone in mice is limited to
r4 and contains only axon collaterals extended by cells
that remain ipsilateral (fig. 2E, F). Migrations of VIII ef-
ferent neurons differ from the VIIbm neurons by involv-
ing projection of secondary processes laterally in r4 fol-
lowed by caudal migration within r4 and into r5 (Sum-
mary in fig. 3).

Glossopharyngeal and Caudal Octavolateral Efferent

Nuclei

In most species, IXth nerve efferents appear to arise
mainly from r6. The IX motoneurons in embryonic, and
larval lampreys form a compact nucleus in r6, with axons
running caudally and laterally to a root near the r6-r7
border (fig. 1B, D) [Murakami et al., 2004]. An origin of
glossopharyngeal neurons either chiefly or solely from r6
is found also in teleosts, frogs and mammals (fig. 3). In
zebrafish, IX neurons originate in r6 and migrate cau-
dally into r7 [Chandrasekharetal., 1997], a pattern shared
with some of the neurons contributing to the caudal lat-
eral line efferent nucleus [Sapéde et al., 2005]. The roots
and efferent neurons of the IXth and posterior lateral line
nerves in larval frogs are located in r6, but unlike zebra-
fish, do not migrate [Straka et al., 2005]. A parasympa-
thetic nucleus of unknown segmental origin associated
with the IXth nerve has been reported in frogs [Matesz
and Székely, 1996]. In mouse and ferret embryos, the
IXth nerve motor root is located in the middle of r6 orig-
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inating mainly from neurons in that segment, but a few
cells are formed also in rostral r7 (fig. 2E, N). The adult
position of IXth efferents in the inferior salivatory nucle-
us and rostral pole of the nucleus ambiguus imply that
ventrolateral, but not much caudal, migration occur at
later stages.

Elasmobranchs and non-mammalian amniotes seem
to provide the greatest departure from a simple r6 origin
of glossopharyngeal neurons. In Squalus the IXth nerve
root emerges in the middle of r7 (fig. 1E; stage 24). The
motor root is formed by convergence of a ladder-like ar-
ray of axons that span the posterior half of r6 and much
of r7. The IX neurons form a medial column of cells, dis-
placed slightly caudal relative to the array of axons, that
extends from the caudal edge of r6 back to the presumed
rostral edge of r8. At later stages the IX neurons appear
as a dense cell cluster extending laterally in the region
caudal to the transverse axons (fig. 1K). This sequence
suggests that glossopharyngeal neurons originate in both
r6 and r7 and migrate caudally to settle in rostral r8
(fig. 3).

The IXth nerve efferent neurons in chick embryos are
exceptionally numerous in both r6 and r7, and the motor
root emerges at the r6-r7 border [Lumsden and Keynes,
1989] (fig. 3). The distribution of branchiomotor and vis-
ceromotor neurons within this pool has not been directly
demonstrated in embryos, but each subgroup might arise
from separate locations as is the case for the VIIth nerve.
Quail-chick surgical mapping indicated that the retrofa-
cial nucleus of IX originated from r6 and a more dorsally
located periventricular IX nucleus, primarily from r7/
rostral r8 [Cambronero and Puelles, 2000]. Because the
retrofacial IX innervates the branchiomandibularis mus-
cle in birds [Wild, 1981; Dubbeldam and Bout, 1990] and
the dorsal IX nucleus is likely visceromotor, it seems pos-
sible that the r4-branchiomotor r5-visceromotor pattern
seen in VII is repeated among IX efferents. Closer study
of IX efferent development in frog, chick and mouse
could test whether the inferior salivatory nucleus is typi-
cally an r7 component in tetrapods.

Vagal Nuclei

The embryonic vagal nerve complex in most species
arises from a series of many small lateral rootlets extend-
ing through the whole length of the caudal hindbrain
(fig. 1E, 2C; subsets of vagal roots shown). Typically, the
more rostral X rootlets are larger and emerge from the
brain as separate motor and sensory root fascicles, where-
as the caudal rootlets are smaller and emerge as individ-
ual motor fascicles. The most rostral vagal roots are lo-
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cated not far caudal to the IXth nerve roots, and thus vary
in location together with the latter. The X roots in lam-
prey, frog and mouse (fig. 2N) appear to start in r7 where-
as those in shark (fig. 1E), zebrafish and chick begin in 8.
The IX and X efferent neurons overlap considerably in r7
in chick [Lumsden and Keynes, 1989], but less so in the
other species. The caudal limit of vagal neurons in embry-
onic stages is difficult to determine as the X and XI root-
lets form a continuous series and the immature neurons
within the cell column look wholly similar. Vagal rootlets
fasciculate peripherally and collect into a few major trunks
in the vicinity of the rostral rootlets, with fibers from the
caudal rootlets forming the long ‘descending’ tract. In am-
niotes roots of the XIth nerve emerge in a similar pattern
from the rostral spinal cord and in most species also take
part in the tract, making separate X and XI nerve root
labeling unfeasible in the caudal vagal region.

In adults of many groups the vagal nuclei extend into
the rostral spinal cord [Sperry and Boord, 1993; Székely
and Matesz, 1993; Matesz and Székely, 1996; Nieuwen-
huys et al., 1998; Taylor et al., 1999], but whether cell
migration is involved in any of these cases is not clear. A
general rostrocaudal sequence of branchiomotor and vis-
ceromotor subdivisions are evident in the vagal column
of fish and tetrapods, with efferent pools to obvious bran-
chial muscle homologs located rostrally, intestinal vis-
ceromotor efferents concentrated caudally and cardiac
efferents distributed in intermediate and caudal regions
[Taylor et al., 1999]. Motoneurons to the intrinsic laryn-
geal muscles in tetrapods are generally located near the
caudal end of the vagal nuclei, far removed from the clas-
sic branchiomotor neurons of the rostral nucleus ambig-
uus [Székely and Matesz, 1993; Matesz and Székely,
1996]. The fate map of vagal nuclei in birds suggests that
an orderly rostrocaudal pattern is preserved during cau-
dal hindbrain development [Cambronero and Puelles,
2000]. The fine-grained pattern within the vagal column
is likely established by some combination of 5" Hox gene
expression [Oosterveen et al., 2004] along with local
influences from occipital somites [Ensini et al., 1998;
Lewis and Eisen, 2004].

The Spinal Accessory Nucleus

Precise delineation of rostral XI and caudal X neurons
in early embryos would help clarify the possible evolu-
tionary relations between these neurons and provide fur-
ther indicators of axial specification at the hindbrain-spi-
nal cord junction. An antibody that recognizes the dm-
grasp membrane protein has been reported to transiently
mark XI neurons [Schubert and Kaprielian, 2001], and
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loss of function of the nkx2.9 homedomain protein [Pabst
et al., 2003] has been shown to reduce the number of neu-
rons contributing to the XI and probably caudal X nuclei.
Nerve labeling combined with molecular markers or gene
expression patterns [e.g., Ericson et al., 1997] should thus
help to define X and XI neurons as either a single type
with shared history or two distinct types that simply share
a path to the periphery.

Cranial Somatic Efferent Nuclei

Trochlear Nuclei

Aside from the dorsal location in lampreys mentioned
earlier, the organization and function of the trochlear (IV)
nucleus is largely invariant in living vertebrates. In gna-
thostomes, trochlear motoneurons originate and remain
medially in the most rostral hindbrain (r0), extend axons
circumferentially to exit dorsally near the MHB and in-
nervate the contralateral superior oblique eye muscle
[Evinger, 1988]. A few ipsilaterally projecting neurons are
often present in adult mammals, but these seem likely to
result from misrouting of axons in the trochlear commis-
sure. Many more ipsilaterally projecting neurons are pres-
ent in embryonic sharks (pers. observation; fig. 3). In
chick embryos the rostral part of the trochlear nucleus
develops in the basal part of the narrow Fgf 8-positive
isthmic zone, whereas the caudal part of the nucleus ex-
tends almost half way to the r1-r2 border [Irving et al.,
2002]. Expression of Fgf 8 does not extend all the way
ventrally in the isthmus, and the IV motoneurons origi-
nate in the part lacking Fgf 8. Chemotaxis experiments
suggested that Fgf 8 guides pathfinding of trochlear axons,
thus providing a mechanism for the dorsalward circum-
ferential projection [Irving et al., 2002]. A curious anom-
aly likely related to this is the occasional appearance of
labeled neurons in the caudal part of the IVth nucleus in
adult mammals following dye application to trigeminal
innervated muscles such as the tensor tympani [Shaw and
Baker, 1983]. Because the number of these neurons in-
creased in cases where the trochlear nerve was severed
some months before the tensor tympani labeling, they
likely represent trochlear neurons whose axons misroute
down the mlf and then navigate to the nearest root exit,
namely the Vth nerve.

Abducens Nuclei

The abducens nuclei in lampreys and gnathostomes
exhibit an intriguing pattern of variation with regard to
segmental origins, nuclear subdivisions, muscle targets
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and axonal paths (mentioned above). The mosaic distri-
bution of these features among different taxa and the con-
served functional roles of the target muscles provide
unique opportunities to test the effects of specific genetic
regulatory elements across vertebrates. In 9-11 mm lam-
prey larvae, retrogradely labeled VI motoneurons form a
loose column of cells lying medial and ventral to the bran-
chiomotor neurons, with axons that extend laterally, dor-
sally and then rostrally to exit in association with the Vth
root (fig. 1D). The early abducens nucleus extends from
near the level of the rostral end of the VII nucleus back
to a level slightly caudal to the IX nucleus. In late larval
stages (fig. 1B), VI neurons have similar rostrocaudal and
medial limits as in the early larva, but extend much far-
ther laterally. The rostral limit of VI neurons thus lies
slightly in front of the r4-5 border, and the caudal limit
slightly behind the r6-7 border [see also Fritzsch, 1998a].
Abducens neurons in gnathostomes are likewise found
primarily in r5-6, but with the notable difference that in
many groups only one of those segments is occupied. Ab-
ducens motoneurons originate in both r5 and r6 in zebra-
fish and chick, only in r5 in frog and mouse, and mainly
in r6, but with a few cells often present in rostral r7, in
sharks (fig. 3). These locations seem typical for the taxo-
nomic groups containing these species (e.g., teleosts,
mammals, anurans), but variations certainly might exist.
Extension into caudal r4 as in lamprey has not been re-
ported in gnathostomes. The variation in axial location
of VI neurons correlates with the rostral expression do-
mains of Hox3 paralog group genes in lamprey [cf. fig. 1B,
D and Murakami et al.,, 2004], zebrafish and mouse
[Cordes, 2001; Moens and Prince, 2002]. Direct regula-
tion of abducens phenotype involving Hoxb3 has been
demonstrated in mice [Gaufo et al., 2003], although
transposition of the nucleus by misexpression has not yet
been shown.

In all vertebrates with eye muscles, motoneurons in a
primary abducens nucleus innervate an ‘abductor’ of the
eye; lateral rectus in gnathostomes, ventral rectus in lam-
preys [Evinger, 1988; Fritzsch et al., 1990]. An accessory
abducens nucleus, probably arising by lateral migration
of neurons from the main nucleus, innervates ocular re-
tractor muscles in tetrapods (fig. 3) [Evinger, 1988; Széke-
ly and Matesz, 1993]. Lampreys have a similarly located
VI nucleus that innervates the caudal rectus muscle, rais-
ing the possibility that accessory VI nuclei and related
muscles might be primitive features for vertebrates [Frit-
zsch et al., 1990; Fritzsch, 1998a]. The segmental origin
of motoneurons and the presence or absence of accessory
VInuclei do not seem to be correlated, as most of the pos-
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sible different combinations of these features occur in the
species reviewed here (fig. 3).

Occipitospinal/Hypoglossal Nuclei

In all vertebrate embryos a more or less continuous
column of somatomotor neurons projecting through ven-
tral roots commences in the caudal hindbrain and con-
tinues down the spinal cord (fig. 1E, 2C,N). In adult fish
this is often called the spino-occipital motor column
[Nieuwenhuys et al., 1998], and the hindbrain portion
contributes to innervation of hypobranchial and/or ros-
tral epaxial muscles [Neal, 1897; Sperry and Boord,
1997]. In tetrapods it forms the main part of the hypo-
glossal nucleus and probably the supraspinal nucleus of
birds [Székely and Matesz, 1993; Cambronero and Pu-
elles, 2000]. The ventral motor roots generally emerge in
register with somites, beginning with somite 1, which in
amniotes is located adjacent to caudal r7 and/or rostral
r8 [Vaage, 1969; Miiller and O’Rahilly, 2003]. The exact
segmental location of the rostral end of the column can
vary for a number of reasons. The location of the first
somite relative to the rhombomeres varies between spe-
cies, for example, lying quite far caudal to the r7-r8 bor-
der in zebrafish [Hanneman et al., 1988]. Furthermore,
it is not clear whether a ventral root always forms adja-
cent to the most anterior somite in different species and
many reports suggest that one or more rostral ventral
roots disappear later in development. Because somato-
motor neurons show no tendency to migrate longitudi-
nally in the brain, the rostral limit of these cells in em-
bryos and of the hypobranchial or hypoglossal nuclei at
later stages should reflect the formation and subsequent
retention or loss of efferent neurons originally estab-
lished in developmental relation to the occipital so-
mites.

In chick, quail, mouse and ferret embryos examined
by dissection, the most rostral roots tended to be smaller
than succeeding caudal ones and generally they emerged
from the neuroepithelium about one segment caudal to
the IX root, thus lying in caudal r7 or rostral r8 (fig. 2N;
3E, F). Although the rostralmost rootlets were difficult to
visualize, the general impression from directly comparing
preparations with the VIth, IXth and XIIth nerve roots
intact was that the XII rootlets in mammals extended
slightly farther rostral than in the birds. A continuous se-
ries of small ventral rootlets emerging between the first
large occipital root and the caudal abducens roots has
been reported for embryos of various mammal and bird
species [Bremer, 1908; Kuratani et al., 1988]. A possible
explanation in chicks is that the rootlets present in rostral
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r8 develop in relationship to somite 1, but the inconstant
r7 rootlets relate to the immediately rostral mesoderm, the
often described ‘incomplete’ somite. A number of dye
marking studies showed that this mesoderm is present at
slightly later stages lying immediately caudal to the otic
vesicle between the roots of nerves IX and X [Hinsch and
Hamilton, 1956], precisely the span of r7 where the incon-
stant rostral occipital rootlets are observed. The rostral
limit of the hypoglossal nucleus in chicks maps to the r7-
r8 boundary [Cambronero and Puelles, 2000], suggesting
that the more usual rostral r8 neurons forming the first
main occipital root in early embryos persist through de-
velopment. The slightly more rostral locations of XII neu-
rons and the IX root in mammals likely reflect subtle, but
definite, differences in the relations of anterior somites,
neuromeres, neural crest and otic vesicle among different
species [Miiller and O’Rahilly, 2003]. The occasional pres-
ence of rootlets between XII and VI in mammals [Bremer,
1908] further implies that variability in somatomotor
neuron production can involve not just r7, but also r6.
Fully developed abducens and hypoglossal motoneurons
are much different from one another, thus deciphering the
early stages of their genetic and phenotypic divergence
could throw substantial light on the precise control of neu-
ronal identity in r5-r7 [Gaufo et al., 2003].

The occipital region and hypoglossal roots in frogs and
other amphibians are substantially different from amni-
otes and at first glance seem somewhat incomparable.
Frogs, other than aglossal types such as Xenopus, have a
hypoglossal nerve and central nucleus that innervate
tongue-related structures as in amniotes [Matesz et al.,
1999]. In adults, nerves are not present between the roots
of the IX-X-XI complex, originating in larvae at r6-r7,
and the second spinal nerve (Sp2) which emerges behind
the first vertebra. The roots of the hypoglossal nerve are
wholly incorporated within the ventral roots of the Sp2
complex, which appears as a series of 2-5 rootlets cen-
tered at the level of the obex [Straka et al., 2005]. A small
first spinal nerve likely contributes to innervation of the
anteriormost myotomes in larval frogs. Transitory root-
lets to two occipital myotomes have been described at
earlier stages in a number of studies [Schlosser and Roth,
1997]. The main dorsolateral hypoglossal nucleus (XIIdI)
in frogs is directly comparable with the hypoglossal nu-
cleus of amniotes both in terms of muscle targets and
dendritic morphology of the motoneurons [Matesz et al.,
1999]. Individual rootlet labeling showed that all but the
most caudal XII-Sp2 rootlets contained axons solely from
XIIdl neurons, and that the rostrocaudal order of neurons
in the nucleus matched their organization within the root-

Segmental Patterns of Cranial Efferent
Nuclei

lets. When compared with the segmental locations of VI,
IX and X neurons, the rostral end of the frog XIIdl nu-
cleus mapped to a position that corresponded to the ‘r8’-
‘r9” border of birds [cf., Cambronero and Puelles, 2000;
Straka et al., 2005]. Because this border is one segment
caudal to that of the bird XII nucleus, it implies a moto-
neuron source related to somites 2—4. The adult frog pat-
tern could arise by either the generation of motoneurons
and peripheral target muscles at metamorphosis or devel-
opment of central descending axon collaterals by neurons
present since early stages [Schlosser and Roth, 1997].
Comparison of early hindbrain somatomotor neuron pro-
duction and the later fates of these cells in Xenopus and
ranid frogs would distinguish between these two mecha-
nisms.

The hindbrain somatomotor neurons in zebrafish are
most often referred to as the first two segments of spinal
motoneurons. Other than the anterior two myotomes,
specific motor innervation from this location has not been
reported, but it likely includes the sternohyoid muscle,
which is the only hypobranchial muscle in zebrafish
[Schilling and Kimmel, 1997]. The sternohyoid in eel is
innervated by spino-occipital neurons extending on ei-
ther side of the obex [Mukuda and Ando, 2003], thus fit-
ting this location. As in amphibians, the presence of free
occipital nerves apparently collected together into the
first spinal nerve appears to be highly variable in tele-
osts.

In dogfish embryos, beginning at 25-30 somites, small
ventral roots can be identified in sectioned material ad-
jacent to the anterior somites [not shown, but see Neal,
1898, 1914]. At slightly later stages the most rostral of
these roots lies at the level of the anterior vagal rootlets,
thus not far behind the putative r7-r8 border. This root
does not persist, and by stage 23-24, only three occipital
roots are usually present, with the most anterior lying well
behind the r7-8 border (x in fig. 1E) [Gilland and Baker,
1993]. Older embryos and adults often have only two oc-
cipital roots, and because the hypobranchial motor col-
umn in adult Squalus [Smeets et al., 1983] and Raja
[Sperry and Boord, 1997] only begins near the obex, a
genuine loss of the rostral somatomotor column likely oc-
curs during elasmobranch ontogeny.

In lamprey larvae slightly younger than shown in fig-
ure 1D, the most rostral ventral roots and motoneurons
labeled from dye applied to the anterior myotomes were
located at about the same distance behind the abducens
nucleus as root x’ in Squalus (fig. 1E; lamprey data not
shown). This would place the neurons quite far caudal
relative to somite 1 [Kuratani et al., 1999], so it seems
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possible that either more rostral roots were present but
not labeled, or ventral roots do not form in association
with somite 1 in lamprey. Because of the long branchial
region in lampreys, somitic and motor nerve contribu-
tions to the hypobranchial system begin 4-5 somites far-
ther caudally than in gnathostomes [Neal, 1897].

Discussion and Conclusions

The data summarized in figure 3 suggests that the over-
all segmental pattern of cranial efferent nuclei is widely
conserved in vertebrates and that most variations involve
relatively minor differences in the rostral and caudal lim-
its of homologous nuclei. Two major segmental varia-
tions stand out; the different caudal limits of trigeminal
motoneurons in lampreys (in r4) versus gnathostomes
(r3-4 border), and the shifting location of abducens mo-
toneurons within the region spanning from caudal r4
(lamprey) to rostral r7 (shark). The generally conserved
features and minor variations will be discussed first, with
an emphasis on opportunities for further testing of pos-
sible systematic patterns. The small differences, reported
here and elsewhere, are difficult to evaluate as they may
result from normal ‘spillover’ of cells originating near bor-
ders, discrepancy in estimating precise locations of the
borders at depth in the neuroepithelium and, in some spe-
cies, ambiguity in identifying the rhombomeric borders.

Branchial and Octavolateral Efferents

Studies in the past decade on the origins, migrations
and subdivisions of branchiomotor, visceromotor and oc-
tavolateral efferents in zebrafish and tetrapods have re-
fined the general picture of vertebrate branchial nerve
development [e.g., Bruce et al., 1997; Chandrasekhar et
al., 1997; Jacob and Guthrie, 2000; Straka et al., 2005].
The common pattern in these species for VIIbm and oc-
tavolateral efferent production in r4 likely includes lam-
preys and elasmobranchs (fig. 3). Although the precise
origins of VII and octavolateral neurons in the elasmo-
branch need to be determined at earlier stages, the overall
similarity of r4 origin and caudal migration in zebrafish
and shark points to a likely broad generality of this pat-
tern in jawed fish. Branchiomotor neuron production in
r5 needs to be determined in more taxa to distinguish
whether the lack of these neurons in zebrafish, frogs and
mice is a widespread feature, or is instead merely a vari-
ation on a more general r4-r5 origin as in lampreys and
chick (fig. 3). Similar questions apply to the origins of IX
branchiomotor and visceromotor efferents in either r6 or
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r7 (fig. 3). Two related problems are ascertaining the iden-
tities and origins of cranial visceromotor neurons serving
branchial arches in fish and establishing the distinctions
between caudal X and rostral XI neurons at early embry-
onic stages. Examining these issues in salamanders, tur-
tles, alligators and marsupials would likely clarify the ba-
sic patterns of branchial nerve efferents in tetrapods, and
information from non-cyprinid teleosts or any of the
more basal actinopterygians would at least begin reveal-
ing the general patterns in bony fish.

The largely conserved origins of branchiomotor and
octavolateral efferent nuclei in species described here,
along with the widespread occurrence of ascending axo-
nal paths for these neurons in adults of many groups
[Nieuwenhuys et al., 1998] point to caudal neuronal mi-
gration as the main mechanism producing different rela-
tive neuronal locations in adults. The extremes of this
process are seen by comparing lamprey and frog with
shark (fig. 3). In the former, the adult efferent nuclei re-
tain the same axial positions as in early larva, indicating
an absence of longitudinal migration. In Squalus, virtu-
ally the entire system of respiratory-related neurons relo-
cates farther caudally, producing a continuous column of
V-VII-IX-X branchiomotor neurons extending from r6
back to the caudal end of the hindbrain (fig. 3). Other than
the Vth component, zebrafish exhibit a similar migration
pattern that is probably typical among both cartilaginous
and ray-fined fish. Limiting the observations to frogs,
chicks and mice undoubtedly gives an incorrect impres-
sion of the role of efferent migration in tetrapods. Lack
of efferent migration in frogs is ostensibly secondary and
likely due in part to paedomorphosis [Straka et al., 2005].
The extensive overlap of cranial efferent nuclei in adult
salamanders, including some highly paecdomorphic spe-
cies [Roth et al., 1988], suggests that caudal efferent mi-
gration occurs in amphibians, but that paedomorphosis
alone cannot explain lack of migration in frogs. Likewise,
the adult locations of the VII and IX nuclei in reptiles
suggest that birds might exhibit less caudal relocation of
efferent neurons than many other amniotes [Nieuwen-
huys et al., 1998]. The common occurrence of caudal, but
not rostral, efferent migration begs the question of why
these movements happen at all. Candidate molecular
mechanisms are emerging [Chandrasekhar, 2004], but
few clues are yet available for the underlying physiologi-
cal or evolutionary rationale [see Straka et al., 2005].

The Caudal Hindbrain
Comparisons of segmental organization in the embry-
onic vagal nuclei between species are not available. Nev-
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ertheless, it seems clear that the hindbrain caudal to the
r6 border is a highly conserved and precisely patterned
region of the brain. Initial fate mapping [Cambronero
and Puelles, 2000] combined with the demonstration of
retinoid-mediated nesting of multiple hox gene expres-
sion limits [Oosterveen et al., 2004] indicate that the cau-
dal hindbrain comprises a patterning system on the same
scale as the r2-r6 region. The extensive anatomical and
physiological data available for this region and the pres-
ence of unique and highly conserved pre-cerebellar, re-
ticular, branchiomotor and visceromotor cell groups
[Baker and Gilland, 1996; Taylor et al., 1999] make com-
parison between the rhombomeric and non-rhombomer-
ic parts of the hindbrain an ideal test of the underlying
principle for the elaborate boundary mechanisms defin-
ing the former. If the occipital somites turn out to con-
tribute to the fine-grained axial patterning of the caudal
hindbrain, then a possible reason for ‘inventing’ rhombo-
meres could have been to replace the loss of primitive
somitic patterning of cranial mesoderm adjacent to the
rostral half of the hindbrain (see below).

XII/Occipital

Disparities in the rostral limits of the XII/occipital so-
matomotor neurons (fig. 3) probably arise from a number
of factors, some of which may relate to the caudal hind-
brain Hox code and/or early interactions with occipital
somites. These effects would presumably also influence
the axial locations and axonal routes of motoneurons
serving specific epaxial, hypobranchial/hypoglossal and
pectoral muscles. The differing patterns of occipital and
rostral spinal nerve roots within elasmobranchs, amphib-
ians and actinopterygians may turn out to be largely in-
consequential as far as specific motoneuron populations
and muscle targets are concerned. The large first spinal
nerve in many teleosts and second spinal nerve in frogs
appear to be collector trunks that numerous, highly spe-
cific efferent pools choose as points of common egress,
likely due to impediments posed by skeletogenic process-
es occurring during formation of the occipital and cranio-
vertebral elements. Ontogenetic studies in a few species
of amphibians and teleosts with special attention to the
precise origins and fates of the spino-occipital motoneu-
rons might clarify these long-standing issues.

V Nuclei in Lamprey and Gnathostomes

The extension of the Vth nucleus in lampreys well into
r4 and slightly into r1 [further according to Murakami et
al., 2004] contrasts with the tighter restriction of trigem-
inal efferents to r2-3 in zebrafish and tetrapods (fig. 3).

Segmental Patterns of Cranial Efferent
Nuclei

Dye labeling results from Squalus shown here cannot ex-
clude an origin of some migratory caudal Vth neurons
from r4. The fibers running transversely in r4 are inter-
preted as afferents because, unlike in r3, cells were never
seen in r4 either medially or laterally other than those di-
rectly within the migratory stream that extended caudal-
ly from r3. Trigeminal afferent fibers joining the migrat-
ing caudal V motoneurons makes physiological sense, but
verification will require double labeling of motor and sen-
sory roots or cell type-specific immunohistochemical
markers.

The caudal trigeminal nucleus of lampreys that origi-
nates in r3-r4 and innervates the rostral muscles is gener-
ally considered to have no clear parallels in gnathostomes
[Hardisty and Rovainen, 1982; Kuratani et al., 2004]. In
contrast, the rostral Vth subnucleus located mainly in r2
(fig. 1B, D) and the corresponding mandibular arch/velar
targets of lampreys correspond to the r2-mandibular ad-
ductor system in gnathostomes. One possibility is that the
shared r2-mandibular pattern might be primitive for ver-
tebrates, whereas the caudal Vth nuclei and muscle tar-
gets were subsequently and independently derived within
lineages leading to cyclostomes and gnathostomes. This
hypothetical primitive absence of branchiomotor neuron
production in r3 along with the near (or complete) ab-
sence of r5 branchiomotor neuron production seen in
some gnathostomes (fig. 3) suggests a proto-vertebrate
with an alternating set of branchiomotor nuclei in r2, r4
and r6 serving the three rostral branchial arches. Alterna-
tively, parts of the caudal Vth nuclei and buccal muscles
in lampreys may be directly homologous to those in sharks
[Song and Boord, 1993; Mallatt, 1996]. If so, then the
question still remains whether the caudal V and rostral V
systems are of equal age in vertebrates, or represent two
stages in branchial arch evolution. In cases like the Vr/Vc
and VI (below) of lampreys and gnathostomes where am-
phioxus may not supply sufficient neuronal features for
out-group analysis, the main hope for resolving stages of
character evolution is the chance that historical traces can
be found either in the pattern of regulatory genes that
produce the features, or at a finer level, in the genomic
organization of non-coding sequences associated with
those genes.

Abducens and Primitive Somatomotor Column

The differences separating the oculomotor and troch-
lear nerves from both somatic and branchial series sug-
gest that they have a very different history than the abdu-
cens nucleus. Other than the branchiomotor-like axonal
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path in lampreys, abducens motoneurons appear to be
specialized but genuine members of the somatomotor
group. This raises the issue of whether somatomotor neu-
rons existed primitively in the r4-r6 region of proto-ver-
tebrates or were a later addition, possibly generated by
Hox-mediated transposition of the somatomotor pheno-
type. Given the segmental variation in r5-6 in gnatho-
stomes, the occasional appearance of ventral roots be-
tween XII and VI [Bremer, 1908; Kuratani et al., 1988]
and the extension of abducens neurons into r4 in lam-
preys, two alternative scenarios for the origins of the ver-
tebrate abducens can be proposed. In the first, a somato-
motor phenotype that never existed rostral to r8 was
transposed forward to create abducens neurons in the r5-
r6 region. This implies likely substitution of Hox4 regula-
tory control by Hox3, and is well suited to a model in
which somites primitively did not exist rostral to the cur-
rent location of the otic vesicle [Kuratani et al., 1999].
Alternatively, somatomotor neurons could have primi-
tively extended to the rostral limits of Hox3 influence (or
even farther forward) and the abducens nucleus repre-
sents a remnant of that distribution carved out by sup-
pression in r7 (and possibly r2-4). This would fit with a
model in which head mesoderm formerly was organized
into somites at least through the hyoid region (lateral rec-
tus origin in gnathostomes) just anterior to the present
ear. This scheme also offers an explanation for the exis-
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