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Abstract

Wilhelm His (1831-1904) provided lasting insights into the development of the central and
peripheral nervous system using innovative technologies such as the microtome, which he
invented. 150 years after his resurrection of the classical germ layer theory of Wolff, von Baer and
Remak, his description of the developmental origin of cranial and spinal ganglia from a distinct
cell population, now known as the neural crest, has stood the test of time and more recently
sparked tremendous advances regarding the molecular development of these important cells. In
addition to his 1868 treatise on ‘Zwischenstrang’ (now neural crest), his work on the development
of the human hindbrain published in 1890 provided novel ideas that more than 100 years later
form the basis for penetrating molecular investigations of the regionalization of the hindbrain
neural tube and of the migration and differentiation of its constituent neuron populations. In the
first part of this review we briefly summarize the major discoveries of Wilhelm His and his impact
on the field of embryology. In the second part we relate His™ observations to current knowledge
about the molecular underpinnings of hindbrain development and evolution. We conclude with the
proposition, present already in rudimentary form in the writings of His, that a primordial spinal
cord-like organization has been molecularly supplemented to generate hindbrain ‘neomorphs’ such
as the cerebellum and the auditory and vestibular nuclei and their associated afferents and sensory
organs.

Introduction

Wilhelm His Sr. (1831-1904) combined, in an unprecedented way, technical innovation [he
invented the microtome for thin sections (His 1870a)], detailed anatomical insights [his
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major histological study of brain and body development (His 1880) is among the most cited
papers from this era], and comprehensive intellectual assessment of the implications of these
insights [the latter is best exemplified by his exceptional lecture on the importance of
embryology for biology in general (His 1870b)] and by the introduction of a revised
anatomical nomenclature, which he spearheaded (His 1895). While his son, Wilhelm His Jr.,
became famous for identifying the His bundle in the heart, Wilhelm His Sr. will forever be
connected with the development of the ‘Zwischenstrang’ [known now as the neural crest
(His 1868)], and of the rhombencephalon (‘Rautenhirn’ in German), and the definition of
distinct parts of the brain anlage in cross section [(floor plate, basal plate, alar plate, roof
plate, and delimiting sulcus limitans of His (His 1890b; His 1890a)]. His careful work
allowed him also to recognize longitudinal subdivisions of the rhombencephalon that were
only much later confirmed as molecularly distinct entities, such as the the midbrain-
hindbrain region (Fritzsch and Glover 2006) and the isthmus (His 1890a; His 1895) now
known to be characterized by a unique pattern of transcription factor expression (Harada et
al. 2015; Watson et al. 2017b).

His also developed substantial insight into the intimate relationship between embryonic
development and evolution. He was instrumental in retaining information collected by his
nephew, Friedrich Miescher, about the latter’s discovery of DNA [referred to as ‘nuclein’ by
Miescher in a letter to His in 1869 (His 1897)]. His rejected Haeckel’s simplified scheme of
embryology (ontogeny recapitulates phylogeny), preferring the more sophisticated insights
of von Baer (\Von Baer 1828) that were inspired by the earlier work of Wolff (Wolff 1768).
The conceptual framework of Wolff/von Baer highlighted the notion that general
characteristics of a phylum develop in an embryo before detailed species-specific
characteristics. His studied under Remak in Berlin, and it was Remak who provided him
with an appreciation of the work of Wolff and von Baer (Remak 1855). Remak also
presented His with divergent opinions of Reichert’s view (Reichert 1837). Reichert rejected
the germ-layer theory of Wolff whereas Remak and his embraced it.

Citing the developmental fate of gill slits in bony fish, amphibians and amniotes, His (His
1868; His 1870b) underscored the value of the von Baer/Wolff principle: pharyngeal slits
can be transient embryological features in amniotes or permanent organs for breathing in
bony fish or larval openings in amphibians without directly attached gills. Using this
example, His hinted toward hidden developmental patterns highly conserved during
phylogeny, with modifications leading to divergent adult structures and functions. This view
was in line with Darwin’s ideas (first presented publicly in 1858) and contrasted sharply
with ideas on the inheritance of acquired characters. Unfortunately, possibly due to their
negative view of Haeckel’s postulate that development simply recapitulates evolution,
neither His nor Miescher fully appreciated Haeckel’s insight that the nuclei carry
information from one generation to the next (Haeckel 1866). This underappreciation delayed
an understanding of the importance of ‘nuclein’ (later renamed nucleic acid) for the
‘inheritance of developmental principles® (now understood as the vertical transfer of genetic
information) (Dahm 2008).

It is important to realize the influence His had on contemporaries, exercised through his
technical advancements and by maintaining continuity with earlier insights into the germ
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layer theory of embryonic development (His 1868; His 1870b). His conclusions regarding
the derivatives of the ‘Zwischenstrang’ proved to be mostly accurate (trigeminal,
glossopharyngeal, vagus, ciliary ganglia) but in certain cases not (he concluded that the ear
anlage aligned with the ‘Zwischenstrang’ and was thus derived from it). Most notably, he
pointed out early on that the geniculate ganglion of cranial nerve VI does not derive from
the ‘Zwischenstrang’, thus indicating a different developmental origin for what he referred
to as “visceral ganglia‘. It was only later that the true origins of such ganglia as well as of the
ear anlage were identified as placodal (Mon Kupffer 1891). A more detailed account of the
development and history of neural crest and placodes has recently been provided and the
reader is referred to this review for more details on the subject (O’Neill et al. 2012).

Our review will concentrate on the insights provided by His on the human hindbrain with an
emphasis on its longitudinal regionalization and on the rhombic lip (‘Rautenlippe’). His
defined specific longitudinal domains based on external and internal features, and identified
the rhombic lip as the source of migratory cell populations giving rise to major dorsal and
ventral nuclei including the pontine nuclei (‘Brueckenkerne®) and the superior and inferior
olives, as well as the origin of cochlear and vestibular nuclei. We will complement His’
account with examples of current molecular understanding of the development of these
unique hindbrain features, cast in the context of an elaboration of a basal spinal cord-like
organization. Our review extends an excellent previous review on the rhombic lip (Ray and
Dymecki 2009) by providing this evolutionary context and by adding more recent molecular
insights.

Overview of His’ observations on the hindbrain of human embryos

His was a member of the ‘Entwicklungsmechanik’ school, believing in a mechanical
explanation of the development of brain structure. A major concern for him was to obtain a
mechanistic understanding of changes in the shape and form of the brain by identifying and
formally describing the underlying mechanical forces. His noted that the brain of amniotes,
and in particular of humans, in contrast to the brains of fish and batrachians (an older
taxonomic term for salamanders and frogs), undergoes significant shape changes that open
up the 4! ventricle and generate the flexures of the pons, midbrain, and the hindbrain/spinal
cord transition. His basic working hypothesis was that the neural tube behaves like a rubber
tube cut (or weakened) dorsally and subsequently compressed ventrally to create these
features. His description of the roof of the 4" ventricle and its shape, the appearance of the
caudal part being similar to that of a quill pen (‘calamus scriptorius”), showed clearly his
perception of the shape changes as consequences of external forces (Figure. 1). To His, the
lateral recesses of the 41 ventricle were formed by the force of the pons pushing against the
medulla oblongata in conjunction with a block to lateral expansion more caudally provided
by the developing ear anlagen. Thus, the form of the ‘Rautenhirn’ emerged: a tube fully
closed at the isthmus and spinal cord but with an increasingly wider gap in between,
stretching the thin, overlying roof plate.

His noted that in transverse sections through the rhombencephalon of the human embryo the
extremes of the alar plates, near their junctions with the roof plate, were set off by a
longitudinal pial sulcus, forming what he called the ‘Rautenlippen®, or rhombic lips (Figure
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2). Much of his subsequent work focused on neuron populations that he believed were
derived from the rhombic lips. His realized, based purely on histological evidence, that a
number of hindbrain neuron populations were generated through tangential migrations of
neuroblasts delaminating from the rhombic lips. His was the first to correctly identify these
migratory cells as they traverse the first tract laid down in the rhombencephalon, the solitary
tract (Figure 2). He also clearly noted the early formation of the internal facial genu and the
fiber bundles looping around the abducens motor nucleus (Figure 3) now known to arise
through the differential migration of facial branchial motor neuron populations in some
vertebrates (Glasco et al. 2012; Yang et al. 2014). His also noted the developmental
progression of the spinal dorsal root ganglion afferents and their eventual overlap with the
trigeminal afferents (Figure 4), and postulated this as an indication of an evolutionary
relationship between the spinal cord and hindbrain. Lacking physiological methods, he did
not, however, realize the functional implications of this overlap as a link between similar
sensory modalities in the spinal and hindbrain alar plates.

Following his early insights into the distinct origins of cranial and spinal sensory ganglia,
His provided a detailed reconstruction of a ventral view of the human embryonic brainstem
that highlighted all nerve fiber roots and many of their associated nuclei. His also drew some
of the nuclei he postulated to be derived from the rhombic lip, such as the pontine and
superior olivary nuclei (‘Brueckenkern’, ‘obere Olive’; Figure 4). The development of the
auditory centers was of particular interest to him, as well as to his son (His Jr 1889).
However, His Sr. did not consider the different auditory and vestibular subnuclei and relied
on the more sophisticated work of Ramon y Cajal for insights into the central projections of
auditory and vestibular afferents as they relate to these subnuclei and to the cerebellum.
Although His noted that the above-mentioned nuclei, as well as the rhombic lip and the
choroid plexus of the fourth ventricle, are features unique to the hindbrain, he did not
speculate about their evolutionary significance. Later work by the American school of
functional neuroanatomists identified some of these structures as mammalian or amniote
novelties, and Herrick (Herrick 1948) referred to them as ‘neomorphs’ of the hindbrain.
Below we will expand on this basic insight, rooted in Wilhelm His’ observations, and
explore how these ‘neomorphic’ hindbrain nuclei may have formed as an elaboration of a
basic spinal cord organization. We will put these neomorphic transformations into the
context of the distinctive neuromeric and longitudinal organization of the hindbrain
(Bermingham et a/. 2001; Mishima et a/. 2009; Ray and Dymecki 2009; Millen et al. 2014;
Hernandez-Miranda et al. 2016; Fritzsch and Elliott 2017).

His’ definition of longitudinal hindbrain regions, with an emphasis on the

sensory alar plate

His explicitly defined distinct longitudinal regions of the brainstem, in caudal to rostral
sequence (Figure 1): a) the ‘Schaltstueck’ (an intermediate segment between the spinal cord
proper and the tip of the calamus scriptorius where the rhombic lips start to diverge); b) the
calamus scriptorius region containing the gracile and cuneate nuclei; ¢) the medulla
oblongata (‘Nachhirn’); d) the pons (‘Bruecke’ or ‘Hinterhirn’) and e) the isthmus.
Throughout this region, the roof plate (‘Deckplatte’) in his description is either a thin
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epithelial sheet that elaborates the choroid plexus of the fourth ventricle or contains
parenchymal nervous tissue (within the isthmus and ‘Schaltstueck’ regions). His noted that
the alar plate (‘Fluegelplatte’) and basal plate (‘Grundplatte’) develop into various partially
identifiable nuclei. The left and right basal plates are connected by the diminutive midline
floor plate (‘Bodenplatte’), essentially following the nomenclature of His’ teacher, Remak.

His noted that the cranial nerves entering the alar plate at different longitudinal levels
formed distinct fascicles of sensory axons that in some cases were longitudinally continuous.
His identified, correctly, that one of these fascicles, composed of the trigeminal, facial,
glossopharyngeal and vagal nerve afferents, overlapped with the fascicle composed of
ascending spinal afferents (Figure 3). He thus perceived the hindbrain alar plate as an
elaboration of a basic spinal cord alar plate organization. However, due to the lack of
suitable tracing techniques, he was not able to identify the vestibular, auditory and solitary
nuclei and associated tracts as elements unique to the hindbrain. It remains unclear through
his writing whether His was aware of the posthumously published work of Deiters that
clearly showed the lateral vestibular nucleus, restiform body and cochlear nuclei at the
entrance of cranial nerve VIII (Deiters 1865).

Thus, His described the hindbrain as being composed of longitudinal domains of different
character, each containing specific sets of afferent inputs terminating in more or less defined
central nuclei, with other nuclei established at specific sites along the longitudinal axis by
migratory neuroblasts derived from the rhombic lip. He hinted at relationships linking
afferent populations entering at different longitudinal levels including at spinal levels. Later
work, mainly by the American school of neuroanatomists, placed the hindbrain sensory
nuclei in their scheme of functional longitudinal columns following the ideas of Gaskell
(Gaskell 1886). In this scheme, the solitary tract and nucleus were placed in the ‘special
visceral” afferent column and the vestibular and auditory nuclei in the ‘special somatic’
afferent column. Initially the use of visceral and somatic in this regard were meant to imply
some degree of continuity with the general visceral and general somatic columns of the
spinal cord. Herrick only later considered these as ‘neomorphs’ of the hindbrain and
accorded them status as ‘special’ columns restricted to the rhombencephalon (Herrick 1948).

Current molecular understanding of the longitudinal regionalization of the

hindbrain

Whereas the definition of the rostrocaudal extent of the hindbrain is possible based on
visible external morphological features in craniate vertebrates (sulcus isthmus and calamus
scriptorius, and in mammals the pyramidal decussation), such landmarks are less obvious in
chordate outgroups (lancelets and tunicates). Nevertheless, specific sequences of gene
expression (Figure 5) have been linked to the development of some of these anatomical
features, thus providing a means to assess phylogenetic relationships [see (Puelles and
Ferran 2012) for an example of genoarchitectural mapping in the mouse brain]. This is
particularly true for the midbrain/hindbrain boundary (MHB) and adjacent isthmus (Fritzsch
and Glover 2006; Albuixech-Crespo et al. 2017). It has been clarified that adjacent,
sequential and partially overlapping expression of a set of genes (Irx expression regulates
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expression of Otx and Gbx) initiates the formation of the MHB in craniates. Expression
boundaries of Otx/Gbx regulate the differentiation of cell types within the isthmic and
posterior midbrain compartments in a series of increasingly sophisticated interactions
(Figure 5). For example, Lmx1b (Mishima et a/. 2009; Millen et al. 2014) is needed to
upregulate Fgf8 (Guo et al. 2007) as well as to stabilize the expression of Wntl (McMahon
and Bradley 1990) which in turn is needed to maintain the expression of Fgf8 (Lee et al.
1997) which initiates the proliferation of specific neuronal progenitors such as those of the
oculomotor and trochlear motor neurons (Fritzsch et al. 1995). This set of molecular
interactions is only partly conserved in chordates (Fritzsch and Glover 2006; Albuixech-
Crespo et al. 2017) and other deuterostomes (Figure 5). Neither the MHB as such can be
identified in craniate outgroups nor do motor neurons form in the topographically equivalent
area (Fritzsch 1996), supporting the notion that these motor neurons are craniate novelties [a
notion that is also supported by their unique dependence on Phox2a, which evidently arose
in vertebrate craniates through duplication of an ancestral Phox2 gene (Pattyn et al. 1997,
Fritzsch et al. 2017)].

At its caudal end, the transition of the hindbrain into the spinal cord is less clear since a
sharp external morphological boundary is difficult to define unambiguously in a way that
encompasses all vertebrate taxa. In lampreys there is a distinct internal transition from the
hindbrain branchial motor neurons to the spinal somatic motor neurons (Fritzsch and
Northcutt 1993), but this transition becomes obscured in jawed vertebrates due to what has
been interpreted as a shift of the somatic hypoglossal neurons from the spinal cord to the
hindbrain (Higashiyama et a/. 2016). As a consequence, nearly nothing is known about the
molecular underpinnings of the hindbrain/spinal cord boundary, although the expression
domains of caudally expressed Hox genes (Toméas-Roca et al. 2016) and of key genes
specific respectively to hindbrain branchial and parasympathetic visceral motor neurons
(exemplified by Phox2b) and to spinal somatic and sympathetic visceral motor neurons
[exemplified by Olig2 (Fritzsch et al. 2017)] afford a potential avenue by which to discover
them. It has also been argued that the pyramidal decussation marks the hindbrain/spinal cord
transition (Tomés-Roca et al. 2016), but this feature, present only in vertebrates with a well-
developed motor cortex, provides little help in assessing phylogenetic relationships.
Moreover, neither the pyramidal decussation nor the associated expression boundary of the
caudally expressed Hoxb8 gene provide a sharp delineation between hindbrain and spinal
neuron populations [although the possibility remains open that the expression boundaries of
other Hox8 paralogues may do so (Toméas-Roca et al. 2016)].

Between these two extremes lie His’ calamus scriptorius region (containing the gracile and
cuneate nuclei), ‘Nachhirn’ (medulla oblongata), and ‘Hinterhirn” (pons), which he
evidently distinguished in large part based on the shape and appearance of the 4! ventricle.
Although His, having worked on chicken embryos, had almost certainly seen rhombomeres
himself, he did not include these morphological features in his description of human
hindbrain regions [rhombomeres are also visible in the human embryo; see (Atwell and
Danchakoff 1930)]. We now know that the overt segmentation of the pontine and upper
medullary (in some accounts termed “retropontine”) regions into rhombomeres, and the
differential specification of their constituent neuron populations, is driven by a complex
interaction of signaling systems and transcription factors in which retinoic acid, specific
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fibroblast growth factors (Fgf8a/b) and Hox genes play pivotal roles [reviewed in (Glover et
al. 2006; Parker and Krumlauf 2017)]. A similar mechanism, albeit without the elements that
instate physical segmentation, is likely to underly the specification of the cryptic
pseudorhombomeres which continue in sequence from the last true rhombomere
(rhombomere 6) to pseudorhombomere 11 (Cambronero and Puelles 2000; Toméas-Roca et
al. 2016). Based on comparison of His’ drawings and contemporary studies of overt and
cryptic hindbrain segmentation, the first rhombomere lies within or in close proximity to
what His described as the isthmus, rhombomeres 2-4 correspond to the Hinterhirn,
rhombomeres 5 and 6 to the upper part of the Nachhirn, and pseudorhombomeres 7-11
correspond to the lower part of the Nachhirn and the calamus scriptorius region. A recent
study indicates that, in its modern definition, the isthmus is a domain separate and
immediately rostral to the first rhombomere, and specified by the expression of Fgf8
(Watson et al. 2017b).

The Hinterhirn, or pons, is of particular interest, since recent work has shown that its
traditional definition, based on the outward ventral bulge associated with the basilar pontine
nuclei, represents only a superficial feature rather than a core division of the neural tube
(Puelles and Ferran 2012; Nieuwenhuys and Puelles 2016). This is particularly misleading in
humans, where the basilar pontine nuclei, as the main relay for information from the cortex
to the cerebellum, are so well developed that they completely dominate the ventral surface of
the upper hindbrain. For decades this has been assumed to indicate that the hindbrain
parenchyma deep to the basilar pons constitutes a separate division of the hindbrain, but this
is an illusion. Recent studies have shown that the pontine nuclei originate from the rhombic
lips through a well-orchestrated migration, with the neurons eventually settling on the
ventral surface of the hindbrain several rhombomeres more rostral (see the section on His’
postulated neuroblast migrations below). Moreover, supernumerary pontine nuclei,
generated through genetic manipulation of migratory mechanisms, can settle at ectopic
ventral sites (Di Meglio et al. 2013), a clear indication that the pontine nuclei do not define a
specific domain of the underlying neural tube (Watson et a/. 2017a).

Current understanding of the developmental and evolutionary origins of

sensory afferent inputs to the hindbrain alar plate

Understanding the developmental and evolutionary origins of sensory nuclei unique to the
hindbrain is tightly linked to the developmental and evolutionary origin of their afferents.
While His noted that the geniculate ganglion did not originate from his ‘Zwischenstrang’, he
was not able to identify its unique placodal origin (Mon Kupffer 1891; O’Neill et al. 2012).
Indeed, at the time the dual origin of cranial ganglia from placodes and neural crest was
clarified, the organizational scheme of hindbrain sensory nuclei as a continuation of spinal
organization, albeit with some idiosyncrasies (Gaskell 1886), was already deeply rooted and
was not adapted to these new insights. We know now that ventral epibranchial placode-
derived afferents terminate in the “special visceral column’ (taste bud afferents of cranial
nerves VII, IX, X to the solitary tract) and dorsolateral otic placode-derived afferents provide
the sole sensory input to the ‘special somatic column’ consisting of the vestibular/auditory
nuclei. Thus, the evolutionary origin of Herrick’s neomorphic hindbrain nuclei is linked to
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the emergence of cranial placodes. There is growing evidence that placodal precursor cells
may be present in the lancelet and ascidians based on the presence of peripheral cells that
express specific miR and bHLH genes and that project axons into the central nervous system
(Fritzsch 1996; Pierce et al. 2008; Candiani et a/. 2011; Jahan et al. 2012; Tang et al. 2013,;
Rigon et al. 2017; Schlosser 2017). But the particulars about how such basal chordate
sensory cells evolved into the hair cells and sensory neurons of vertebrate cranial placodes
remains to be elucidated (Fritzsch and Elliott 2017).

It is interesting to note that epibranchial (geniculate, petrosal, nodosal) placode-derived
ganglia are the first to develop and uniquely depend on Neurog2, whereas all neural crest-
and otic placode-derived ganglia develop later and depend on Neurogl (Fode et al. 1998; Ma
et al. 1998; Ma et al. 2000). If the sequence of afferent development reflects evolution,
epibranchial placode-derived sensory neurons evolved before neural crest-derived and otic
placode-derived sensory neurons and, in sequence, ear, mechanosensory and electrosensory
placode-derived ganglia (O’Neill et al. 2012; Chagnaud et a/. 2017). If this in turn predicts
the evolution of their central targets, that sequence would be branchial motor neurons and
the solitary nucleus before somatic motor neurons and the vestibular and auditory nuclei. We
have argued earlier on the basis of phylogenetic relationships that branchial motor neurons
evolved before true somatic motor neurons [with peripheral axon projections (Fritzsch et al.
2017)]. Evidence for potential co-evolution of a system of efferents, afferents and central
targets comes from the finding that branchial motor neurons, epibranchial placodes and their
projections to the solitary nucleus and tract all depend critically on the expression of Phox2b
(Dubreuil et al. 2002; Haming et al. 2011; Hernandez-Miranda et a/. 2016), and thus likely
arose together with the appearance of this gene in the chordate lineage. For aquatic animals
that breathe and filter feed with the gills, a developmental mechanism whereby a single
transcription factor drives the formation of branchial motor neurons that innervate gill-
associated muscles and of a reflex arc composed of gill-associated chemosensors and their
central sensory targets provides an efficient evolutionary solution.

His and his contemporaries were keenly aware that the vestibular and auditory afferents
entered the brain as distinct nerves adjacent to the facial nerve (Figure 4) as this was already
drawn by Deiters (Deiters 1865). Later comparative work demonstrated in addition the
existence, in primary aquatic vertebrates, of mechanosensory lateral line organs and
electroceptive ampullary organs that derive from a series of dorsolateral neurogenic placodes
(O’Neill et al. 2012). None of these latter structures were known to His. Due to technical
difficulties in differentially tracing the afferents of these organs relative to auditory and
vestibular afferents, the overall area of termination of vestibular, auditory, lateral line and
electroceptive sensory afferents was dubbed the ‘octavo-lateral area’, assuming some degree
of afferent overlap between lateral line and inner ear afferents (Herrick 1948). Later work
using modern tract tracing techniques has shown that the octavo-Ilateral afferent central
projections develop after neural crest-derived trigeminal afferents and project in a
spatiotemporal sequence from the most ventral (auditory afferents, terminating just above
the trigeminal afferents) to the most dorsal (electroceptive ampullary organ afferents), in the
same sequence as the development of the peripheral sensory organs (Fritzsch et al. 2005).
Thus, these afferent populations segregate centrally in a way that reflects their temporal
formation, raising the question of whether they in fact exhibit an active and selective
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targeting of specific central neuron populations. More recent data indicate a surprising
degree of autonomy in auditory afferent projections that develop in the absence of any
peripheral or central target (generated by knockout of Atohl (Elliott ef a/ 2017)). Similarly,
taste bud afferents terminate correctly in the area of the solitary tract even when the
formation of the solitary nucleus has been disrupted (Qian et a/. 2001; Dauger et al. 2003).

The autonomy of ingrowing afferents suggests that the developmental formation of
epibranchial and dorsolateral placode-derived sensory neurons and afferent projections
precedes the formation of distinct target nuclei in the hindbrain, much as the formation of
specific areas of neuropil precedes formation of distinct nuclei in the visual system (Herrick
1948; Rettig et al. 1981; Morona et al. 2017). This accords somewhat with the
neurobiotactic idea of Ariens-Kappers (Kappers et al. 1936) that central neurons migrate
into areas of their major sensory input and thus generate sensory ‘nuclei’. The idea that
afferents generally “attract’ neurons to migrate to them was later dismissed by showing that
motor neuron migration occurs in the absence of afferents and is driven by identified
molecules related to the Wnt signaling and other pathways (Yang et a/. 2014). Unfortunately,
most second order sensory neurons within hindbrain nuclei die in the absence of an afferent
input (Levi-montalcini 1949; Rubel and Fritzsch 2002; Elliott ef a/ 2015) rendering it nearly
impossible to assess whether their migration is independent of afferents.

We make here a short aside on an issue of anatomical terminology. Based on the above, we
would argue that the use of “general” and “special” columns, introduced by Herrick decades
ago with a clear but incorrect notion of evolutionary sequentiallity, should be replaced by
terms that reflect the developmental source of their afferents. Thus, the general somatic and
general visceral columns should be renamed the “neural crest somatic” and “neural crest
visceral” columns, respectively, and the “special somatic” and “special visceral” columns
should be renamed the “dorsolateral placodal” and “epibranchial” columns. This would
eliminate the now obscure semantic origins of “general” versus “special” senses and their
unfortunate connotations of a sequence of evolutionary events that apparently did not happen
and is certainly not recapitulated during development.

Molecular fate-mapping of dorsal sensory nuclei derived from the rhombic

lip and adjacent alar plate regions

As noted above, the definition of the rhombic lip was originally based on morphological
features discerned by His in cross sections of the hindbrain of the human embryo. Since
these features are not as obvious in other species, a definitive morphological delineation of
the rhombic lip has not been possible in experimental studies. Rather, an operational
definition has been used based on the expression of transcription factors by neural
progenitors in the ventricular zone at the extreme of the alar plate (Figure 6). In particular,
the early domain of expression of Wnt1 has been taken to delineate the rhombic lip (Nichols
and Bruce 2006; Ray and Dymecki 2009), and the expression of other transcription factors
within this Wnt1 domain defines subpopulations of rhombic lip progenitors (Ray and
Dymecki 2009). This is not a consensus definition, since the rhombic lip of rhombomere 1,
which gives rise to the external granule layer of the cerebellum, is considered by some to be
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restricted to the Atohl/Math1 progenitor domain (Wang ef a/. 2005; Chizhikov et a/. 2010).
A full validation of progenitor domain-based definitions of the rhombic lip as they relate to
His’ original would require the same assessment of transcription factor expression in the
human embryo, which has not been performed. Nevertheless, genetic fate mapping of the
progenitor subdomains in the mouse embryo has shown that they give rise to multiple
neuron types determined by His to derive from the original Rautenlippe. In addition to the
ventral migratory neuron populations that will be considered in the following section, these
include neurons of the cerebellum, which originate from the r1 rhombic lip, and those of the
auditory, vestibular, lateral line and electroreceptive nuclei, which originate from the
rhombic lip in more caudal rhombomeres. We focus on the latter sensory nuclei, as these are
most relevant to our topic. We note that the development and evolution of the cerebellum, a
part of the hindbrain which varies volumetrically in craniates from being nearly absent in
hagfish to being by far the largest part of the brain in certain electroreceptive bony fish, is a
significant feature of hindbrain development (Millen et al. 2014) and evolution (Butts et al.
2014) but will not be covered here [for information about the developmental origins of the
cerebellum, see (Wang et a/. 2005; Hagan and Zervas 2012; Hoshino 2012)].

Genetic fate mapping in the mouse has shown that the different auditory nuclei derive
collectively from the rhombic lip of r2-r5 and from non-rhombic lip progenitor domains of
r3-5 (Farago et al. 2006). This is the region between the entry points of cranial nerves V and
IX, as correctly depicted by Wilhelm His (see Figure 4). Many of the rhombic lip-derived
neurons in the auditory nuclei originate from the Atohl/Math1 progenitor subdomain (Wang
et al. 2005; Farago et al. 2006; Fritzsch et al. 2006), which contributes heavily to the
parvocellular populations of the anteroventral and posteroventral cochlear nuclei (AVCN,
PVCN), but only meagerly to the largely magnocellular dorsal cochlear nucleus (DCN). The
remaining portions of the auditory nuclei receive rhombic lip contributions from the Ptfla
progenitor subdomain (Yamada et a/. 2007; Fujiyama et al. 2009; Di Bonito and Studer
2017). Although the auditory nuclei in the chicken are also known to derive from dorsal
progenitors (Tan and Le Douarin 1991; Cramer ef a/. 2000), it is not known to what extent
these are restricted to the rhombic lip. Moreover, there are striking differences in the
rostrocaudal origins of auditory nuclei in the mouse (rhombomeres 2-5) and chicken
(rhombomere 3 to pseudorhombomere 8), suggesting that functionally comparable nuclei in
the two species are not developmentally homologous but may have arisen through
convergent evolution (Fritzsch 2003; Farago et al. 2006).

The different vestibular nuclei and their constituent projection neuron subpopulations have
been shown to derive from specific rhombomeres in the mouse, chicken, fish and frog (Diaz
et al. 1998; Glover 2000; Pasqualetti et a/. 2007; Bonito et al. 2013; Straka et al. 2014;
Chagnaud et a/. 2017), in a pattern that features certain elements that are highly conserved
and others that are phylogenetically variable. Although their origins from specific
dorsoventral domains has not yet been described systematically, (Fritzsch et al. 2006; Ray
and Dymecki 2009) have reported a transient expression of Neurogl in caudal vestibular
nuclei. Ongoing studies, however, have shown that only some vestibular projection neuron
populations derive from the Neurogl domain, whereas others derive from nonrhombic lip
progenitor domains (J. C. Glover and S. Dymecki, unpublished).
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The origins of lateral line and electroreceptive nuclei in aquatic vertebrates are poorly
understood. A comprehensive assessment of their segmental and rhombic lip/alar plate
origins as they relate to those of the auditory and vestibular nuclei will be necessary to fully
understood the evolutionary relationships among these nuclei across primary aquatic
(Chagnaud et a/. 2017) and amniote (Fritzsch and Elliott 2017) vertebrate taxa.

Neuroblast migrations from the rhombic lip to ventral nuclei postulated by

His have been confirmed using modern techniques

One of the most impressive conclusions reached by Wilhelm His Sr. was that he could trace
tangential migratory streams of neuroblasts that left the rhombic lip, traversed the solitary
nuclei and tract and formed arcuate cell streams that populated the superior and inferior
olive as well as the pontine nuclei. Later work, first using chicken-quail transplantation (Tan
and Le Douarin 1991), then lineage tracing using viral (Hemond and Glover 1993) and
eventually more sophisticated transgenic techniques (reviewed in (Ray and Dymecki 2009;
Kratochwil et al. 2017), confirmed and extended these findings. It is noteworthy that it took
over 100 years and the invention of several new technologies to not only confirm but go
beyond the details of rhombic lip contribution to various nuclei. In addition, His only
distinguished between caudal (medullary) and rostral (pontine) rhombic lip as migratory
origins. More recent studies have taken advantage of the longitudinal and dorsoventral
expression patterns of specific genes to generate intersectional genetic fate-mapping
approaches to pinpoint specifically from which rhombomere and which dorsoventral
progenitor subpopulation certain nuclei derive, adding the Hox gene expression and
neuromeric model to the overall scheme developed by Wilhelm His Sr (Nieuwenhuys and
Puelles 2016; Parker and Krumlauf 2017). For example, studies utilizing a variety of
transgenic mouse lines has demonstrated that the neurons that make up the basilar pontine
nuclei originate from the rhombic lip of rhombomere 6 and pseudorhombomeres 7-8 and
migrate in a curved, tangential path (the “anterior extramural stream”) to settle on the ventral
surface of rhombomeres 3 and 4 (Wang et a/. 2005; Nichols and Bruce 2006)(Watson et al.
2017a). The superior olive, an auditory relay center in the ventral brainstem was claimed to
derives from the rhombic lip of rhombomere 6 and pseudorhombomeres 7-8 (Farago et al.
2006) or rhombomeres 4 and 5 (Bonito et al. 2013; Di Bonito et a/. 2013; Tomas-Roca et al.
2016). Other rhombic lip-derived migratory neuron populations that His did not discern
include the reticular tegmental nucleus, which has an origin similar to that of the basilar
pontine nuclei, and the lateral reticular nucleus and external cuneate nucleus, which
originate from the rhombic lip of rhombomere 6 and pseudorhombomeres 7-8 (Ray and
Dymecki 2009; Martinez-de-la-Torre et al. 2017). Additional populations that originate from
the rhombic lip are paralemniscal cell populations at prepontine levels (Martinez-de-la-Torre
et al. 2017).

Lmx1la and Lmx1b specify the roof plate and choroid plexus, and

secondarily regulate the specification of adjacent rhombic lip progenitors

We already noted above the role played by Lmx1b in defining the MHB boundary via
induction of Fgr8and stabilization of Wnt1/Fgrf8expression (Fritzsch and Glover 2006; Guo
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et al. 2007; Mishima et al. 2009). In addition to defining the MHB, Lmx1bis coexpressed
with the related LIM-homeodomain transcription factor, LmxZa, in the dorsally most
extreme progenitor domain of the hindbrain, which gives rise to the roof plate of the 4t
ventricle and its later derivative, the choroid plexus (Mishima et al. 2009). The LmxIa/b
expressing 41 ventricle roof plate functions as a signaling center that regulates the
development of the adjacent progenitor domain through secretion of Bmps, which induce the
expression of Atoh1/Mathl (Chizhikov et al. 2006). Atohl/Mathl is a master regulatory
bHLH gene (Bermingham et a/. 2001; Wang et al. 2005) whose expression is essential for
the development of cerebellar glutamatergic neurons and neurons of the auditory nuclei
(Fritzsch et al. 2006; Ray and Dymecki 2009), and presumably other neurons that derive
from the Afohl/Math1 progenitor domain.

Genetic fate mapping has shown that LmxZ1a plays a non-redundant role in segregating the
roof plate lineage from adjacent cerebellar progenitors in rhombomere 1 (Chizhikov et al.
2010). The roof plate of the 4" ventricle appears essentially normal in LmxZb-null embryos,
and is not severely compromised in early LmxIa (dreher) mutant embryos, although its
growth is reduced in older dreher mutant embryos. By contrast, the roof plate of the 4t
ventricle fails to develop in LmxZ1a/b double mutants, indicating that the two LmxZ genes
are necessary for and play redundant roles in the induction of this structure (Mishima et a/.
2009). Consistent with the loss of the roof plate and its Bmp signaling function, Atoh1/
Math1is not expressed in the rhombic lip of LmxZa/b double mutants (Figure 6). Wnt1
expression is also largely lost, indicating that LmxIa/b stabilize the expression of Wntgenes
here as Lmx1b does at the MHB (Mishima ef a/. 2009; Ray and Dymecki 2009; Hernandez-
Miranda et al. 2016). Morphological and immunohistochemical analyses reveal a spinal
cord-like morphology of the LmxZa/b double mutant hindbrain, with an almost complete
lack of the cerebellum (Mishima et a/. 2009). Other dorsal hindbrain neuron populations
were not specifically investigated.

Obviously, Lmx1band LmxIa, in addition to being required for roof plate specification,
could contribute more generally to the evolution of the hindbrain, as they regulate key
aspects of midbrain-hindbrain boundary formation as well as rhombic lip formation through
roof plate specification and signaling. It is noteworthy in this context that LmxZ1bis
apparently the ancestral gene, also found in other phyla, whereas LmxIahas only been
identified in chordates (Figure 7). It is interesting that ascidians, which lack Gbx genes (a
major component of MHB formation, Figure 5), have multiplied LmxZ genes into two
distinct groups of paralogs (Figure 7). It will be important to characterize the expression of
these ascidian genes to better understand how the evolution of the protein coding sequence
correlates with the evolution of regulatory elements that drive LmxZIa/bexpression.

The near complete absence of cerebellum in LmxZa/b double mutants (Mishima et a/. 2009)
clearly highlights the importance of LmxI genes for the evolution of the cerebellum (Pose-
Méndez et al. 2016). Since Atohl/Mathl is required for formation of cochlear nuclei (Elliott
et al. 2017), cochlear nuclei are also expected to be affected in LmxIa—/~b-/-mutants and
their evolution may depend on LmxI genes as well. The development of sensory nuclei
associated with electroreceptive ampullary organs and mechanosensory lateral line organs
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seem also to depend on Atohl/Math1, and thus may additionally depend on dorsal
expression of Lmx1 genes (Figure 8).

The degree to which LmxZa/b regulate other rhombic lip progenitor subpopulations, in
particular those in r2-8, has not been determined. How the expression of LmxIa/b itself is
controlled by emerging upstream regulators (Burzynski et a/. 2013; Doucet-Beaupré et al.
2015) also remains to be elucidated, as does the evolution of the LmxZa/b sequence (Figure
7). Multiple splice forms of LmxZahave been described, and several proteins that regulate
differential splicing are expressed in the hindbrain (Saito et a/. 2016), suggesting that
differential splicing of the Lmx1 genes may regulate Lmx1a/b-mediated signaling.

His was unaware of the diversity of dorsolateral placode-derived organs (O’Neill et al.
2012). He was therefore unaware of one of the most sophisticated evolutionary changes in
the hindbrain: the loss of electroreception and the mechanosensory lateral line, found now
only in primary aquatic species, and the overlapping gain of the auditory nuclei (Fritzsch et
al. 2006; Fritzsch and Elliott 2017) (Figure 8). Numerous ideas have been proposed about
how the loss of one sensory modality and the gain of another could occur during evolution.
Assessing the differential effects of evolutionarily diverse LmxZa/b sequences (Figure 7) in
regulating the proliferation and differentiation of different rhombic lip progenitor
subpopulations in multiple vertebrate lineages (Doucet-Beaupreé et al. 2015) offers novel
possibilities to explain the enlargement or reduction of rhombic lip derivatives such as the
cerebellum and the auditory nuclei. Given the partial overlap and possible redundancy of
Lmxla/b-mediated signaling, knockin strategies of LmxZIbinto the LmxIalocus (and vice
versa) will be needed to fully elucidate the non-overlapping function of the Lmxl1a/b
proteins. In parallel, more comparative, molecular information is needed about how placode-
derived sensory afferents interact with their target hindbrain sensory nuclei. Work along
these lines will provide a clearer picture of how the signaling role of LmxZa/band the
emergence of new sensory neuron modalities have shaped the hindbrain. His could not
foresee how his descriptions of the neural crest, different hindbrain regions, and the
hindbrain rhombic lip and roof plate would one day lead to groundbreaking genetic
experiments that promise to contribute profound molecular insights into hindbrain
development and evolution.

Summary

In summary, Wilhelm His Sr. not only laid the foundations for understanding the neural crest
as the origin of much of the peripheral sensory nervous system but also provided keen
insights into the importance of the adjacent rhombic lip in the formation of central neuron
populations novel to the hindbrain. His work thus contributes to an understanding of the
evolutionary elaboration of a basic spinal cord organization into the more complex and
functionally diverse hindbrain region. This elaboration is likely to have been driven by the
appearance of epibranchial and dorsolateral placodes and their specialization to generate
new sensory afferent types, and the consequent recruitment of neuronal progenitors in the
rhombic lip and alar plate, potentially driven by the actions of Lmx1a/b, to provide novel
central sensory nuclei as targets. Further investigation of the molecular underpinnings of
both placode and rhombic lip development is a key objective for future studies. While some
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of the molecular basis for the variability in rhombic lip derivatives in different vertebrate
lineages is emerging, more work on the complex interplay between Lmx1a and Lmx1b
proteins and downstream effector genes such as Afohl/Mathl is needed before we gain a
full understanding of how the rhombic lip contributes to making the hindbrain unique.
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Highlights
The description of Wilhelm His Sr of the developing human hindbrain is
reviewed and put in the context of modern insights.

Major contributions of the rhombic proposed by His have been confirmed and
detailed with modern techniques.

The role of the choroid plexus, first indicated by His in the definition of the
rhombic lip is molecularly highlighted using the recent data on the evolution
and development of Lmx1a and b.

The morphological diversity of the vertebrate alar plate is considered in the
context of placodal and rhombic lip evolution.
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Fig. 4.
Gehirn vom Embryo Ly, Profil-Constraction. Vergr. 35. A Augenblase, H Hemisphirenhirn, Z Zwischenhirn,

M Mittelhirn, [ Isthmus. Hh Hioterhirn, N Nachhirn, Gb Gehirblase, R/ Rautenfeld, NK Nackenkrimmung,
Br Brickenkrimmung, Pm Processus mammillaris, 7r Trichterfortsatz,

Fig. 8.
Querschnitt dureh das Rautenhirn vom Embryo Ru (N1, 9,1 mm). Vergr. 40, Rl. Rautenlippe, T.s. Tractus solitarius.

Fig 1.

(S?]owing His, 1890 Fig.1) Brain of embryo Lg, profile-construction, Mag 35, a, eye vesicle,
H, forebrain hemisphere, Z, diencephalon; M, mesencephalon; I, isthmus; Hh, pons; N,
medulla oblongata; Gb, ear vesicle; Rf, rhombencephalon; NK, spinal flexure; Br, pontine
flexure; Pm, mammillary bodies; Tr; pituitary. Note the shaded area below RF that shows the
choroid plexus (not labeled as such by His).
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(Showing His, 1890 Fig. 8) Coronal section through the rhombencephalon of embryo Bm,
NI 0.1 mm, Mag 40, Rl rhombic lip; Ts, solitary tract.
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Fig. 17.
Yentrale Flachonansicht dos verlingertan Markes von Embryo Mr. Constructionshild, Vergr. 1. — Die Kerne
vom Olive (bex. die Grangplatte), oberer Olive, Brocke, Facialis nnd Abducens sind singexeichnet. Die Nervens

sustritte wind weiss susgespart. Links vom Deschaner ist die Lingsfaserung des Tractos intermedius und Funi-

enlus restiformis eingetragen, rechtn sind die den Tractus intormedius nmgreifenden und in den P. restiformin

wbergebenden Bogenfasorn dargostellt, Rochta ist dor N. cochloae abgeschaitten, mau sioht anf dea Querschaitt

dor Fasern, wolche den P, restiformis lateralwirts wmgreifen. Dor intramedullare Verlanf des N. facialis ist

Jinks vollsthndig, rechts nur theilweise elngozeichnet, dafir int links der Abducenslern nur punktirt angegeben.

0, Olivengransplatts, 6.0, obere Olive, Br.xackiger Brickenkern, N.v. Norv, vestiball, ¥. e Nerv. Cochlens,
Ri, Rautonlippe,

Fig. 18.

Seitlichor Sagittalschnits durch das verlingerte Mark des Twichentl. Embryo #M. Die Figur ist ein vereinfach-

tor Amszug der in Taf, IV mitgetheilten Photographie und ich verweise auf die Erklirung jemer Tafoln. @. 6.

Gsoglion Gasseri, . v, Ganglion vestibuli, N.v. Nervas vestibuli, gablig sich spaltond, T\ Tractes selitaring,
V. N.trigeminus, IX. Glossopharyngeus. X. N, vagus,

Fig 3.

(S%owing His, 1890; Fig. 17) Ventral view of the rhombencephalon of embryo Mr, image of
a reconstruction, Ma 15 — The olivary nuclei (or pons), superior olive, pons, facial, abducens
are shown). Nerve roots are shown in white. The left shows the intermediate tract and the
restiform body, the right shows the arcuate fibers surrounding the intermediate and pass to
the restiform body. The right cochlear nucleus is removed to show the fibers that surround
laterally the restiform body. The intramedullary course of the facial nerve is completely
shown on the left, but only partially on the right, but the abducens is only outlined by a
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dotted line. G, pons, 00O superior olive, Br, dentate potine nucleus; Nv, vestibular nerve; Nc,
cochlear nerve; RI, rhombic lip.
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Fig. 18
sagittalschnitt durch das verlangoerte Mark des Twochentl, Embryo #M. Die Figur 18t ein vereinfach
der in Taf, IV mitgetheilten Photographie und ich verweise auf die Erkliarung jener Tafeln. 6. 6.
eri, /. v. Ganglion vestibuli, &.v. Nervus vestibuli, gablig sich spaltend, 7. s. Tractus solitarius,
V. N.trigeminus, IX. Glossopharyngeus. X. N, vagus,
Fig. 4.

(Showing His, 1890; Fig. 18) Parasagittal section of the rhombencephalon of the 7 week old
embryo FM. This Fig is a simplified excerpt of the photograph in plate IV and | refer to this
plate for explanations. Gg, Gasserian ganglion, Gv vestibular ganglion, Nv, vestibular nerve,
bifurcating; Ts, solitary tract; V, descending tract of V; IX Glossopharyngeus; X, vagus.
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Fig. 5.

Tt?e evolution of gene expression at the midbrain—-hindbrain boundary (MHB) is shown for
deuterostomes. The MHB of vertebrates exhibits abutting domains of Otx2 and Gbx2
expression (d—g). This stabilizes the expression of Fgf8 (g), which in turn stabilizes the
expression of Wntl and engrailed (Enl). Mutation of Otx2, Gbx2, Fgf8, or Wntl eliminates
the MHB. Pax2/5/8 are also expressed at the MHB, whereas the expression of Dmbx occurs
immediately rostral to the MHB in the midbrain to later expand into the hindbrain and spinal
cord (d). Note the partial overlap of Pax2/5/8 with the caudal expression of Otx2 and the
rostral expression of Gbx2 (d). Hemichordates (a) have overlapping expression of Gbx, Otx,
Irx and En in the rostral trunk. Pax6 abuts Gbx2 whereas Pax2/5/8 overlaps with the caudal
expression of Gbx2. Outgroup data suggest that coelenterates have a Dmbx ortholog, thus
raising the possibility that hemichordates (a) also have a Dmbx gene. Cephalochordates (b)
have no Dmbx expression in the *brain’. The Otx expression domain abuts the Gbx
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expression domain, as in vertebrates. However, Gbx overlaps with Pax2/5/8 and most of
Irx3. Urochordates (c) have no Gbx gene but have a Pax2/5/8 and Pax6 configuration
comparable to vertebrates. Dmbx overlaps with the caudal end of the 1rx3 expression
whereas Dmbx expression is rostral to Irx3 in vertebrates. Together, these data show that
certain gene expression domains are topographically conserved (Foxgl, Hox, Otx), whereas
others show varying degrees of overlap. It is conceivable that the evolution of nested
expression domains of transcription factors is causally related to the evolution of specific
neuronal features such as the evolution of oculomotor and trochlear motoneurons (d, €)
around the MHB. Experimental work has demonstrated that the development of these motor
centers depends on the formation of the MHB. Modified after (Fritzsch and Glover 2006;
Guo et al. 2007; Mishima et al. 2009; Fritzsch et al. 2015; Albuixech-Crespo et al. 2017))
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Loss of LmxZ1a/b results in absence of the typical rhombencephalic form with a IVth
ventricle covered by a choroid plexus. It also eliminates the midbrain-hindbrain boundary
and thus anterior hindbrain/midbrain structures such as oculomotor and trochlear
motneurons and the substantia nigra. The cross sections of the alar plate show the partially
overlapping expression of different factors in the alar plate that regulate development of
subpopulations in rhombomere 7. Note that the expression domains of bHLH genes in r1-5
are only partially clarified. Note also that loss of Lmx1a/b eliminates expression of Atohl
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and Wnt1 throughout most of the hindbrain. Modified after (Mishima ef a/. 2009; Ray and
Dymecki 2009)
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Fig. 7. Phylogenetic analysis of the chordate LMX1 protein family
Vertebrate LMX1A and LMX1B subclades are depicted in red and blue, respectively, and

the predicted LM X1 peptide from the Japanese lamprey (L. japonicum JL14965) is in purple
(REF #1). Non-vertebrate, chordate out-group sequences (black) consist of a pair of
duplicated LMXI1 genes, /Imx-likeand /mx, which are present in the genomes of each of the
two ascidians Ciona intestinalis and Ciona savignyi. Node values represent posterior
probabilities after phylogenetic analysis via Bayesian inference.
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Fig. 8. Proposed octavo-lateral evolution
Evolution from the common ancestor of Amphioxus and Lamprey resulted in the eventual

expansion of the alar plate to accommodate the vestibular, lateral line, and electroreceptive
nuclei. Sharks, Latimeria, and salamanders have lost Dorsal cells (DC), but acquired the
sensory MesV nucleus. Most bony fish have retained a lateral line projection, but have lost
electroreception. Similarly, frogs have done the same, but have additionally gained auditory
nuclei. Amniotes have lost both lateral line projections and electroreception, but have

Dev Biol. Author manuscript; available in PMC 2019 October 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Glover et al.

retained auditory nuclei. AO, ampullary organs; Neu, neuromasts; ST, solitary tract.
Modified after (Fritzsch and Elliott 2017)
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