
Patterning the Vertebrate 
Neuraxis 

Andrew Lumsden and Robb Krumlauf 

Neuraxial patterning is a continuous process that extends over a protracted period of 
development. During gastrulation a crude anteroposterior pattern, detectable by mo
lecular markers, is conferred on the neuroectoderm by signals from the endomesoderm 
that are largely inseparable from those of neural induction itself. This coarse-grained 
pattern is subsequently reinforced and refined by diverse, locally acting mechanisms. 
Segmentation and long-range signaling from organizing centers are prominent among 
the emerging principles governing regional pattern. 

1 he central nervous system (CNS) arises 
from the neural plate, a cytologically homo
geneous sheet of epithelial cells that forms 
the dorsal surface of the gastrula-stage em
bryo. The peripheral nervous system arises 
from ectodermal placodes and neural crest 
cells that form at the lateral fringes of the 
plate. The neural plate subsequently rolls up 
on its anteroposterior (AP) axis to form a 
tube, the expanded anterior end of which 
then partitions into a series of vesicles rep
resenting the anlagen of fore-, mid-, and 
hindbrain. Posteriorly, the long, uniformly 
narrow tube forms the spinal cord. These 
early morphological features of the neurax
is, accompanied by position-specific expres
sion of developmental control genes, dic
tate the overall plan of the CNS and pre
dict its regional specializations. Within 
each region, a large diversity of neuronal 
cell types is then generated, each with dis
tinct identities in terms of morphology, ax-
onal trajectory, synaptic specificities, neu
rotransmitters, and so on. The intricate spa
tial order of differentiated neurons, essential 
to the subsequent formation of functional 
circuits, is crucially dependent on correct 
regional specification. 

Signals from adjacent tissues are in
volved at all stages of neuraxial patterning. 
Neural-inducing factors and modifiers pro
duced during gastrulation by the (endo)me
soderm establish an initial crude AP pattern 
in the overlying neural plate. Although the 
precise nature of this early patterning infor
mation remains unclear, the inductive sig
nals that confer forebrain identity appear to 
differ qualitatively from those that operate 
more posteriorly. The coarse-grained pat
tern that emerges at the end of gastrulation 
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is progressively refined, resulting in a pre
cise regional variation in cell identity. 

Patterning of cell types appears to be 
organized on a Cartesian grid of positional 
information, the coordinates of which cor
respond with the AP and dorsoventral (DV) 
axes of the neural tube: analyses of cell fate 
after experimental rotation of the neural 
plate (1,2) have indicated that regional fate 
is determined along the AP axis before and 
independently of fate restriction on the DV 
axis. We will confine our discussion to the 
assignment of AP regional identity, as pat
terning on the DV axis has been compre
hensively reviewed elsewhere (3, 4). We 
will focus on two well-studied regions, the 
hindbrain and the midbrain, to illustrate 
distinct but not mutually exclusive modes of 
local patterning: segmentation plays a prom
inent role in the hindbrain, whereas a dis
crete signaling region at the isthmus sets up 
the AP polarity of the midbrain. The fore-
brain has been less intensively studied, but 
interesting parallels with hindbrain develop
ment are considered. 

Early Role of the Mesoderm in 
Regionalization 

Investigation of the earliest developmental 
events has focused on the amphibian em
bryo, in which it was first seen that neural 
fate is imparted to competent ectoderm by 
signals emanating from the dorsal blas
topore lip. Spemann noted that the early 
dorsal lip, grafted heterotopically, could in
duce an entire neuraxis but the later dorsal 
lip could induce only posterior CNS (5). 
Although the details of how the dorsal lip 
(Spemann's organizer) confers polarity on 
the neuraxis are still unknown, emphasis 
has been placed on the posterior-to-anterior 
(P-to-A) progression of mesoderm involu
tion during gastrulation and a two-step, ac
tivation-transformation action of its signals 
on the dorsal ectoderm. Activating signals 
from early-involuting mesoderm are 

thought to induce a default state of anterior 
neural differentiation, which is then modi
fied to a more posterior character by trans
forming signals from later-involuting meso
derm (6). The level of transforming signal 
impinging on any one level of the neuraxis 
might confer its local identity (Fig. 1). In
ducing signals could pass to the ectoderm 
either vertically, from underlying cells, or 
tangentially, from organizer cells still in the 
plane of the ectoderm (7, 8). 

Whereas the molecular identity of acti
vating signals remains uncertain, three se
creted proteins expressed by the organizer— 
follistatin, noggin, and chordin—are capa
ble of inducing the expression of anterior 
neural plate markers in naive ectodermal 
cells (9). These candidate activators share 
no obvious structural features, but each can 
bind directly to and antagonize the actions 
of members of the-BMP family of signaling 
molecules (10, 11). Induction of anterior 
neural plate may thus involve inhibition of 
the neural inhibitors BMP2 and BMP4, 
which are present in the presumptive 
neurectoderm. 

Candidate transforming signals include 
basic fibroblast growth factor (bFGF) (12) 
and retinoic acid (RA) (13), both of 
which can posteriorize anterior neural tis
sue but have little neuralizing capacity on 
their own. However, signaling through the 
bFGF receptor is not necessary for this 
process; when blocked in transgenic Xeno-
pus embryos by the expression of a trun
cated, dominant-negative form of FGFR1, 
the posterior CNS forms normally (14). 
Strongly indicating a posteriorizing role 
for RA, however, the expression of a con-
stitutively active retinoid receptor results 
in a posteriorized axis, whereas dominant-
negative retinoid receptor expression re
sults in an anteriorized axis (15). The 
posteriorizing role of RA will be consid
ered again in the context of local pattern
ing in the hindbrain. 

In addition to signals that may influence 
pattern along the entire neuraxis, there is 
also evidence for head-specific induction 
pathways. The Lim-1 and Otx-2 homeobox 
genes are expressed in the organizer region 
(Hensen's node of amniote embryos), and 
their inactivation in mice deletes all head 
structures, including prosencephalon, mes
encephalon, and anterior hindbrain, where
as the posterior hindbrain and spinal cord 
are unaltered (16-18). The requirement for 
these genes appears to distinguish early or
ganizer functions from later ones. Both 
genes are later expressed in the prechordal 
plate (16, 19), emphasizing the importance 
of this structure in endowing the overlying 
forebrain with unique characteristics. A re
cently identified secreted protein, cerberus, 
has potent forebrain-inducing activity (20). 
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Cerberus is abundantly expressed in the 
deep-layer cells of the organizer that con- 
stitute the leading edge of the gastrulating 
endomesoderm. Both the maintained ex- 
pression and inducing activity of cerberus 
would seem to depend on coexpression of 
other organizer factors. It seems likely that 
in vivo forebrain-inducing activity lies in 
the prechordal plate and the endomeso- 
derm immediately anterior to it, where ex- 
pression of cerberus and chordin overlap 
(20). The different inductive activities of 
early and later dorsal lips, first recognized by 
Spemann, are now being dissected at mo- 
lecular and genetic levels; it appears that 
the acquisition of coarse-grained pattern 
along the neuraxis is controlled by mecha- 
nisms that differ between the anterior-most 
(prechordal) and the more posterior (epi- 
chordal) regions of the neuraxis. 

Hind brain-* Segmented 
Region of the Neuraxis 

Pronounced axial variation involving a 
comparatively small repertoire of cell types 
makes the hindbrain an attractive and ac- 
cessible system for the study of local CNS 
pattern. Furthermore, early development of 
the hindbrain is characterized by metamer- 
ism, suggesting the early allocation of de- 
fined sets of precursor cells and the exis- 
tence of precise boundaries to both cellular 
assemblies and realms of gene action. In the 
chick embryo, the segmented pattern of the 
hindbrain emerges upon neural tube closure 
as a series of bulges-rhombomeres-and is 
virtually complete at the onset of neurogen- 
esis. Segmentation of the vertebrate hind- 
brain bears a superficial resemblance to seg- 
mentation of the Drosophila embryo: rhom- 
bomeres form by internal subdivision rather 
than by budding from a growth zone, and 

they have a pair-wise organization (21 ). 
Neuronal pattern. Two patterns of 

metameric cellular organization can be dis- 
tinguished in the hindbrain, one involving 
neurons of the reticular formation and the 
other involving motor neurons (Fig. 2). 
Eight identified types of reticular neuron 
are repeated through sequential rhom- 
bomeres such that each contains a more or 
less complete set (22). Motor neurons also 
develop in each rhombomere, but have 
rhombomere-specific identities (23, 24). 
The segmental disposition of branchiomo- 
tor nuclei in the early hindbrain has a close 
anatomical (23) and functional (25) corre- 
spondence with target structures associated 
with the segmented series of branchial arch- 
es that lie beneath it. Later in develo~ment. 
the segmental origins of these cells become 
obscured as certain reticular cells become 
more numerous in particular rhombomeres 
(26) and the motor nuclei condense and 
migrate to new positions. Fate-mapping 
studies have also revealed metameric ori- 
gins for the adult sensory nuclei (27). In the 
hindbrain, segmentation is involved in 
specifying the pattern of developing struc- 
tures, but not in deploying them in the 
adult. 

Compamt- l ike  properties of rhom- 
bomeres . Developmental compartments 
provide a way of allocating blocks of cells 
with distinct properties (28). The contain- 
ment of polyclonal assemblages of neuroep- 
ithelial cells within rhombomeres has been 
shown by lineage-tracing studies in chick 
(29). Compartmental restriction of cell 
mingling persists while the epithelium is 
predominantly germinative (30); later, 
young neurons may escape the restriction 
once they have acquired their ultimate po- 
sitional specification. Rhombomeric do- 
mains of the germinative (ventricular) zone 

Fig. 1. Acquisition of AP pat- 
tem during neural induction 
in Xenopus. In the late gas- 
tlula, shown in hemisection, 
involuted cells have reached 
the anterior pole of the pre- 
sumptive CNS. Radial sig- 
nals (white arrows) from the 
leading-edge endoderm (yel- 
low) and the mesoderm (or- 
ange) induce neural fate in 
the overlying ectoderm 
(blue). Forebrain (dark pink) is 
induced by leading-edge 
endoderm and mesoderm. 
More posterior levels of the 
ectoderm are activated (light 
pink) and transformed by a 
graded posteriorizing a c t i i  
(green). The yellow arrow 
shows the route of planar 
signals. 
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remain lineage-restricted up to late stages, 
when neurogenesis is nearing completion 
(31 1. 

Rhombomeres partition from one anoth- 
er according to an adhesion differential that 
displays a two-segment repeat (Fig. 3) (32) 
Consistent with an expected tendency of 
neighboring cell groups to separate, en- 
larged intercellular space is the earliest spe- 
cialization of rhombomere boundaries (33). 
Complementing this adhesive differential is 
an alternating periodicity to the expression 
domains of the Eph-like receptor tyrosine 
kinases and their ligands (Fig. 4) (34-36). 
Perturbing Rtk-1 (Sek-1) function in ze- 
brafish and Xenopus embryos by expression 
of a dominant-negative form of the mouse 
Sek-1 receptor results in failure to establish 
sharp inter-rhombomere boundaries (37). 
These ligand-receptor partners may thus 
mediate repulsive interactions that serve to 

Fig. 2. Pattems of cell organization in the 3-day 
embryonic chick hindbrain. Superimposed on the 
rhombomere pattem (rl to r7) are the reticular 
neurons (left side) and the motor neurons (right 
side). Reticular neurons are classified (and colored 
blue or green) according to axonal trajectory. Mo- 
tor neurons (in the right side basal plate, B) are 
classified as somatomotor (yellow), Innervating 
extrinsic eye muscles (IV, troclear; VI, abducens); 
branchiomotor (orange), innervating branchial 
muscles in the first arch (V, trigeminal), second 
arch (WI, facial), and thlrd arch (IX, glossopharyn- 
geal); and vestibuloacoustic efferents (red), which 
share the Vllth nerve exit point (dotted circle) with 
the faclal motor neurons in the alar plate (A). F, 
floor plate. 
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sharpen rhombomere borders. They may 
also provide a potential mechanism where- 
by cells in adjacent rhombomeres interact 
with each other to establish additional cell 
states at the inter-rhombomere boundaries 
(2 1, 33. 38-4 1 ). Finallv. the inter-rhom- . ,  . , . 
bomere boundaries become colonized by ax- 
ons, perhaps on account of both the local 
expression of growth-promoting. molecules 
(23) and the availability of extracellular 
space (33). 

Hox genes enc0d.e positional value along the 
AP axis. Prime candidates for conferrine " 
rhombomere identity are the clustered ho- 
meobox-containing genes of the Hox family 
(42), homologs of the HOM-C genes that 
encode parasegment identity in Drosophila. 
Expression of genes at the 3' ends of the 
Hox clusters precedes rhombomere forma- 
tion and becomes progressively restricted 
(43) such that expression boundaries coin- 
cide with the interfaces between rhom- 
bomeres (44). Their expression patterns 
form an ordered and nested set of domains 
along the neuraxis, with a two-rhombomere 
periodicity. Superimposed on this pattern 
are rhombomere-specific variations in ex- 
pression levels (Fig. 4). 

Considering the distribution of tran- 
scripts and the general synergy among Hox 
genes detected in mouse null mutants, it is 

the transformation of r2 to an r4 identity 
(45, 46). However, loss of Hoxa-1 function 
results in the deletion of r5, reduction of 1-4, 
and loss of specific neuronal nuclei (42), 
abnormalities that are not obviously consis- 
tent with conferring specific identity on an 
existing repetitive ground plan; but it re- 
mains possible that Hox genes could have 
dual roles, both in segmentation and seg- 
ment identification. 

Positional values appear to be conferred 
on rhombomeres by Hox expression, but it 
is unclear how the Hox eenes become acti- " 
vated at appropriate levels of the neuraxis. 
Candidates for this role include kreiskr. a 
b-Zip member of the c-maf proto-oncogene 
family (47) expressed in r5 and r6, and 
Krox-20, a zinc finger gene that is expressed 
in two stripes in the neural plate that be- 
come 1-3 and r5 (48). In kr-1- mouse em- 
bryos, the neural tube posterior to the r3/r4 
boundary appears unsegmented, a defect 
that is attributable to the loss of 1-5 and r6 as 
identifiable territories (49, 50). Targeted 
disruption of Krox-20 results in the elimi- 
nation of r3 and r5 and the formation of a 
partially fused r2/r4/r6 territory (51). This 
phenotype suggests that Krox-20 may be 
responsible for generating single-compart- 
ment periodicity from cues established by 

possible that the identity of individual 
rhombomeres could be defined by the co- 
operative action of Hox proteins (42). They 
may also have singular effects: ectopic ex- 
pression of Hoxa-1, for example, results in 

W d  

-1 
Stage 8 to 9: Odd and even gene expression 

Stage 9 to 10: Cell lineage restriction by 
differential affinity 1 

Stage 13 on: Rhornbornere boundary specialization 

Fig. 3. Stages leading to cell compartmentation 
and rhombomere boundary (yellow) formation in 
the chick embryo. An adhesion differential be- 
tween adjacent domains (blue, green) segregates 
cells at the interfaces. Although the molecular ba- 
sis of the differential adhesion is unknown. it fol- 
lows the same two-segment repeat as displayed 
by Krox-20 and other genes shown in Fig. 4. Mol- 
ecules with boundary-restricted expression (yel- 
low) include Plzf (39), Fgf-3 (40). vimentin (38), 
low-PSA-NCAM, and laminin (23). Stages num- 
bers refer to normal chick development. 

upstream genes. Absence of the r5 stripe of 
Krox-20 expression and the more anterior 
expression of group 4 Hox genes in kr-I- 
mice is consistent with their regulation by 
kreiskr, although direct interaction has yet 
to be shown. In contrast, Krox-20 is a direct 
modulator of the r3/r5 activity of both 
Hoxa-2 (52) and Hoxb-2 (53). 

A major gap in our understanding of 
hindbrain segmentation is the lack of can- 
didate segmentation genes. Despite the 
conserved role of HodHOM genes in spec- 
ifying segmental identity, the upstream 
pathway appears not to be conserved. How- 
ever, segmentation is a generic property of 
metazoan organization that has evolved 
many times (54), making it likely that Hod 
HOM genes have been coupled indepen- 
dently to segmentation. 

Retinoid signaling and AP position. In ad- 
dition to the putative role of kreiskr and 
Krox-20 in locally regulating Hox expres- 
sion, RA has strong candidacy as an overall 
mediator of nested Hox expression, consis- 
tent with its posteriorizing effect on CNS 
regionalization. Excess RA causes both an 
anterior shift of Hox gene expression and an 
A-to-P transformation of regional fate (55) 
that includes the ordered transformation of 
anterior rhombomeres to a more posterior 

kreisler 
K~ox-20 
Sek- 1 
Sek-2 
Sek-3 
Sek-4 
Ebk 

Elk4 
Elf-2 
Elk-L3 
Hoxa- 1 
Hoxb- 1 
Hoxa-2 
Hoxb-2 
Hoxa-3 
H~xb-3 
Hoxd-3 
Hoxd-4 
Hoxb-4 
Hoxa-4 

Fgf-3 
follistatin 
CRABP-1 
RARa 
RARP 

Fw. 4. Summary of the correlation of 
gene expression with specific rtiom- 
bomeres, compiled from analysis in 
mouse and chick embryos. (Top) 
Odd-numbered rhombomeres are in- 
dicated in blue and even-numbered 
rhombomeres in green, with each 
segment designated as rl to r7. The 
rod-like notochord and overlying 
floorplate are indicated in black. The 
vertical yellow lines indicate the 
boundaries between rhombomeres. 
The patterns of gene expression are 
depicted in arbitrary colors with the 
darkest dors  indicating the highest 
levels of expression. Related genes 
are indicated by the same color for 
convenience: Hox homeobox genes 
(orange), Eph family tyrosine kinase 
receptors (blue), Eph receptor ligands 
(green), retinoid- or signaling-related 
series (magenta). and earty ex- 
pressed transcription factors (dark 
purple). 
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type (56, 57). Conversely, RA-deficient 
quail embryos have a small hindbrain, lack- 
ing posterior rhombomeres (58). In addi- 
tion, the suppression of RA signaling by 
expression of a dominant-negative retinoid 
receptor also results in anteriorization (15). 
Furthermore, Hox genes have the molecular 
machinery for responding directly to retin- 
oid signaling (55). 

Consistent with a direct role for the 
organizer, Hensen's node is a rich source of 
RA and produces increasing amounts dur- 
ing regression (59); thus, the nested expres- 
sion of Hox genes could be controlled either 
by a P-to-A gradient of RA diffusing direct- 
ly from the node, or by an increasing expo- 
sure to RA of cells that pass through the 
node, in A-to-P succession (60). However, 
it has yet to be shown that RA normally 
forms a graded signal of either kind or, 
indeed, that a gradient is necessary; the 
activity of retinoids could be locally modi- 
fied by coactivators and corepressors of ret- 
inoid signaling (61 ). 

Rhombomere autonomy and plasticity. 
Transplantation experiments in avian em- 
bryos reveal a direct correlation between 
commitment to rhombomere-specific fate 
and Hox expression: Grafts of neural plate- 
stage tissue acquire the complement of Hox 
transcripts and neuroanatomical features of 
their new location (62), whereas grafts of 
emerging rhombomeres maintain both their 
identity and specific Hox expression (2,63). 
By contrast, transplantation of rhom- 
bomeres into the post-otic region results in 
the activation of posterior Hox gene expres- 
sion (64), suggesting that their commit- 
ment is not irreversible. However, they can- 
not easily be shifted from an even- to an 
odd-numbered fate, suggesting that com- 
mitment to "odd" or "even" may be an 
early step in segmentation. 

In addition, the even-numbered rhom- 
bomeres appear to influence the fate of 
odd-numbered rhombomeres, thus provid- 
ing a secondary mechanism for establishing 
positional differences. Inter-rhombomere 
interactions control cell survival in the 
neural crest of r3 and r5, the maintenance 
of Krox-20 expression in r3, and the repres- 
sion of follistatin in r3 (6.5). 

Midbrain-the Role of the 
lsthmic Signaling Region 

In the midbrain, beyond the anterior limit 
of Hox gene expression, local AP pattern is 
generated within an unsegmented field 
through the activity of a long-range signal- 
ing region, the isthmic constriction at the 
junction of mesencephalic and rhombence- 
phalic vesicles (Fig. 5). 

Establishment of midbrain polmity by En- 
grailed. Signals from the isthmus regulate 
expression of two Engraikd genes (66) in a 
gradient that decreases both anteriorly, 
through the mesencephalic vesicle, and 
posteriorly, through rl (Fig. 5). Knockout 
experiments have shown that En-1 has a 
critical role in the early specification of the 
entire region of its expression, whereas En-2 
function is restricted to cerebellar morpho- 
genesis (66). However, the En-1 mutant 
phenotype, agenesis of the tectum (dorsal 
midbrain) and cerebellum (anterior hind- 
brain), is completely rescued by insertion of 
the En-2 complementary DNA into the 
En-1 locus (66,67), demonstrating that the 
contrasting phenotypes of En-1 and En-2 
mutations reflect differences in the tempo- 
ral and spatial expression of the respective 
proteins and not a divergence in their bio- 
chemical activity. 

En expression is the earliest known 
marker for mesencephalic polarity, later 
manifested in a pronounced variation in 
cytoarchitecture and the acquisition of dif- 
ferent sets of afferent inputs from the retina: 
the wsterior tectum receives axons from 
the nasal retina, whereas the anterior tec- 
tum becomes innervated bv temwral reti- 
na. The molecular basis of this discrimina- 
tion may involve ligands for Eph-related 
receptor tyrosine kinases, RAGS (68) and 
ELF-1 (69), that are expressed in decreasing 
P-to-A gradients-reflecting the earlier 
pattern of En-and that may function as 
growth inhibitors of Mek-4 receptor-bear- 
ing temporal axons. 

Trans~lantation studies in avian embw- 
os have shown that En expression correlates 
with later morphology. Thus, when the 
mesencephalic vesicle is reversed on the AP 
axis at E2, the En gradient readjusts to its 

Fig. 5. Early midbrain 
patterning. In an early 
neural tube stage em- 
bryo. Fgf-8 (green) is ex- 
pressed in a ring of cells 
at the isthmus, the con- 
striction between the 
mesencephalic vesicle 
(M), and rhombomere 1 (rl). Wnt- 1 (yellow) is expressed in a ring of cells immediately rostra1 to Fgf-8 and 
along the dorsal midline. Both En- 1 and En-2 (blue) are expressed in gradients that decrease anteriorly 
and posteriorly from the isthmus. Sonic hedgehog (Shh) expression, at the ventral midline, is shown in 
red. T, telencephalon; D, diencephalon; SC, spinal cord; N, notochord. 

original polarity, and both the graded cyto- 
architecture and pattern of retinotectal pro- 
jections develop normally (66). When re- 
versed at E3, however, the En gradient does 
not adjust, and both cytoarchitecture and 
retinotectal projection are subsequently in- 
verted. This association has been strength- 
ened by experiments in which En is misex- 
pressed in the anterior tectum through use 
of a retroviral vector: nasal axons arborize 
ectopically in the anterior tectum, whereas 
temporal retinal axons fail even to enter the 
midbrain (70). Furthermore, the altered 
retinotectal specificity after En misexpres- 
sion in the anterior midbrain is associated 
with ectopic up-regulation of RAGS and 
ELF-I, defeating their normal P-to-A ex- 
pression gradient and effectively converting 
temporal axon-specific anterior tectum 
into nasal axon-specific posterior tectum 
(71). Expression of these effector genes, 
downstream of En, suggests that the normal 
graded expression of En may polarize the 
dorsal mesencephalon. 

Reguhon of Engrailed expression. Grad- 
ed mesencephalic expression of En appears 
to be regulated by signaling from the poste- 
rior border of the mesencephalic field. 
When grafted to the caudal forebrain, the 
posterior border (isthmus) induces En ex- 
pression and the formation of a complete 
optic tectum from the surrounding tissue 
(72). Two secreted signal molecules, Wnt-1 
and FGF8, have been implicated in the 
isthmic control of En expression. Wnt-1, a 
homolog of the segment polarity gene wing- 
less (a regulator of Engrailed in Drosophila), 
is expressed in the midbrain region of the 
neural   late and later in a ring of cells that " 
lies just anterior to the isthmus. As for their 
cognates in flies, Wnt-1 and En expression 
appears to be mutually interdependent: in 
Wnt-1 -I- mice, En is expressed normally at 
first but is then progressively lost (73) along 
with the dorsal midbrain. Thus, although 
Wnt-1 is critically involved in the mainte- 
nance of En expression, it is not a candidate 
for inducing En expression or for directly 
setting up midbrain polarity. However, an- 
other secreted factor. FGF8. ex~ressed in a , A 

circumferential ring immediately posterior 
to that of Wnt-I, has midbrain-inducing 
and -polarizing abilities (74). When a bead 
coated with recombinant FGF8 is implant- 
ed in the posterior diencephalon of chick 
embryos, expression of Fgf8, Wnt-I, and 
En-2 is induced in the surrounding cells. 
These cells later display the character of a 
complete ectopic midbrain, whose AP po- 
larity is reversed with respect to that of the 
"host" midbrain. Thus, neuroectodermal 
Fsf8 expression may be sufficient to estab- 
lish both midbrain pattern and polarity. 
Fgf8 is expressed earlier in axial mesoderm 
cells that lie beneath the presumptive isth- 
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I ~ I C  reg1011 of the  ~ leu ra l  plate (75, 76 )  anii 
tha t  h,lve the  cap'lclty to lniluce En expres- 
s ~ o n  (77, 78) ;  meoilermal FGF8 1s thus 
i~np l~c ;~ te i i  ;I:, II homeogenet~c ~niiucer In 
t h ~ s  local cci~ltrol of neural pattern. 

O the r  Ilkel\- targets of FGF8 are the 
palreii hox genes, I'ax-2, l'ux-5, and Pas-8, 
which m,ly he reiluireii, singly or together, 
tor s p e c ~ f ~ c a t ~ c i n  cif the  isthmu\. In P u s - 5 ' -  
 nice (79)  and zehraf~sh treated ~ v ~ t h  func- 
t ~ o n - b l o c k ~ n ~  ant~hoiiies to p,lx(:f[h]), a 
prebumeii homolog of Pax-5 (80 ) ,  the  ~ s t h -  
I ~ L I S  IS iieleteii. In the  zebraf~sh experiments, 
the  expressLon of both Wnt-1 and En-2 was 
,~lso  represseil, suggestlng their direct posi- 
tlve regulat~on b\- p,lx(zf[h]). Inileeil, con- 
enbus  P a x - b ~ n i l ~ n g  sites have been iilentl- 
tied a ~ t h ~ n  a n  enh'lncer recion of the En-2 
gene: when these sltes are mutateii, the 
r n ~ i l h r a ~ n / h i ~ l i i b r i ~ i ~ ~  iiomain cit reporter ex- 
presslon is lost (81 ). 

Whereas l s t h ~ r l ~ c  grirfts lniiuce tectal ile- 
velopment in the  cauilal iiiencephalon, the  
same grafts t o  the  iiorsal hlnilbraln iniiuce 
cerebellar iie\ elopment (82 ) ,  ilemonstrat- 
ing that the competence of rh i~mhence-  
p h a l ~ c  t i s s ~ ~ e  to responti to ~ s t h r n ~ c  signals 
il~ffers from that of mesencephal~c anii cau- 
dal i l ~ e n c e ~ h a l ~ c  regions. FGF8 a l o ~ l e  ap- 
pe'lrs to he i~lsuff ic~ent  for inilucing ectoplc 
En-2 expresslcin or cerehellar iievelopment 
in the  h ~ n i l h r a ~ n  (74 ) ,  ~mplicatlng a i i i i~ t i i~n-  
al s~cnn l~n i !  molecules at  the  isthmus. 

Although s~gnals  from the  isthmus are 
involveii in D,ltternlnc hoth the  iior\al mes- 
encephalon and the ilorsal anterlor 
rho~rlhencelihali)n. the  coIlstrlctlon iloes 
not  corre\ponJ precisel\- with the  rn~ilbraln/ 
hiniihr,l~n junctlon. Separating structurally 
anil f ~ ~ n c t ~ o n a l l \ -  i i ~ s t ~ n c t  tectal anii isthmo- 
cerehellar reglons of the  brain, this junctlon 
for~ns  s o ~ n e  i i~s tance  ,Interlor to the  con- 
strlctlon anii registers w ~ t h  the posterlor 
Illnit of Otx-2 expre\slon 111 the  early mes- 
enceph;rl~c vesicle (83) .  T h e  posterior- 
most. Otx-2-11ee;rtlve reelon of the  vesicle 
1s fated to j o ~ n  r l  and r? In the  fc~rmation of 
the cerebellum (84) .  Thus.  ~t cannot be 
i ~ s h ~ ~ ~ n e i i  that obv~ous  morphological tea- 
tureh of the  ne~lr'll tube. such as the  con- 
t r lcr lons  het~veen ves~cles,  necessarily cor- 
reyoni l  in ;I preiiict;lble way to f ~ ~ t u r e  sub- 
iiivihions of the  brain. 

Forebrain-Is Segmentation 
Involved? 

In contrdbt to h~ni lbra ln  and miiihrain pat- 
terning, \\here restricted patterns of gene 
e sp res ion  have heen tightl\- linkeil e ~ t h e r  
to segmentation or to the activity of a sig- 
nallng regLon, our uniierstaniling of earl\- 
forebra~n p~ltternlng IS virtually li~rliteil t o  
the gene expres\lon patterns. M(n t  notahle 
among these (85 )  are the  Emx, Illx, d11ii 

Nkx homeobox genes, the  palred hox gene 
Pax-6, the  Lv~ngeii h e l ~ x  genes BF-1 and 
BF-2, the Brachyury homolog Tbr-1, and 
the  secreted factor-encoii~ng gene Wnt-3. 
Some of these genes are expressed in the 
ven t r~c~ l l a r  zone, suggesting a role in regio11- 
al specit~cation, whereas the  expresslon of 
others (Dlx and Tbr-1) is restricted to the  
~rlantle zone, suggestlng a role In the control 
of i l~fferent la t io~~.  In the former category, 
Ernx anil Otx  genes are expressed in the 
forebrain and miiihrain In a nested arrax- 
relrllnlscent of that  of the  Hox genes more 
posteriorly, although w ~ t h  reverseii A P  sym- 
metr\- (86) .  

Largely on the  bas15 of i l e sc r~p t~ve  mo- 
lecular stuiiies, it has heen propiix'il that  
the forehra~n 1s h u ~ l t  ~ iecerneal ,  like the  
hinilhraln, from a serles of metameric unlts 
or prci~omeres (87) .  Exper~~rlenta l  ev~i ience  
tor compartmentation is l l~r l~te i l  to the ill- 
encephalon \\here cell lineage restriction 
hounilarles, aligned ~ v i t h  prominent axon 
tracts, i le f~ne four neuromeres (88) .  H o ~ v -  
ever, the sign~ficance of i l lencephal~c neu- 
rcimeres is brought into questlon by a n  anal- 
y s~s  of r e t r o v ~ r a l l ~  nlarkeii c lo~les  (89 ) ,  
which has shown that s~b l lng  cells can oc- 
cupy multiple nuclei throughout the  A P  
extent of the iliencephalon. Further anteri- 
orly, in the  telencephalon, the  patchwork 
expresslon of putatlve iievelopmental con- 
trol genes il~spla\-s n o  ev~i ience  of repeti- 
tlon, the essence of metarnerlsm. Nor iioes 
the earl\. cellular oreanization of the  telen- 
cephalon slipport the  notion of a segmental 
o r~g in ;  rather, this reglon appears to  he 
subilivliieii longituiiinally into two subre- 
glons, the  anlagen of cortex (pallium) anii 
striaturn (9L7). These suhregio~ls express i i~f-  
ferent regulatory genes (Ems-112, Pax-6, 
anil Tbr-1 ilorsally; 111s-112 ventrall\-) and 
appear to be segregated h\- iiifferential aii- 
h e s ~ o n  (91) .  W ~ t h i n  the  dorsal ( co r t~ca l )  
subregion, cells nlierate extens~vel\-  In the  
A P  i i i r ec t lo~~ ,  so that clones cross function- 
al bouniiaries anii sibling cells contribute to 
w~ilely separated structures (92 ) .  Supporting 
the  vlew that the  telencephalon is a single 
flelil, ~ v h ~ c h  hecomes suhiiiviiieii longituiii- 
nally, BF-1 is expresseii In the  prospective 
telence~ihalic i l oma~n  before the  telence- 
phaIic/ii~encephalic houniiary appears. In 
B F - 1 '  mice, the  cerebral hemispheres are 
severely ilirninisheil and ventral telence- 
Ilhalic markers are not  expressed (93) .  

Cell nlarki~lg and transplantat~on exper- 
llnents are required to test the postulate that 
egmentat lon 1s ~nvolveil In forebrain re- 
gio~lalization. Alternativel\-, or ailil~tlonally, 
forebrain pattern coulil ilepenil on  an  as yet 
uniiiscovereii signal~ng reglon. Whether  or 
not a segmenteii transverse organizat~on ex- 
~ s t s ,  a major co~ls t ra i~l t  on understanding 
forebrain pattern has been our uncertalnt\- 

regaril~ng ~ t s  t opo log~c ;~ l  coorii i~lates,  p,lr- 
t~cular l \ -  w ~ t h  respect t o  the  trajectory of 
t he  l o n g ~ t u i l ~ n a l  axl\ .  Here,  ho~vevcr ,  iie- 
tailed i l e sc r~p t~ons  of 1)V-rcstr~cteii gene 
express~on patterns ( 9 4 )  have more pre- 
clsely i ief~neii  t he  topology of the  i l oma~ns  
~vhose  m e c h a n ~ s m  of form,ltion we are 
s e e k ~ n g .  T h e  rapid accumulation of molec- 
~ ~ l a r  ilata haa provokeii exc~ tc i l  specula- 
tlcin: with the  c o m b ~ n e d  app i~ca t ion  of 
experimental  emhr\-olog~cal and genetic 
methoiis, Lve can expect t h ~ s  exci tc~l lent  
soon to  be rel~eveil  h\- enlightenment.  

Spinal Cord-Late Role of the 
Mesoderm in Regionalization 

Although s ~ ~ p e r f ~ c ~ a l l \ -  un~fo rm,  there ;Ire 
suhtle varlatlcins In cellular composltlon 
;11o11g the  A P  a x 1  of the  s p ~ n a l  cord. Motor 
neurons are arranged in i i~sco~ l t i~ luous  lon- 
g ~ t u i l ~ n a l  column\ that  occup\- iilffcrent LIV 
anil meil~olateral posltlons at  il~fferent, plu- 
risegrnental levels of the  neuraxls. Thus ,  the 
neurons that form the lateral motor col- 
umns a t  l~ rnh  (brachial anii lumb;lr) levels 
are iiisti~lct from those that torru at cervical 
;111ii t ho rac~c  levels, 110t o111y in the i i lent~ty 
of the11 peripheral targets but also in the 
expressLon of ii~fferent c o m h ~ n a t i o ~ l i  of 
LIM-homeohox genes that ;Ire thought to 
confer targeting spec~f~c i ty  (3 ,  95 ) .  Recent 
stuiiies of the  spinal coril have focuseil o n  
the co~l t ro l  of ~ t s  prono~lnceii 1)V pattern 
( 3 ) ,  ~vhereas classical s t~~ i i i e s  of A P  region- 
alization and the i~lt luence of paraxla1 me- 
soilerm (96)  st111 neeil to be put Into a 
molecular context.  However, gene, that  11e 
5' in the Hox clusters have sharp ho~lnii-  
arieh of expression along the spin;rl neural 
tuhe, suggestlng, hy an,rloey w ~ t h  the  hlnii- 
t.ra~n, that they nlight uniierlie thi\  regional 
iiivers~ty. Transpcisition of pro\pective hra- 
chial and thoracic regions leacis to the re- 
spec~f~caticin of Hox and Llm gene expres- 
slon, and motor neuron sub type  ilevelop 
accoriling to the11 new posl t lon (3 ) .  T h e  
most likely source of signals that  effect the 
acilu~sition of this reg~onal  iiientit\- 15 the 
Ilarax~al mesoderm (64) .  Mesoiiermal co11- 
trol has also been irnpl~cateil In the  speci- 
f ~ c a t i o n  of primary motor neurons of the  
zebrafish: transplantation of single c e l l  to 
new A P  pos~t ions  with respect to the  adja- 
cent somlte r eu l t s  In r e s p e c i f ~ c a t ~ o ~ ~  of 
hoth the  Llm gene coiie of the  motor I I ~ L I -  
ron and its subsequent axon trajector\- ;~n i i  
target spec~f i c~ t \ -  (3 ) .  

Many aspects of cell p,rttern ;Ire con- 
herved hetween the  hlnilhrain m i i  the  p l -  
nal cord, particularly ~ v ~ t h  regard to the 1)V 
a x ~ s ,  ~vhe re  ventral (So111c Hedgehog) and 
iiorsal (RMP)  signali~lg systems appear to be 
i i ient~cal in the  t ~ v o  r e g i o ~ ~ \  (3 ) .  It 1s also 
apparent that  these L>V slgnalb act on  cells 
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that have already acquired a stahle and 
heritahle indication of their position on the 
A P axis, and therehy an A P posit ion-spe
cific competence to respond (2). T h e time 
at which A P fate hecomes restricted differs, 
however, hetween spinal cord and hind-
hrain. Whereas the regional A P identity of 
the spinal neural tuhe appears to he uncom
mitted for some time after closure (3, 97), 
hindhrain pattern is fixed and independent 
of position relative to the cranial mesoderm 
from as soon as the rhomhomeres hecome 
defined (2). T h e difference may stem from a 
phylogenetically ancient distinction he
tween head and hody with respect to pat
terning strategy. In the head, the paraxial 
mesoderm is patently unsegmented and may 
contrihute little to patterning (98), whereas 
the neural crest predominates, furnishing 
the ectomesenchymal cells that construct 
the segmented hranchial skeleton and pat
tern the cranial nerves and muscles. Thus, 
in the hindhrain/hranchial region, segmen-
tally restricted positional information orig
inates in the neural tuhe and is imposed on 
the surrounding mesoderm. A relatively rig
id set of positional values within the hind
hrain region may have evolved hoth for 
correct deployment of its emigrant neural 
crest cells and in compensation for the lack 
of patterning information in the mesoderm. 
In the hody, hy contrast, the mesoderm 
imposes its A P positional information on 
the neural tuhe (99). This is seen hoth for 
cell pat tern within the tuhe (3, 100) and for 
the pattern of motor roots and dorsal root 
ganglia, whose overtly segmented disposi
tion is controlled, apparently exclusively, 
hy the A P polarity of the somitic scle
rotome (101). 

Conclusions 

Considerable advances have recently heen 
made toward understanding the mechanisms 
involved in neuraxial regionalization, partic
ularly with respect to the earliest events, dur
ing gastrulation, when the molecular identity 
of activating and transforming signals is heing 
revealed. Especially promising is the evidence, 
from dominant gain- and loss-of-function ex
periments with retinoid receptors (15), that 
RA acts as a concentration-dependent poste-
riorizing signal in vivo and is required for the 
correct spatial restriction of anterior markers. 
The action of RA in regionalizing the entire 
posterior CNS, as studied in early Xenopus 
emhryos, is mediated, at least in part, hy its 
direct action on the spatial regulation of Hox 
genes, hest known from the amniote hind
hrain. A synthesis of data from these diverse 
experimental systems is needed to advance 
our understanding of this crucial molecule, as 
are experiments directed at elucidating its reg
ulation and mode of action, whether as a 

gradient from a single source, the organizer, or 
as discrete local signals from axial or paraxial 
mesoderm (or hoth). 

O n a wider level, expression studies and 
functional analyses of developmental con
trol genes in different vertehrate systems 
have revealed the existence of a neuraxial 
ground pattern that is highly conserved. It 
will he important to discover the genetic 
and cellular mechanisms involved in the 
suhsequent elahoration of this ground pat
tern that produce the very different hrains 
of fish and mammals. Further understand
ing of C N S regionalization will depend on 
discovering how region-specifying genes 
confer a particular potential , or set of po
tentials, with respect to the ultimate selec
tion of regionally appropriate cell identity. 
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Diversity and Pattern in the 
  eve loping Spinal Cord 

Yasuto Tanabe and Thomas M. Jessell 

The generation of distinct neuronal cell types in appropriate numbers and at precise 
positions underlies the assembly of neural circuits that encode animal behavior. Despite 
the complexity of the vertebrate central nervous system, advances have been made in 
defining the principles that control the diversification and patterning of its component 
cells. A combination of molecular genetic, biochemical, and embryological assays has 
begun to reveal the identity and mechanism of action of molecules that induce and 
pattern neural tissue and the role of transcription factors in establishing generic and 
specific neuronal fates. Some of these advances are discussed here, focusing on the 
spinal cord as a model system for analyzing the molecular control of central nervous 
system development in vertebrates. 

A l l  neural tlrnction-trom \imple sensory 
re\ncinse\ ;inii motor commani i  to elaho- 
rate cogn i t~ve  behaviors-depend on the  
assembly o t  neuronal circuits, a process 1111- 
t ~ a t e d  during emhryon~c  development. A n  
early and t(rniiarnent,ll step in th15 process is 
the gene ra t~c~n  o t  i i~stinct classes of neurons 
a t  precise locations Lv~thin a pr iml t~ve neu- 
ral eplthelllrm. Over the past decaiie, Inany 
ijt the  tnechanisrns that control the  ~ d e n t ~ t y  
o t  speclflc neural cell type\ have heen iie- 
t~ne i i ,  In l x g e  part through the application 
of molecular genetlcs In invertehrate organ- 
isnls such as Drosol~hll~t and Cuenorh~tbd~t~s  
elegun.5 hut also through cellular anii 1310- 
chemical approaches in vertebrates. Collec- 
t~velv .  the  studv of these d~ver se  svstelns has , , 

prcjvlded considerable inslght into the  rela- 
tlve contrlhutlons of e n v ~ r o n ~ ~ ~ e n t a l  ,len,ll- - 
ing and lineage restrlctlon In neural iievel- 
on1nent ;111ii ha\ revealeii the  i i ient~tv o t  
many of the extracellular signaling factor\ 
and ~ntracellular protein\ that iiirect cell 
bate. 

Scjme o t  the most intrwuine behaviors ,, , ~ ,  

depend cjn the clrcuits that are formed dur- 
int! the develijnnlent of the verrehrate hraln 
and bpinal cord, yet our under\tanii~ng o t  
neural iievelopmenr is more tragrnentary In 
the  vertebrate central nervous system 

The authors are at the Hoviard Hughes Medcal lnsttute. 
Department of Biochemistry and Molecular Bophyscs 
Center for Neurob~ology and Behavor. Coumba  Un~ver- 
slty. New York, NY 10032, USA 

( C N S )  than in other systelns ( 1 ) .  Here \ve 
revie~v recent progre\\ In iietining ho\v cli- 
verse cell types in the  vertebrate C N S  are 
generate'{, toclr\ing largely on the splnal 
cijrii, because it is the sinlplest and mo\t  
conserved regLon of the  vertebrate C N S  
(Fig. 1A) .  111 ailcditlon, phy\iological anii 
ana tom~ca l  analves  (i t  neuronal c~rcuitrv In 
the  spinal corii' have provided, from 'the 
tlnle of Sherrington, a \oliii celllrlar trame- 
\vork h r  in terpre t~ng the  neural hases of 
sensory anii motor tlrnctions (2 ) .  Although 
the  tllnctions encc~iieii In spinal cord clr- 
cultry are llrn~teii hy comparison to those o t  
111;111v other hraln strlrctures. stuiiieh on the  
develop~nent  of spinal nelrrons may reveal 
general strategies lr\eii to ebtahlish neuronal 
ii~ver\ity anii clrcuitry 111 more complex re- 
gions o t  the  C N S .  

W e  exarnlne the steps involved in the 
generation of distinct neural cell types 
through the  use o t  \ome\vhat artlticlal sub- 
i i~vi\ion\ o t  \vhat is evidently an  ~ntegrated 
iievelop~nental program. 

Induction of the Neural Plate 

T h e  iievelopment o t  the  spinal cord, as in 
other reglons ( ~ t  the C N S ,  is initiated hy the  
~ni iuct ion of the neural plate. T h e  cla\\ical 
grafting experments  of Spernann anii 
Mangold in amphihian embryo\ (3) estah- 
lished that  the fi jrmat~on o t  neural tlssue 
iiepenii\ o n  signal\ prov~iieii hy prospective 

a x ~ a l  mesoilermal cell5 in the  org;lnl:er re- 
gion. Until  recently the lilentity and mech- 
a n i s ~ n  cjf actlon (j t  t h e e  cndogeno~15 neur;il 
I I I ~ U C L I I L '  factor\ h;ive r e ~ n ; i ~ n e d  obscure. 
Stlriiie\ o t  nelrr;rl i n d ~ r c t ~ o n  In Xenoj~u, em- 
h r y o  no\v \lrggcst thxt 111 one 111.1jor 17;lth- 
\Yay o t  neural ~ncluctlon, f<lctora ,rnt,igcini:e 
the  signals med~a ted  by the rr;lnstcirming 
gro\vth f;~ctor-p (TGFP)-like protein, hone 
morphogen~c protein4 (RMP4). ~ v h ~ c h  re- 
prebsc neural ; ~ n d  p ron lo te  eplder~llal cell 
tare (4)  (Fig. 2 ) .  

B,MP .si,y~nilng and )~c.urcil indztction T h e  
17osslhility that neural iniluction nliqht re- 
sult trom the in,ictiv;ltlcin of ,I \ lgnal~ng 
p a t h ~ v ~ ~ y  that represses neur;rl tare c~ncrgecl 
frc)m the ol?erv,iticin th,lt c l ~ ~ ~ o c l : ~ t ~ o n  of 
h l ; l s t~r l i i -~t ;~~c ectocIer111 into slnqlc cells, 
pre\~r~llahly prevrnting ~ n t u c e l l ~ ~ l ; ~ r  s~qn,rl- 
ing, \va, sutticient to e l i c ~ t  the fcirmat~cjn o t  
nelrral tijsue (5). Me~llher\  o t  the TGFR 
tamily \vere \1.1qgc5tcil to medi;ltc thi. re- 
pres lve  slgn,ll on the h;r.i. (it experllllents 
des~gned mitially to te.t whether the 
TC;FP-like protcin ; ~ c t i v ~ n  Lva5 req~rlreil fiir 
the iniilrction o t  nleoclerlll (6 ) .  Injection o t  
transcripts that cncodcil ,r do~nin , rnt  neg~i- 
tive fc~rrn of an ,ictivin receptor hlocked 
mcsoilerm,il ilifirenti;ltion. Rut ectoilcrm;rl 
cells e x p r e l n g  thls receptor i\otcirm unex- 
pectedly d~fterenti,rtcii into neur;ll tl\sue, 
\~lgge\ting that the  13lock;rdc o t  , ict iv~n re- 
ceptor \ign,rl tr;ln5ductlon I \  \ ~ l f t ~ c ~ e n t  to 
trigger neural incluctlon. TLVO 11nc. o t  evi- 
dence iniiic,lte that RMP4 rather than ;ic- 
t lvm itself 15 likely to he the cneloqeno~rs 
TC;FP-l~ke proteln t h ; ~ t  interacts \r.~tll t l ~ i \  
receptor anii repre5ie neural dlffercntia- 
tion. F~rs t ,  RMP4 I aliiely cxprc>5cd In the 
earlv cctoiierm ;~ni i  its exnresslon 1s extin- 
glr~\heii trom neural plate c e l l  during neu- 
ral in i iuct~on ( 7 ) .  Second. RMP4 hut not  
actlvln can prevent the cxprcs\lon of neural 
marker5 anii promote e p ~ d u ~ n ; ~ l  ditkrenti;r- 
tion in ii~ssoclated ectoiierm;il cells (8). Or -  
ganizer-derlvcd signal> might therefore in- 
duce neural tlbsue hy 1rle;inj of cndogcncxr, 
proteins that  hlock \iqn,tlinq ~ne,li;rteii hy 
RhlP proteins. 

Support for thli, icde;~ h;li c o ~ n e  fro111 the  
iiemonstration that  thrcc c;~ndicl;lte neural 
incl~~cers expresecd hy cirfi;lnl:cr t ~ j s u c  can 
act in this Inanncr (Firr. 2. l? ;ind (:). T h e  , , .  , 

e n d o g e n o ~ r  ac t iv in-hini i in  p r c ~ t c ~ n  tol- 
llstatln is expre\scd hy orq;ln1:er c ~ l l s ,  ;lnd 
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Fgf8 signaling for development of the midbrain and
hindbrain
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In this paper, we review how midbrain and hindbrain are specified. Otx2 and Gbx2 are expressed from the early
phase of development, and their expression abuts at the midbrain hindbrain boundary (MHB), where Fgf8

expression is induced, and functions as an organizing molecule for the midbrain and hindbrain. Fgf8 induces
En1 and Pax2 expression at the region where Otx2 is expressed to specify midbrain. Fgf8 activates Ras-ERK
pathway to specify hindbrain. Downstream of ERK, Pea3 specifies isthmus (rhombomere 0, r0), and Irx2 may
specify r1, where the cerebellum is formed.

Key words: Fgf8 signaling, hindbrain, isthmus, midbrain, Pea3, Ras-ERK.

Introduction

Vertebrate brain is formed at the rostral part of the

neural tube and consists of regionally differentiated

structures. Each region consists of specific histological

organization, and is formed by specific histogenesis.
The neural tube from which whole central nervous sys-

tem (CNS) develops is a simple tube at first. So it is

very interesting how distinct region develops from a

simple structure. Regionalization begins with the pri-

mary brain vesicle formation at the rostral end of the

neural tube: forebrain (prosencephalon), midbrain

(mesencephalon) and hindbrain (rhombencephalon).

Then the forebrain is subdivided into telencephalon
and diencephalon, and the hindbrain is subdivided into

metencephalon and myelencephalon. These sec-

ondary brain vesicles are the fundamental brain plan

(Fig. 1).

Specificity of the region is determined by the combi-

nation of the transcription factors expressed (Naka-

mura et al. 2008), and the organizing signal from the

local organizing centers fix preexisting transcription
factors or induce new transcription factors to specify

the neighboring region. New local organizing center is

generated by pre-existing transcription factors. Mid-

brain-hindbrain boundary (MHB) functions as a local

organizing center for the development of the midbrain

and hindbrain. From a very early stage of develop-

ment, Otx2 is expressed rostrally, and Gbx2 is
expressed caudally (Simeone et al. 1992; Bouillet et al.

1995). In chick embryos, the MHB region is not cov-

ered either by Otx2 or by Gbx2 at stage 8, but their

expression becomes overlapping around the MHB at

stage 9–10 (Garda et al. 2001). By mutual repressive

activity, their expression abuts at the MHB, where Fgf8

expression is induced overlapping with the Gbx2

expression (Fig. 1) (Hidalgo-S�anchez et al. 1999; Kata-
hira et al. 2000). Fgf8 is the organizing molecule for

the midbrain and hindbrain. MHB is also called as the

isthmus. Here, we will review how midbrain and hind-

brain are specified, and how Fgf8 organizes midbrain

and hindbrain development.

Isthmus organizer

Heterotopic transplantation of the diencephalon to the

posterior part of the midbrain between quail and chick

embryos resulted in the fate change of the transplant

to differentiate to the midbrain tectum (Nakamura et al.

1988). But diencephalon kept its original fate when it

was transplanted to the anterior part of the midbrain.

These results indicated that developmental fate of the
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diencephalon is plastic, and that some morphogenetic

signal exists near the posterior part of the midbrain

(Nakamura et al. 1986; Nakamura & Itasaki 1992).

Transplantation of the MHB (isthmus) to the dien-

cephalon induced En2 expression in the host dien-

cephalon, and the En2-induced-region differentiated
into the tectum (Martinez et al. 1991; Bally-Cuif et al.

1992; Bally-Cuif & Wassef 1994). A breakthrough

came from the finding that Fgf8 is expressed in the

isthmus (Heikinheimo et al. 1994; Crossley & Martin

1995), and insertion of the Fgf8 soaked bead into the

diencephalon exerted similar effects as the isthmus

transplantation (Crossley et al. 1996). Thus, the isth-

mus was accepted as the organizer, and the Fgf8 as
the organizing molecule. Subsequent gain-of-function

studies of Fgf8 in chick and mice have all suggested

that Fgf8 is a signaling molecule emanating from the

isthmus (Liu et al. 1999; Martinez et al. 1999; Shamim

et al. 1999). Wnt1 is expressed at the posterior margin
of the mesencephalon, and was regarded as a candi-

date organizing molecule since Wnt1 knock-out mice

show defects in midbrain and hindbrain (McMahon &

Bradley 1990; Thomas & Capecchi 1990; McMahon

et al. 1992). Wnt1 plays essential role in keeping Fgf8

expression in the isthmus (Matsunaga et al. 2002). Lim

homeodomein protein Lmx1b and Wnt1 are expressed

at the posterior margin of the midbrain (Fig. 1), and
Lmx1b induces Wnt1 expression (Matsunaga et al.

2002). It was shown that Lmx1b cell-autonomously

repressed Fgf8 expression, but Wnt1 induced Fgf8

expression. Since Wnt1 is a secreted molecule, these

relationships keep Fgf8 expression in the isthmus

(Fig. 2). Wnt1 assures cell proliferation not the regional

specificity (Matsunaga et al. 2002).

Specification of the midbrain

Otx2 is expressed in the mesencephalon and prosen-

cephalon from a very early stage of development while

Gbx2 is expressed in the metencephaon (Simeone

et al. 1992; Bouillet et al. 1995). En1 (Engrailed 1) and

Pax2 covers entire mesencephalon (Asano & Gruss

1992; Rowitch & McMahon 1995; Araki & Nakamura

Fig. 2. Maintenance of isthmus organizer. Otx2 and Gbx2 are

expressed from a very early stage of development in the midbrain

and hindbrain, respectively. Fgf8 expression is induced at the

boundary of Otx2 and Gbx2 expression, overlapping with Gbx2

expression. Lmx1b and Wnt1 are expressed at the posterior bor-

der of the midbrain. Lmx1b induces Grg4 expression, which

represses Fgf8 expression. Lmx1b also induces Wnt1 expres-

sion, which induces Fgf8 expression. By these mechanisms,

Fgf8 expression is kept in the isthmus.

Fig. 1. Schematic drawing of the brain vesicles, transcription

factors expressed and the organizing centers. Primary brain vesi-

cles, forebrain (prosencephalon), midbrain (mesencephalon) and

hindbrain, are subdivided into five secondary brain vesicles,

telencephalon (Tel), diencephalon (Di), mesencephalon (midbrain),

metencephalon (Met) and myelencephalon (Myel). Otx2 and

Gbx2 are expressed from the early stage of development cover-

ing rostral to midbrain and hindbrain, respectively. Fgf8 expres-

sion is induced at the border of Otx2 and Gbx2 expression

overlapping to Gbx2 expression. Fgf8 induces and stabilizes En1

and Pax2 expression in the region where Otx2 is expressed to

specify midbrain. Fgf8 activates Ras-ERK pathway to specify

hindbrain. Fgf8 expression is also induced at the anterior part of

the neural tube to specify telencephalon. Diencephalon-midbrain

boundary is determined by repressive activity of Pax6 and En1/

Pax2, and mid-hindbrain boundary is determined by repressive

activity of Otx2 and Gbx2.
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1999; Shamim et al. 1999; Nakamura 2001). En2
expression in the mesencephalon is in a gradient as

rostral low caudal high and stronger in the isthmus.

Application of Fgf8 soaked bead in the diencephalon

induced En2 expression around the bead (Crossley

et al. 1996). Misexpression of En1/En2, Pax2 or Fgf8

in diencephalon, where they are not expressed,

induced each other’s expression and the tectum was

formed there (Araki & Nakamura 1999; Okafuji et al.
1999; Sato et al. 2001). It was concluded that En1/2,

Pax2 and Fgf8 are in a positive feedback loop for their

expression (Araki & Nakamura 1999; Funahashi et al.

1999; Okafuji et al. 1999). Mice lacking En1 show sev-

ere midbrain and hindbrain deletion, and die at birth,

whereas mice lacking En2 show only subtle defects

(Joyner et al. 1991; Millen et al. 1994; Wurst et al.

1994; reviewed in Joyner 1996). Pax2 and Pax5 dou-
ble knockout mice lack midbrain and cerebellum (Sch-

warz et al. 1997; Urb�anek et al. 1997). In homozygous

no isthmus mutant zebrafish, which carry inactivated

Pax-2.1 genes, Pax5 expression is lost and the fish

lack the isthmic constriction, cerebellum and optic tec-

tum (Lun & Brand 1998; Pfeffer et al. 1998).

Misexpression of Otx2 in the metencephalon

repressed Gbx2 and Fgf8 expression, and the tectum
differentiated ectopically in place of the cerebellum in

chick (Katahira et al. 2000), and the inferior colliculi

enlarged and extended caudally in mouse (Broccoli

et al. 1999). On the other hand, Gbx2 misexpression

in the mesencephalon repressed Otx2 expression. As

a consequence, the hindbrain expanded rostrally and

midbrain was reduced both in mouse and chick (Millet

et al. 1999; Katahira et al. 2000). Both in Otx2 and
Gbx2 misexpression, Fgf8 expression was induced at

the border of Otx2 and Gbx2 expression domain over-

lapping with Gbx2 expression (Broccoli et al. 1999;

Millet et al. 1999; Katahira et al. 2000). Otx2 null

mouse embryos lack the forebrain, midbrain and ros-

tral hindbrain and die in early embryogenesis (Acam-

pora et al. 1995; Matsuo et al. 1995; Ang et al. 1996).

Gbx2 knockout mice showed abnormalities in the isth-
mus structure and caudal expansion of the midbrain

(Wassarman et al. 1997).

From these experiments, it was concluded that the

region where Otx2, En1 and Pax2 are expressed is

specified as the mesencephalon (Fig. 1) (Nakamura

et al. 2005). Further experiments showed that Pax3/7

confers tectum property to the mesencephalon (Mat-

sunaga et al. 2001).

Fgf8 signaling

Now we focus more on the Fgf8 signaling around the

isthmus. There are eight splicing isoforms of Fgf8, and

it was shown by RT-PCR that Fgf8a and Fgf8b are
expressed in the isthmus. Fgf8b contains additional 11

amino acids to Fgf8a, and has stronger transformation

activity than Fgf8a (MacArthur et al. 1995a,b). Fgf8a

misexpression by electroporation in the forebrain to

hindbrain in chick embryos did not affect molecules

expressed in the midbrain and hindbrain, but induced

En2 expression in the diencephalon (Sato et al. 2001).

Consequently, fate of the caudal diencephalon chan-
ged to midbrain; tectum extended rostrally (Fig. 3A).

Fgf8a misexpression in mouse by Wnt1 regulatory ele-

ment, which assures expression at the dorsal part of

the caudal diencephalon to midbrain caused prolifera-

tion of neural precursors and expansion of the mid-

brain, but no apparent fate change of the midbrain/

hindbrain occurred (Lee et al. 1997).

Implantation of an Fgf8b soaked bead in the dien-
cephalon could induce Gbx2, and repressed Otx2 in

the midbrain both in chick and mouse embryos (Liu

et al. 1999; Martinez et al. 1999). Misexpression of

Fgf8b by in ovo electroporation in chick embryos

exerted drastic effects. Otx2 expression in the mid-

brain was repressed, and Gbx2, Irx2, Pax2 and En2

expression extended to the caudal diencephalon. Con-

sequently, the cerebellum differentiated in place of the
tectum (Fig. 3B–D) (Sato et al. 2001). Misexpression of

Fgf8b in transgenic mice in which Fgf8b expression is

regulated under Wnt1 regulatory element exerted simi-

lar effects on downstream gene expression (Liu et al.

1999).

Since Fgf8b has stronger transforming activity than

Fgf8a (MacArthur et al. 1995b), it was assumed that

the difference in the effects between Fgf8a and Fgf8b
could be attributed to the difference in signal intensity

(Sato et al. 2001). This assumption was supported by

quantitative analysis and by structural analysis. For

quantitative analysis, electroporation at different con-

centration of Fgf8b expression vector (1.0, 0.1, 0.01

and 0.001 lg/lL) was performed. It was shown that

electroporation with 1.0 and 0.1 lg/lL of Fgf8b

expression vector transformed the fate of the midbrain
to that of the hindbrain, and that electroporation with

0.01 lg/lL of Fgf8b expression vector exerted Fgf8a

type effects; rostral expansion of the tectum (Sato

et al. 2001). Structural analysis by surface plasmon

resonance showed that Fgf8b binds more intimately to

the c isoforms of the Fgf receptor 1–3 (FGFR1-3)

owing to the additional 11 amino acids, phenylalanine

32 (F32) being most important. Mutation of F32 to ala-
nine (F32A) reduced the affinity to FGFR, and the

mutation converted the action of Fgf8b to that of Fgf8a

(Olsen et al. 2006).

Competence of the tissue to organizing signals

depends on pre-existing transcription factors. Otx2
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and Gbx2 are expressed from a very early stage in the

midbrain and hindbrain, respectively, and Fgf8 expres-

sion is induced at the boundary of their expression

overlapping with Gbx2. Fgf8 activates Ras-ERK path-
way in the region where Gbx2 is expressed to specify

hindbrain (Sato & Nakamura 2004). Strong Fgf8 signal

could repress Otx2 expression and induce Gbx2

expression in the midbrain, and activates Ras-ERK

signaling to change the fate of the midbrain to that of

the hindbrain. The result of co-transfection of Otx2

and Fgf8b expression vector uncovered that Otx2

increases Fgf signal threshold required for hindbrain
differentiation. Transfection of Fgf8b vector at concen-

tration of 1.0 lg/lL or of 0.1 lg/lL vector could

convert the midbrain to the hindbrain property. But

co-transfection of 0.1 lg/lL of Fgf8b vector and

(A) (B) (C) (D)

(E) (F) (G) (H)

(I) (J) (K)

Fig. 3. Effects of Fgf8 and its signal transduction. (A) Misexpression of Fgf8a. Fate change of the diencephalon to midbrain occurs, and

the tectum at the experimental side (right) extends toward diencephalon. (B–D) Misexpression of Fgf8b. Fate change of the midbrain to

hindbrain occurs, and the cerebellum differentiates in place of the tectum (cer-ect). In the ectopically differentiated cerebellum external

granular layer (arrows) and the Purkinje cells (arrow heads) are differentiated. (E–H) Effects of Fgf8a (F), Fgf8b (G) and 1/100 diluted

Fgf8b (H). Transfection region is indicated in E. ERK is activated corresponding to the transfection site after Fgf8b misexpression (G).

Ectopical actigation of ERK is seen only in the diencephalon after misexpression of both Fgf8a and 1/100 dilution of Fgf8b, which exerts

similar gross morphological effects. (I–K) Disruption of Ras-ERK signaling by dominant negative form of Ras (RasS17N, a serine-to-aspar-

agine mutation at residue 17). ERK activity is down regulated (I), and the tectum is formed in place of the cerebellum.

ª 2016 Japanese Society of Developmental Biologists

440 H. Harada et al.



1.0 lg/lL of Otx2 vector could not change the fate of
the midbrain (Sato et al. 2001). The results explain

why the posterior part of the midbrain that receives

strong Fgf8 signal differentiates as the midbrain though

it receives strong Fgf8 signal.

Signaling pathway toward hindbrain development

It is very interesting how the Fgf8 signal is transduced
to specify midbrain and hindbrain development. Fgf

signal is received by a receptor tyrosine kinase, which

activates Ras-ERK pathway in many cases (reviewed

by Katz & McCormick 1997; Rommel & Hafen 1998).

ERK activation could be detected by anti-di-phos-

phorylated ERK (dpERK) antibody (Gabay et al. 1997;

Christen & Slack 1999; Shinya et al. 2001; Corson

et al. 2003), and it was shown that ERK is activated
around the isthmus (Fig. 3I) (Sato & Nakamura 2004).

After misexpression of Fgf8b, ERK was activated cor-

responding to the transfection of Fgf8b (Fig. 3E, G)

(Sato & Nakamura 2004). It is very interesting that sim-

ilar ERK activation pattern was obtained after Fgf8a

and 1/100 diluted-Fgf8b misexpression that exerts

Fgf8a type effects (Fig. 3F, H). Disruption of Ras-ERK

signaling pathway changed the property of the hind-
brain to that of the midbrain, that is, by misexpression

of dominant negative form of Ras (dnRas) which

antagonizes Ras activity, or by misexpression of Spro-

uty2, negative regulator of Ras-ERK pathway (Fig. 3I),

in the hindbrain, the tectum differentiated in place of

the cerebellum (Fig. 3J, K) (Sato & Nakamura 2004;

Suzuki-Hirano et al. 2005). It was suggested that Irx2

is phosphorylated by ERK, and is involved in cerebellar
differentiation (Matsumoto et al. 2004). All of these

studies suggest that strong Fgf8 signal activates Ras-

ERK pathway in the region where Gbx2 is expressed

to organize hindbrain development.

Regulation of Ras-ERK pathway

Fgf8-Ras-ERK signaling is very strong, and activation of
Fgf8-Ras-ERK signaling is only needed for short win-

dow of developmental process so that ERK activity

should be quickly down regulated (reviewed in Mason

et al. 2006). Indeed, Fgf8 itself induces negative regula-

tors for Ras-ERK signaling in the isthmus; Sprouty2

and Sef expression is induced through Fgf8-Ras-ERK

signaling (Echevarria et al. 2005; Suzuki-Hirano et al.

2005) and Mkp3 is induced through Fgf8-PI3K-AKT
signaling (Echevarria et al. 2005). Sprouty2 may alter-

natively be induced by nuclear-translocated Fgf8 itself

(Suzuki et al. 2012). ERK is phosphorylated (activated)

widely in the midbrain and hindbrain at around stage 8

and 9 in chick embryos, but ERK phosphorylation

region become narrower and phosphorylation level in
the hindbrain becomes low by stage 11 (Sato & Naka-

mura 2004). Sprouty2 has stronger repressive activity

to ERK than Mkp3 (Suzuki-Hirano et al. 2010), and

Sprouty2 misexpression in the midbrain/hindbrain

exerted similar effects as dn-Ras misexpression; the

tectum differentiated in place of the cerebellum

(Suzuki-Hirano et al. 2005). Suzuki-Hirano carefully

examined ERK activation in the midbrain after Fgf8b

misexpression by electroporation, which forces fate

changes of the midbrain to the hindbrain. ERK was

phosphorylated just after electroporation and kept

high till 15 h after electroporation, the ERK became

de-phosphorylated by 18 h after electroporation. What

happens if ERK is continuously phosphorylated by

repressing the activity of the negative regulators? When

Fgf8b and DN-Sprouty2 were co-transfected in the
midbrain, ERK was kept phosphorylated in the mid-

brain until 18 h after electroporation, and the fate

change of the midbrain did not occur; midbrain devel-

oped as midbrain and the tectum differentiated

(Suzuki-Hirano et al. 2010). By turning off DN-Sprouty2

transcription by Tet-off system (Hilgers et al. 2005;

Watanabe et al. 2007) at 5.5 h after electroporation of

Fgf8b and DN-Sprouty2 expression vectors, ERK activ-
ity in the midbrain was repressed by 18 h after electro-

poration, and the fate change of the midbrain to the

hindbrain occurred (Suzuki-Hirano et al. 2010).

Comparison of the phosphorylation level of ERK in

the mid-hindbrain region after DN-Sprouty2 and DN-

Mkp3 misexpression showed that Sprouty2 has a

stronger activity than Mkp3 (Suzuki-Hirano et al.

2010). After misexpression of Fgf8b and DN-Mkp3,
ERK phosphorylation level in the midbrain at 18 h after

electroporation kept high but lower than that after

Fgf8b and DN-Sprouty2 misexpression, which is

because Sprouty2 may have been induced, and the

property of the midbrain changed to that of the isth-

mus (rhombomere 0, r0) and the trochlear neurons dif-

ferentiated (Suzuki-Hirano et al. 2010).

In normal development of the chick hindbrain, ERK is
activated in r0-r1 at stage 10, but in the r1 ERK activity

is downregulated at stage 11 (Suzuki-Hirano et al.

2010). Thus, after activation of ERK in the hindbrain,

activity may be downregulated differentially: the region

where ERK activity is weakly kept differentiate into the

isthmus (r0) and the region where ERK is strongly

downregulated acquires the property as r1 and the

cerebellum differentiates (Suzuki-Hirano et al. 2010).

Downstream of Ras-ERK pathway

We have shown that strong Fgf8 signal activates Ras-

ERK pathway to specify hindbrain development. As a
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downstream of Ras-ERK pathway, Pea3 subfamily
(Raible & Brand 2011), which consist of Pea3, Erm

and Er81 and belong to Ets-type transcription factors,

were suggested in mouse lung development (Liu et al.

2003). In the isthmus, Pea3 and Erm are expressed in

zebrafish, and their expression was induced by ectopi-

cally misexpressed Fgf8, and was repressed by FGFR

inhibitor SU5402 or by Sprouty4 (Roehl & N€usslein-

Volhard 2001; Raible & Brand 2011). In chick
embryos, Pea3 is expressed in the mid-hindbrain

region, and its expression was regulated by Ras-ERK

pathway; disruption of Ras-ERK signaling by DN-Ras

repressed Pea3 expression (Harada et al. 2015). Gain

and loss of function of Pea3 exerted similar effects as

Fgf8b and DN-Ras misexpression on Otx2, Gbx2 and

Fgf8 expression, respectively. Pea3 misexpression

resulted in repression of Otx2 in the midbrain, and ros-
tral extension of Gbx2 and Fgf8 expression. Repres-

sion of Pea3 function by misexpression of a chimeric

molecule of Engrailed repressor domain EH1 and Pea3

(eh1-Pea3) resulted in upregulation of Otx2 in the hind-

brain and repression of Gbx2 and Fgf8 in the hindbrain

(Harada et al. 2015).

From the effects on downstream gene expression, it

was expected that Pea3 would function to specify

hindbrain at the downstream of ERK, so that Pea3

misexpression would induce cerebellum in the mid-

brain (Harada et al. 2015). But the cerebellum was not

differentiated after Pea3 misexpression in the midbrain

region. Instead, isthmus structure was extended ros-

trally in case of Pea3 misexpression; trochlear neurons

differentiated rostral to the proper troclear nucleus.

Repression of Pea3 function by eh1-Pea3 resulted in

caudal extension of the midbrain; oculomotor neurons
differentiated caudal to the oculomotor nucleus. These

results indicated that Pea3 specifies isthmus (r0) under

Ras-ERK pathway (Harada et al. 2015). Recently it

was reported that bHLH transcription factor Atoh1 is

expressed in the rostral part of r1, and that Atoh1

expressing region would give rise to isthmic nuclei in

mouse and chick (Green et al. 2014). Experimental

results suggest that Pea3 may be responsible for the
specification of Atoh1 expressing region.

For the specification of the r1 region, Irx2 may be

essential. Fgf8b could ectopically induce Irx2 in the

midbrain, but Fgf8a could not (Sato et al. 2001).

Consequently, Fgf8a could not change the fate of the

midbrain. Co-misexpession of Fgf8a and Irx2 could

induce the ectopic cerebellum in the midbrain region.

Thus, Irx2 expression may be induced through

Fig. 4. Fgf8 signaling for the specification

of the midbrain and hindbrain. Otx2 and

Gbx2 are expressed from a very early

stage of development, and Fgf8 expres-

sion is induced at the border of Otx2 and

Gbx2 expression. Fgf8 signaling induces

En1 and Pax2 expression where Otx2 is

expressed to specify the midbrain devel-

opment. Transducing pathway for the

midbrain specification has not been eluci-

dated. Fgf8 activates Ras-ERK signaling

pathway, and specifies the hindbrain

development. Negative regulators for the

Ras-ERK signaling, Sprouty2, Sef and

Mkp3, are induced, and differential activa-

tion level of ERK is formed in the hind-

brain. The region where ERK activity is

strongly repressed is specified as r1 by

Irx2, and the region where ERK activity is

weakly repressed is specified as r0 by

Pea3. When Ras-ERK pathway is dis-

rupted, fate change of the hindbrain

occurs, and the tectum differentiates in

place of the cerebellum.
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Ras-ERK signaling. Irx2 could induce Fgf8 and Gbx2

expression in the midbrain and convert the fate of

this region from the tectum to the cerebellum (Mat-

sumoto et al. 2004).

Concluding remarks

Regional specificity of the neural tube is determined by

the combination of the transcription factors expressed,
and the signaling molecule organizes the fate of the

neighboring region by regulating expression of the

transcription factors. Isthmus functions as the orga-

nizer for the midbrain and hindbrain by emanating

Fgf8. Fgf8 induces and stabilizes expression of En1

and Pax2 in the region where Otx2 is expressed. Thus,

Fgf8 specifies the development of the midbrain since

the region where Otx2, En1 and Pax2 are expressed
differentiates as the midbrain (Figs 1 and 4). Gbx2 is

crucial for the hindbrain development. Fgf8 activates

Ras-ERK signaling pathway where Gbx2 is expressed

and specifies the hindbrain development. Otx2 and

Gbx2 expression is overlapping at the border at early

stages of development, and their expression becomes

abutted at the midbrain/hindbrain boundary by their

mutual repressing activity, and Fgf8 expression is
induced at the boundary of Otx2 and Gbx2 expression

overlapping with Gbx2 expression. If the Ras-ERK

pathway is disrupted in the hindbrain, Otx2 expression

remains and the territory of the midbrain extends cau-

dally. Strong Fgf8 signaling can change the fate of the

midbrain to hindbrain by repressing Otx2 expression in

the midbrain and activates Ras-ERK pathway. Down-

stream of the Ras-ERK pathway, Pea3 specifies the
isthmus (r0) region (Fig. 4). Atoh1 may be related to

specification of the r0 (Green et al. 2014). The tran-

scription factor that specifies the r1 downstream of

Ras-ERK pathway may be Irx2 (Fig. 4).
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Abstract
The hindbrain is a key relay hub of the central nervous system (CNS), linking the bilaterally symmetric half-sides of lower 
and upper CNS centers via an extensive network of neural pathways. Dedicated neural assemblies within the hindbrain control 
many physiological processes, including respiration, blood pressure, motor coordination and different sensations. During 
early development, the hindbrain forms metameric segmented units known as rhombomeres along the antero-posterior (AP) 
axis of the nervous system. These compartmentalized units are highly conserved during vertebrate evolution and act as the 
template for adult brainstem structure and function. TALE and HOX homeodomain family transcription factors play a key 
role in the initial induction of the hindbrain and its specification into rhombomeric cell fate identities along the AP axis. 
Signaling pathways, such as canonical-Wnt, FGF and retinoic acid, play multiple roles to initially induce the hindbrain and 
regulate Hox gene-family expression to control rhombomeric identity. Additional transcription factors including Krox20, 
Kreisler and others act both upstream and downstream to Hox genes, modulating their expression and protein activity. In this 
review, we will examine the earliest embryonic signaling pathways that induce the hindbrain and subsequent rhombomeric 
segmentation via Hox and other gene expression. We will examine how these signaling pathways and transcription factors 
interact to activate downstream targets that organize the segmented AP pattern of the embryonic vertebrate hindbrain.

Keywords Hindbrain · Neural specification and patterning · Hox proteins · Meis and Pbx proteins · FGF, Wnt and retinoic 
acid signaling · Rhombomere patterning

Introduction

The central nervous system (CNS) has been a classic model 
system to study pattern formation during early vertebrate 
development. Vertebrate CNS morphology is strikingly con-
served, from fish to mammals. Dorsal ectodermal cells on 

the outer surface of the embryo are induced to neural fates 
by neighboring dorsal mesoderm cells. This induced neural 
plate tissue subsequently thickens, elevating at the embryo’s 
two lateral edges to form the neural folds. These two aris-
ing neural folds merge at the dorsal midline of the embryo, 
creating the neural tube. The neural tube is asymmetric; the 
wider, thicker walled anterior region forms the brain, while 
the narrower, posterior part forms the spinal cord.

The brain subdivides into three regions with distinct 
antero-posterior (AP) characteristics: the most anterior 
forebrain (telencephalon and diencephalon), the midbrain 
(mesencephalon) and most caudally, the hindbrain (rhom-
bencephalon). These regions are the morphological basis of 
distinct functional units of the brain. In the forebrain, the 
telencephalon gives rise to the cerebral cortex, basal gan-
glia and hippocampus. The diencephalon gives rise to the 
thalamus, hypothalamus and pineal gland. In the lateral dien-
cephalon regions, optic vesicles form the eye structure. The 
midbrain will generate centers of sensory and motor control, 
whereas the hindbrain gives rise to the cerebellum, pons and 
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medulla [1]. The hindbrain controls crucial physiological 
processes such as motor activity, respiration, sleep and blood 
circulation. It also receives processes and transmits multi-
ple sensory inputs including the auditory, precerebellar and 
vestibular systems. Different streams of neural crest cells 
are generated in the hindbrain to give rise to cranial sensory 
ganglia, Schwann cells, cardiac connective tissue and most 
of the cranial skeleton [2].

The embryonic hindbrain is divided into seven or eight 
segmented regions called rhombomeres (r). In the most ros-
tral hindbrain, r1 borders the midbrain in a region called the 
midbrain–hindbrain boundary, whereas at the most caudal 
end, r7/r8 borders the most-anterior spinal cord. Each rhom-
bomere has unique gene expression patterns that promote 
the region-specific fates, differentiation of neurons and pro-
duction of distinct neural crest streams. Rhombomeric units 
are highly conserved during vertebrate evolution, acting as 
templates for the adult hindbrain structure and function, by 
giving rise to the pons, medulla oblongata and different cer-
ebellar cell layers. The most caudal region of the central 
nervous system, the spinal cord, forms posterior to the hind-
brain, extending to the rear of the body.

This elegant CNS morphogenesis is achieved in the 
vertebrate embryo through a series of inductive events. In 
amphibians, Mangold and Spemann in the 1920s found that 
grafting a dorsal mesodermal lip removed from the blasto-
pore of an early gastrula stage embryo induced a secondary 
nervous system in the naïve ventral ectoderm of the trans-
planted host [3]. This region is called “the organizer”, and 
the phenomenon of this experiment was termed “embry-
onic induction”. These experiments were confirmed in other 
vertebrates in analogous fish and bird Spemann–Mangold 
organizer regions [4, 5]. More recent genetic studies suggest 
that a neural inducing organizer activity also exists in mam-
mals. The mammalian organizer center may be composed 
of two regions acting in differing time periods. The earlier 
anterior visceral endoderm establishes initial embryonic AP 
polarity, while the later node region induces neural tissue 
[6].

Seminal experiments of Nieuwkoop, Eyal-Giladi, 
Toivonen and Saxen suggested that there are two induc-
tive steps involved in neural induction and patterning [7–9]. 
In the first step, the “organizer” initially induces a general 
neural tissue having an anterior forebrain fate in a process 
called “activation”. The second “transformation” step is a 
caudalizing-posterior induction, which re-specifies the “acti-
vated” neuro-ectoderm into more posterior CNS cell fates 
such as hindbrain and spinal cord [7].

Three different neural inducing proteins (noggin, chor-
din, follistatin) were initially identified and characterized 
in amphibians [10–12]. These proteins all induce ante-
rior-pan neural tissue. While structurally different, these 
proteins share one common activity, the ability to inhibit 

BMP protein signaling activity [12–14] by blocking BMP 
ligand–receptor interactions [14–16]. Thus, BMP antago-
nism serves as the initial “activation” signal inducing ecto-
derm to rostral neural fates. Since BMP signaling actively 
drives ectoderm cells to epidermal/non-neural cell fates, 
BMP signaling inhibition suffices to convert ventral epider-
mal ectoderm to a more dorsal neural fate [17–19].

Parallel to the discovery of the “activation” signal of BMP 
antagonism, neural caudalizing “transformation” molecules 
were also identified. Using Xenopus and chick experimental 
embryology techniques, in addition to zebrafish and mouse 
genetics, three signaling pathways were identified that cau-
dalize rostral neural tissue. These include the basic fibro-
blast growth factor (bFGF), retinoic acid (RA) and canonical 
Wnt signaling pathways [20–35]. For each pathway, multiple 
ligands, receptors and antagonists are expressed in different 
temporal windows and embryonic locales during the neural 
patterning process. The same pathways seem to have variant 
spatial and temporal roles in specifying multiple posterior 
cell fates in the developing vertebrate nervous system. These 
caudalizing factors induce an initial posterior neural “ground 
state”, which undergoes fine-tuning into distinct locales such 
as hindbrain and spinal cord along the neural AP axis.

While the sequence of morphological events that lead to 
the partition of the CNS into sub-domains is well known, 
the genetic networks that govern the specification and con-
nectivity of different cell types along the CNS to yield a 
functional nervous system are only partially resolved 
(reviewed in [36–39]). This review examines the conserved 
transcriptional networks and morphogens that orchestrate 
the intricate regulation of early hindbrain specification and 
patterning in different vertebrates. It will cover both the ear-
liest stages of hindbrain development/induction, as well as 
later stages of rhombomere specification. By addressing the 
complex interactive dynamics between signaling pathways, 
the earliest activation of Hox and TALE homeodomain pro-
teins, as well as the later expression of non-homeodomain 
transcription factors, this review provides a unique com-
prehensive synopsis of the central processes of hindbrain 
development in relevant vertebrate systems.

The transcription factor blueprint 
of the hindbrain

The Hox genes are one of the most ancient regulators of 
body formation in metazoans, being crucial for AP axis 
formation in the developing vertebrate embryo. Hox pro-
teins partner up with another ancient family of homeodo-
main proteins, the TALE class proteins, Meis and Pbx. By 
their joint interactive activities during the earliest stages 
of neural development, Meis, Pbx and Hox proteins act to 
induce and specify the hindbrain. Vertebrates typically have 
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thirteen Hox gene paralog groups (PG) expressed along the 
AP axis. The most anterior extent of Hox expression along 
the AP axis is the hindbrain, and the PG1–4 group genes 
are regionally expressed in the hindbrain, and required for 
its formation. Acting with the Hox genes to induce the hind-
brain are the Meis/Pbx proteins. Meis/Pbx expression can 
precede Hox gene expression. In some systems, Meis/Pbx 
was shown to be required for the earliest activation of Hox 
gene expression in the hindbrain. In addition, various dimers 
or trimer of Meis/Pbx/Hox proteins directly activate target 
genes in the developing hindbrain. This review will address 
how these transcription factors interact with signaling path-
ways to regulate the earliest formation of the hindbrain.

Homeodomain proteins

TALE class homeodomain proteins: Meis, Prep 
and Pbx proteins

The correct temporal and spatial expression of Hox par-
alogous group (PG1–4) proteins is crucial for establishing 
the initial segmentation of the hindbrain. Hindbrain induc-
tion is also dependent on Three-Amino acid Loop Exten-
sion (TALE) homeodomain proteins, which belong to the 
MEIS (Meis1–3 proteins), PREP and PBC (Pbx1–4 proteins) 
groups. TALE proteins are atypical homeodomain-contain-
ing transcription factors having three additional amino acids 

between the first and second helix of the homeodomain [40]. 
During hindbrain development in zebrafish and Xenopus, 
meis/pbx genes are activated very early, preceding hox gene 
expression in the presumptive neural plate. Meis/Pbx and 
Hox proteins interact at two distinct levels. Early in zebrafish 
and Xenopus development, Meis/Pbx proteins are required to 
initially activate PG1–4 hox gene expression in the hindbrain 
[41–44]. Later, Meis (Prep)/Pbx/Hox protein combinations 
bind target genes to activate their transcription. Some of 
these target genes are also hox and meis genes themselves, 
but non-hox gene targets also lie downstream to Meis/Pbx/
Hox (Fig. 1) [45, 46].

Studies in Xenopus and zebrafish embryos revealed the 
requirement of Meis1 and Meis3 for proper hindbrain for-
mation [41–44, 47–50]. The expression of meis3 initiates 
early, at late gastrula stages in the presumptive hindbrain 
region. At later stages, its expression becomes localized to 
the r2–r4 region [42, 43, 47, 48]. In contrast, expression of 
the meis1 and meis2 genes is more general, expanding into 
more anterior neural regions than meis3 in multiple verte-
brate species, such as mouse, chick, Xenopus and zebrafish 
[43, 51–56]. In Xenopus and zebrafish, loss of Meis/Pbx 
function, obtained by either dominant-negative proteins, 
antisense oligonucleotide morpholino (MO) knockdown, 
or genetic mutation, triggers a loss of the entire hindbrain 
region, accompanied by a loss in expression of a many hind-
brain markers, including hox PG1-4 genes [41–44, 47]. This 
is concomitant with a posterior expansion and enlargement 

Fig. 1  Pbx/Meis proteins lie upstream of Hox gene expression in the 
early hindbrain. A Schematic representation of Pbx and Meis regula-
tory activity in the early hindbrain. Pbx/Meis proteins are induced in 
the neural plate by Wnt signaling prior to Hox gene expression. Pbx 
and Meis activate (individually and additively) the transcription of 
PG1–4 Hox genes, by binding to their Pbx/Meis-responsive elements. 
In parallel, Pbx/Meis also activate FGF and RA signaling to promote 
Hox gene expression. This is mediated by their binding to responsive 
elements in the Raldh2 gene, the main RA-synthesizing enzyme, as 
well as by inducing FGF gene expression that in turn inhibits the 
RA-degrading enzyme Cyp26. Following the initial activation of 
Hox gene expression, Meis/Pbx synergize with HoxA1 protein to 
induce expression of other Hox genes (not shown). B Meis3 regulates 

early homeobox gene expression (from Elkouby et  al. [44]). Meis3 
knockdown inhibits early HoxD1, HoxA2 and Gbx2 gene expression. 
Embryos were injected into one blastomere at the two-cell stage with 
Meis3-MO (10–12.5  ng/blastomere; b, d, f). Gene expression was 
examined at late gastrula, stage 12.5. All embryos are viewed dor-
sally, and oriented with anterior at the top, posterior at the bottom. 
The dashed line in b, d, f indicates the dorsal midline; the XMeis3-
MO-injected side is on the right. Early expression of HoxD1, HoxA2 
and Gbx2 is inhibited on the Meis3-MO-injected side (100%, n = 16; 
88.2%, n = 34; 66.4%, n = 33, respectively). In neurula-stage Meis3-
morphant sibling embryos, a typical inhibition of posterior neural cell 
types was observed
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of more anterior forebrain structures. Meis3 also suffices for 
hindbrain induction, as its overexpression induces ectopic 
hindbrain formation while repressing forebrain formation in 
both Xenopus and zebrafish embryos and explants [42–44, 
47, 48, 57]. In mouse and chick, Meis/Prep and Pbx proteins 
also are required for activation of hindbrain enhancers in the 
hoxb1 and hoxb2 genes [58–61].

Slightly later in zebrafish development, Meis3 syner-
gizes with HoxB1b (HoxA1 in other vertebrates) protein to 
induce expression of various other hindbrain markers such 
as hoxb1a (hoxb1) and krox20 [48]. Similarly, in Xeno-
pus, HoxD1 and Meis3 co-expression enhances hoxb3 and 
krox20 expression [62]. In mice and zebrafish, the krox20 
promoter has a functional r3-specific Hox/Meis/Pbx binding 
site, although it does not appear to be a direct Meis3-target 
in Xenopus [44, 63, 64]. Moreover, hoxd1 is a direct-target 
gene of Meis3 in Xenopus that acts downstream of Meis3 
to induce hindbrain cell fates [44, 57, 62]. In Xenopus, the 
Zic1 and Pax3 transcription factors are required upstream 
of Meis3. Knockdown of Zic1 or Pax3 prevents early meis3 
gene expression, leading to a loss of hindbrain cell fates 
[57]. Ectopic Meis3 can rescue Zic1, but not Pax3 knock-
down phenotypes.

Together with Meis proteins, the PBC family proteins 
are central for hindbrain induction. Pbx4 directly interacts 
with Meis1 and Meis3 proteins in zebrafish, and perturba-
tion of either Pbx2 or Pbx4 activities eliminates r2–r6 cell 
fates in zebrafish [41, 43, 48, 65, 66]. Pbx4 is expressed in 
the presumptive hindbrain region, where its early expression 
closely overlaps the meis3 and hoxb1b (hoxa1) genes [48]. 
In Xenopus, Meis1 and Pbx1 proteins interact to regulate 
neural cell fate specification, where Pbx1 knockdown also 
disrupts hindbrain formation [50]. Pbx1 is expressed in the 
presumptive forebrain, hindbrain and neural crest regions 
[53]. In Xenopus, Pbx1 and HoxD1 proteins strongly activate 
a heterologous mouse hoxb1 enhancer, but Meis3 had no 
additive effect with either protein when tested separately or 
together [62, 67]. A Pbx protein partner that enhances Meis3 
activity in Xenopus has not been identified. In chick and 
mice, Meis2 and Pbx proteins were found to synergize and to 
activate a krox20 enhancer element in r3 [63]. Interestingly, 
in zebrafish, ectopic Meis1 expression rescued hindbrain for-
mation in the absence of zygotic Pbx4 protein. This suggests 
a potential Pbx-independent mechanism of action, although 
maternal Pbx protein involvement was not fully ruled out 
(Fig. 1), [43].

Hox proteins

PG1 Hox proteins are key factors controlling early hind-
brain specification. The PG1 Hox proteins are homologs of 
the Drosophila labial gene and include the HoxA1, HoxB1 
and HoxD1 proteins. In all vertebrates, expression of the 

PG1 hox genes precedes all other hox genes in the presump-
tive hindbrain region at early gastrula stages and persists 
through neurula stages [68–77]. PG1 proteins are essential 
for correct hindbrain induction and segmentation. Com-
bined knockdown of HoxB1a (Mouse Hoxb1) and HoxB1b 
(Mouse Hoxa1) proteins in zebrafish, or hoxA1 and hoxB1 
gene deletion in mouse embryos led to significant hindbrain 
perturbation [75, 76, 78, 79]. In Xenopus embryos, triple 
knockdown of all the PG1 genes, hoxa1, hoxb1 and hoxd1 
caused a complete loss of r2–6, and the entire hindbrain 
resembled the Hox non-expressing r1 region [77]. This phe-
notype is reminiscent of Pbx2 loss-of-function in zebrafish 
embryos, arguing for cooperative function of Pbx2 and PG1 
Hox proteins in the specification of r2–6 regions [66]. Sup-
porting this assumption, HoxA1 hexapeptide mutant proteins 
that fail to interact with Pbx proteins cause severe hindbrain 
phenotypes in mice [80]. Moreover, the combined PG1 loss-
of-function phenotype is synergistically stronger than that 
of each of the individual inhibitions, and in Xenopus, PG1 
knockdown could be rescued by overexpression of HoxD1 
protein alone. This suggests at least partial functional redun-
dancy between PG1 members [77]. To gain insight into the 
transcriptional network regulated by HoxA1, microarray 
analysis was performed on the prospective r3–5 region of 
hoxa1 null and wild-type mouse embryos [81]. Around 300 
genes were differentially expressed between the samples. 
While many of these genes were previously identified to 
play a role in hindbrain development, new target genes were 
also found to be downregulated in hoxa1-nulls, such as FGF 
receptor 3 (fgfr3), zic1, hnf1b, foxd3 and lhx5, suggesting 
that HoxA1 protein acts in a genetic cascade upstream to 
many target-genes that control wider aspects of hindbrain 
development than previously thought. HoxA1 mutations in 
humans have brainstem function perturbations, and it was 
suggested that this could be related to improper embryonic 
hindbrain development [82].

Early PG1 protein expression is a prerequisite for the 
proper sequential expression of later, more posteriorly 
expressed PG2–4 Hox genes [62, 77]. In PG2 mutant mice, 
development of the r3/r4 region is disrupted with poor 
border formation between r2/r3. Cells in r2 express only 
hoxa2, the most anterior of all Hox genes, and hoxa2 loss-
of-function mutations cause r2 to r1 fate changes [83–87]. 
Notably, Hox PG1 and PG2 genes are both expressed in r4, 
but with temporal differences. Single hoxb2 mutant mice 
had no hindbrain segmentation defects, but in hoxa2/hoxb2 
double-mutant mice, the r2/3 and r3/r4 borders were lost, 
suggesting that the action of both PG2 genes is synergis-
tic [88]. Interestingly, recent sequence analysis of hoxa2 in 
fugu uncovered the presence of two orthologues, hoxa2a 
and hoxa2b. Each orthologue contains distinct cis-regula-
tory elements to drive hoxa2 expression in neural crest or 
rhombomeres, respectively. This study suggests that these 
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regulatory regions are conserved throughout vertebrate evo-
lution to mediate differential hoxa2 expression and activity 
during development [89]. A negative regulatory mechanism 
exists between PG3 and PG2 groups. Studies in mice and 
chick embryos showed that Hoxb3 protein directly binds to 
hoxb1 regulatory regions and represses hoxb1 expression 
posterior to r4 [90]. In multiple PG3 mutants, r5/6 identity 
was disrupted and r4-specific hoxb1 expression was ectopi-
cally activated in r5/6 [91]. In PG4 mutants, in contrast, 
hindbrain development was normal [92].

A recent study compared the binding targets of HoxA1 
proteins in zebrafish and mouse finding that they share many 
common hindbrain target genes. Many of these targets also 
shared occupancy with Meis and Pbx proteins [93]. HoxA1 
also was found to bind enhancer regions of the meis2 and 
meis3 genes [94], suggesting that HoxA1 may be regulating 
the early expression of these meis genes. This coupled to 
studies in Xenopus showing Meis3 regulation of PG1 Hox 
gene expression suggests that there is a mutual co-depend-
ence between Meis and Hox PG1 proteins to regulate the 
earliest stages of vertebrate hindbrain specification.

TALE and Hox proteins cross‑talk in the hindbrain

As mentioned previously, during early development, Meis, 
Pbx and Hox proteins interact at two distinct levels. Initially, 
Meis–Prep/Pbx and PG1 Hox proteins may reciprocally co-
activate each other’s gene expression in the hindbrain. Later, 
Meis/Pbx/Hox protein combinations bind target genes to 
further activate hox gene expression in the hindbrain [42]. 
In zebrafish embryos, ChIP studies showed that Meis/Pbx 
proteins specifically bind the hoxb1a and hoxb2a promot-
ers in their respective tissues of expression [95]. These 
promoters were also enriched for histone H4 acetylation. 
In embryos ectopically expressing dominant negative Pbx 
proteins, Meis/Pbx activity was inhibited and histone acety-
lation was highly reduced. Furthermore, Meis/Pbx protein 
complex formation removes histone deacetylase (HDAC) 
from Hox-regulated promoters. Additionally, Meis proteins 
recruit CBP/p300 histone acetylase to hox promoters. Thus, 
Meis proteins function as direct transcriptional activators 
of the hoxb1a target gene by controlling the accessibility of 
HDAC/CBP proteins to its promoter [95]. More recent stud-
ies in zebrafish embryos show that TALE protein complexes 
actively poise hoxb1a promoters for expression by chroma-
tin modification, as early as blastula stages. Later expres-
sion of the hoxb1a promoter at gastrula stage is triggered by 
Hoxb1b protein binding to these TALE protein complexes 
[96]. Pbx–Hox and Meis–Prep binding sites have also been 
used to define a shared sequence syntax system for iden-
tifying functional hindbrain-specific enhancer elements in 
zebrafish [97]. In rhombomeric segments, Hox gene expres-
sion is positively controlled by auto- and cross-regulatory 

binding of Meis/Pbx/Hox proteins to enhancer elements. For 
example, the hoxb1 gene enhancer that drives expression 
in r4 harbors distinct Meis/Pbx and Hox/Pbx binding sites. 
In mice, Hoxa1 together with Meis/Pbx proteins initially 
activates this enhancer, but later, Hoxb1 itself, together with 
Hoxb2, Meis3 and Pbx2/4 proteins, is required for expres-
sion maintenance in r4 [58, 65]. Interestingly, additional 
Hox proteins of the PG3 group, but not Pbx/Meis proteins, 
negatively regulate hoxb1 such that it remains restricted to 
r4 [90, 91].

Many additional examples of such interdependent, cross-
regulatory loops are known. For instance, hoxd1, hoxb2 and 
hoxa2 all require Meis/Pbx for their expression in zebrafish, 
Xenopus, chick and mouse [43, 44, 49, 59, 66, 98, 99]. In 
mice, Hoxb2 expression is directly activated by HoxB1 in 
r4, and HoxB2 protein then drives hoxb1 expression. Thus, 
HoxB2 indirectly controls its own expression via HoxB1 
[59–61, 88, 100]. Hoxa2 expression in r4 is also regulated by 
conserved vertebrate enhancer elements that bind Meis/Pbx 
and HoxB1/HoxA2 proteins [98, 99, 101]. In more anterior 
r2–r3, Meis3/Pbx proteins are required for the early neural 
expression of hoxa2 in Xenopus [44]. Studies in mouse and 
chick suggest that r4 activation of hoxa2 requires Meis3/
Pbx proteins; however, it is still an open question for the r2 
hoxa2 enhancer regions, which contain Sox binding sites 
and perhaps is not regulated by Meis/Pbx proteins [98, 99]. 
In mouse and chick, more posteriorly, hoxa3 expression 
in r5/6 is controlled by an element binding Meis/Pbx and 
HoxA3/HoxB3 proteins [102]. In r6/7, the expression of 
hoxb4 and hoxd4 in mice is also regulated by Meis1/Pbx 
as well as Hoxb4/Hoxd4-responsive elements after initial 
induction by retinoic acid signaling [103–105]. Finally, add-
ing an additional level of complexity, all rhombomeres fail 
to develop properly upon Meis3 knockdown in Xenopus, 
despite the fact that meis3 expression is restricted to r2–4 
[42, 44, 47]. The elimination of early r4 fgf3 expression in 
Meis3-depleted embryos likely triggers these non-autono-
mous effects [57]. Similarly, r4-specific fgf3 expression is 
eliminated in zebrafish pbx/hox mutants [66], and this trig-
gers a loss of hindbrain cell fates from r2–r6. In Xenopus or 
zebrafish, any direct activation of Meis/Pbx/Hox enhancer 
sequences in more posterior rhombomeres could be medi-
ated by more ubiquitously expressed Meis or Prep proteins 
(Fig. 1).

Non‑homeodomain transcription regulators

Three early expressed transcription factor proteins, vari-
ant hepatocyte nuclear factor-1 (Vhnf1), Krox20, and the 
Mafb/Kreisler/Valentino proteins, are crucial for regulating 
the earliest expression of hox genes. These transcription 
factors are thus essential for the establishment of correct 
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rhombomeric AP identity in the early hindbrain. Genetic 
disruption of these proteins severely perturbs the forma-
tion of r3–r6. Vhnf1 is the earliest gene expressed in r5/
r6. In zebrafish, the Vhnf1 protein induces both krox20 (r5) 
and mafb (r5/6) expression, which subsequently determines 
correct rhombomeric identities. Loss of Vhnf1 reduces r5/6 
domains while the hoxb1a-expressing r4 region is expanded 
[106–108]. In mice, a Vhnf1-binding site was identified in 
a regulatory element of the kreisler gene. Mutating this site 
results in loss of kreisler induction, indicating that Vhnf1 is 
essential for rhombomere-specific kreisler expression in the 
future r5/r6 domain [109] (Fig. 2).

Krox20 is expressed in rhombomeres 3 and 5, and is para-
mount for r3/r5 regional identity and cell fate, as directly 
evident by various knockout or knockdown experiments in 
all vertebrates [107, 110–112]. In addition to Vhnf1, induc-
tion of krox20 is triggered by a positive input from Pbx/Meis 
and HoxB1 [63, 113–115]. In chick, mice and zebrafish, 
krox20 promoter/enhancer sites have functional r3-specific 
Hoxb1/Meis/Pbx binding sites, although in Xenopus it does 
not appear to be a direct Meis3-target [44, 63, 64]. Follow-
ing the upregulation of krox20 via these multiple regula-
tors, it acts in a positive auto-regulatory loop to maintain 
its own expression. A recent study revealed that one of the 
krox20 regulatory regions is required not only to initiate its 

expression but also to enable the auto-regulatory binding 
site to function [116]. This region acts with additional cis-
regulatory elements, some of which are positioned further 
away from the krox20 loci. These multiple regulatory modes 
ensure a proper level of krox20 auto-regulation in r3 and r5. 
Notably, another member of Egr family, Egr4, was recently 
identified in Xenopus to be expressed in the posterior hind-
brain [117]. Knockdown experiments uncovered a role for 
Egr4 in krox20 and mafb upregulation in r5 or r5/r6, respec-
tively, indicating that in the frog, Egr4 mediates the effect of 
Vhnf1 to activate these two genes in the posterior hindbrain 
(Fig. 2).

Initially, Hoxb1 activates krox20 by binding to its 
enhancer. Later, when Hoxb1 expression levels increase and 
are restricted to r4, it represses krox20 expression. Recipro-
cally, Vhnf1 and Krox20 proteins repress hoxb1 to limit its 
expression to r4. These dual-negative regulatory interactions 
lead to the establishment of well-defined rhombomeric iden-
tities [107, 108, 112]. Moreover, Krox20 protein directly 
activates the expression of the ephA4 receptor gene in r3/r5, 
which in turn sharpens the rhombomeric borders by prevent-
ing cell intermixing between segments [118–120]. Interest-
ingly, two negative regulators of krox20 gene expression, 
Nab and Nlz (also known as Neurl1a), have been identified 
in zebrafish, mice and chick hindbrains [121–123]. These 

Fig. 2  Upstream and downstream regulation of Krox20 in the hind-
brain. A Induction of Krox20 gene expression in r3/r5 is initiated by 
FGF signaling. FGF induces Vhnf1 in r5/r6 that upregulates MafB, 
leading to Krox20 induction in r5. In r3, FGF induces Krox20 expres-
sion in a Vhnf1-independent manner. Krox20 expression is restricted 
to the correct rhombomeres by Pax6, which is also induced by FGF. 
Pax6, which is expressed in r3/r5 is upregulated, and acts as a nega-
tive regulator of Krox20 expression via the induction of Nab1. NLZ is 
another Krox20-negative regulator that is also co-expressed in r3/r5. 
In parallel, Hoxb1 is expressed in r4 and represses Krox20 expression 
in r4. Following the upregulation of Krox20 in r3/r5, Krox20 regu-
lates PG-2 Hox gene expression in r3/r5. It also induces the expres-
sion of its negative modulator Nab1. In addition, Krox20 represses 

Hoxb1 expression in r3/r5, leading to accurate r3/r4/r5 identities. In 
early stages of development, Krox20 transiently activates Hoxb1 (not 
shown). B FGF acts upstream of Krox20 in the chick hindbrain. (a) 
Krox20 is expressed in control embryos, but is missing in (b) hind-
brains treated with the FGF receptor inhibitor SU5402 (from Weis-
inger et  al. [142]). C Pax6 is a negative modulator of Krox20 that 
restricts its expression to r3/r5 in the chick hindbrain. (a) Hind-
brains electroporated with control plasmid show normal Krox20 
expression. (b) Overexpression (OE) of Pax6 leads to a reduction in 
Krox20 expression (arrows). (c) Expression of a dominant-negative 
(DN) Pax6 results in the expansion of Krox20 (arrows) to additional 
domains (from Kayam et al. [124])
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factors co-localize with krox20, but repress its transcription, 
restricting its expression to the odd-numbered rhombomeres. 
Krox20 itself is involved in mediating its negative transcrip-
tional regulation by acting as a SUMO ligase that simulates 
Nab protein activity [123]. Moreover, Hoxb1 was found to 
upregulate nlz and thus indirectly repress krox20 expression 
[115]. The paired-rule gene pax6 is also co-expressed with 
krox20 in r3/r5 but negatively regulates it, leading to the 
stabilization of krox20 expression borders in r3/r5 [124]. 
Pax6 protein negatively modulates krox20 gene expression 
via its ability to induce nab1 gene expression; nab1 protein 
subsequently binds to krox20 regulatory elements to repress 
its expression (Fig. 2).

Mafb/Kreisler/Valentino proteins are expressed in r5/r6, 
and are obligatory for their specification. In mafb mutants, 
r5/6 identity is lost and r4 is expanded [125, 126]. Mafb 
and Vhnf1 mutually regulate gene expression in a positive 
feedback loop. Mafb protein regulates ephrinB2a expres-
sion, which represses r4, and further promotes r5/6 iden-
tities [108, 127]. Vhnf1 together with Mafb and Krox20 
also activates hoxa3 and hoxb3 expression, which is cru-
cial to specify r5/6 identity [108, 128, 129]. In zebrafish 
embryos, krox20 transcriptional activation also requires the 
Vhnf1 protein, which synergizes with FGF activity to induce 
mafb/kreisler/valentino and krox20 gene expression. Vhnf1 
protein in turn represses hoxb1 gene expression, limiting its 
expression to r4, thus enabling formation of more posterior 
rhombomeric fates [107, 108]. Subsequently, Vhnf1 together 
with Mafb and Krox20 activate hoxa3 and hoxb3 expression 
in r5/6 to specify r5/6 identity [108, 128] (Fig. 2).

Signaling pathways induce the hindbrain

FGF signaling

FGF signaling plays a key role in hindbrain induction and 
patterning. Pioneer studies in the chick embryo revealed that 
caudal epiblast cells fated to give rise to hindbrain charac-
ter are located adjacent and lateral to the anterior primitive 
streak of stage 4 embryos [130, 131]. As cells in and around 
the streak express different FGFs [132, 133], a possibility 
was raised that FGFs participate in the induction of the hind-
brain. Exposure of neural plate explants from different stages 
and axial levels to FGFs confirmed that FGF signaling is 
required, although not sufficient, to induce cells of hindbrain 
character [134].

In zebrafish embryos, the FGF3 and FGF8 genes are 
expressed in the presumptive hindbrain primordia at 
80–90% epiboly, before the onset of rhombomere seg-
mentation [135, 136]. At segmentation initiation, FGF3/8 
transcripts are expressed in the central r4 region, with r3/
r5 overlap. When morphological segments have formed, 

FGF3 continues to be expressed in r4, but FGF8 expres-
sion is extinguished, with newly shifted expression to the 
more anterior isthmus region. FGF3/8 activities appear to be 
functionally redundant since a strong hindbrain phenotype is 
only seen in zebrafish embryos co-injected with morpholino 
oligonucleotides (MO) to both genes. FGF3/8 knockdown 
severely inhibited formation of all rhombomeres, except r4. 
In FGF3/8 morphant embryos, initial hoxB1 expression in 
r4 was normal but declined with time, suggesting that neigh-
boring rhombomeres are necessary to maintain its expres-
sion. However, in FGF3/8 morphants, neurons derived for 
r1–3 and r5–7 are disrupted, but r4-derived neurons formed 
fairly typically. The possibility that FGFs are acting redun-
dantly in the hindbrain is also reinforced in mice, where 
otic-placode induction is severely perturbed in FGF3 null 
embryos, but hindbrain segmentation remains normal [137].

The expression of FGF3 in hindbrain primordia is con-
served in vertebrates [133, 135, 136, 138–141]. Yet, in con-
trast to the r4-restricted expression in Xenopus and zebrafish, 
in chick and mice FGF3 is also evident in r2 and r6 [105, 
120, 140–142]. It was suggested that early FGF3/8 signaling 
in r4 forms a primary hindbrain-inducing center since trans-
planted r4 cells or ectopic expression of FGF3/8 induces 
expression of r5/6-specific markers in chick and zebrafish 
embryos [135, 143]. In Xenopus, FGF8 is also involved in 
hindbrain induction; one of its splice forms, FGF8a, medi-
ates hindbrain specification since its knockdown severely 
perturbs formation of hindbrain and other posterior neural 
fates [25]. Noticeably, studies in chick and mice demon-
strate that much after rhombomere specification takes place, 
FGF3 is downregulated from r2/r4/r6 but maintained in all 
rhombomere boundaries [120, 144]. Rhombomere bounda-
ries display unique cellular and molecular properties that 
are different from rhombomere bodies [145–149]. In chick, 
the expression of different boundary markers requires FGF3 
[144]. Recent findings suggested that rhombomere bound-
aries serve as pools of neural-stem-like cells that express 
Sox2 and nestin and contribute neurons to the hindbrain at 
stages when rhombomere cells are actively differentiating 
[150]. Whether FGF signaling is also required for the devel-
opment and/or maintenance of these neural stem cells in the 
hindbrain awaits further studies.

A tight cross-talk exists between different transcription 
factors and FGF signaling in the hindbrain. These interac-
tions play critical early roles in hindbrain induction and seg-
mental patterning. For instance, the activity of Meis proteins 
is required to induce FGF3 expression as Meis3 knockdown 
in Xenopus resulted in elimination of early FGF3 expression 
in r4 [57]. As a consequence, the entire hindbrain failed to 
form due to the loss in FGF signaling [42, 151], and Meis3 
protein cannot induce hindbrain marker expression in the 
absence of FGF signaling [24, 151]. Moreover, in an attempt 
to screen for Hoxb1 target genes in zebrafish, a novel gene, 
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ppp1r14al, was identified that is induced by Hoxb1 in r4. 
Ppp1r14al in turn regulates FGF3 expression in r4, indi-
cating that it is also essential for the establishment of the 
earliest hindbrain signaling center in r4 [46]. The PG1–3 
Hox groups, Vhnf1, Krox20 and Kreisler/MafB/Valentino 
proteins all act downstream of FGF signaling to induce 
hindbrain segments. For instance, FGF3 signal indirectly 
activates hoxa2, hoxb2 and hoxb3 expression via induction 
of krox20 gene expression [128, 129, 132, 143, 152]. FGF 
signaling also up-regulates vhnf1 gene expression, which in 
zebrafish controls caudal hindbrain specification by syner-
gizing with FGF activity to induce mafb/kreisler and krox20 
expression. Upon FGF signaling activation, Mafb and Vhnf1 
proteins are upregulated and bind to specific enhancer ele-
ments in the krox20 promoter. This transcriptional regulation 
is required for initial krox20 expression in r3/r5, but not for 
its later maintenance [107, 113]. In addition, Vhnf1 protein 
also appears to activate fgf3 expression and to repress hoxB1 
gene expression, presumably to exclusively limit its expres-
sion to r4. Thus, in the hindbrain, the FGF-inducing center 
acts at a pivotal position, being downstream to Meis/Pbx/
Vhnf1/Hox PG1 proteins, but upstream to PG2–3 Hox and 
Vhnf1/Krox20/Kreisler gene activity.

Studies in the chick hindbrain demonstrated that FGF 
signaling activates the MAP kinase signal transduction pro-
tein ERK1/2 that in turn induces the expression of the Ets-
family transcription factor pea3. This signaling cascade is 
required for krox20 induction in the early hindbrain [142, 
153, 154]. FGF3 was also found to induce the expression 
of pax6 in r3/r5, that in turn negatively regulates krox20 
expression, via the induction of nab1 [124]. Thus, by regu-
lating both krox20 and pax6, which mutually repress each 
other, FGF3 acts as a guardian to sharply define rhombomere 
borders. Moreover, Sprouty4 protein, which is also induced 
throughout the hindbrain by FGF, acts in a negative-feed-
back loop to define sharp rhombomeric domains. Enhanced 
FGF signaling by sprouty4 knockdown triggers premature 
and ectopic krox20 gene expression fusing r3 with r5 that 
eliminate r4 cell fates [115]. Thus, a multitude of molecular 
interactions are modulated via the FGF pathway to provide 
an accurate positional identity of hindbrain rhombomeres.

Wnt signaling

Many Wnt ligands, such as Wnt-1, -3, -3a, -4, -8, -8b and 
-10, are expressed in the developing CNS [33, 155–161]. 
Their role in posterior neural development was first shown 
in Wnt1 and Wnt3a knockout mouse embryos, in which 
midbrain, hindbrain and spinal cord structures were poorly 
developed [162–164]. Wnt3 null mouse embryos had pos-
terior truncations, with expanded expression of the otx2 
forebrain marker, and a concomitant loss of expression 

of the hindbrain hoxb1 marker [165]. Similar results were 
seen in chick embryos implanted with beads soaked with a 
soluble form of the Frz receptor (mFrz8-CRD) that antag-
onizes endogenous Wnt ligand signaling. These embryos 
had an expansion of forebrain markers (otx2 and pax6) 
and a down-regulation of hindbrain (gbx2) markers [166]. 
In cultured chick neural explants, mFrz8-CRD also elimi-
nated expression of the gbx2, krox20 and hoxb4 hindbrain 
markers [166, 167]. Similar results were also confirmed in 
Xenopus embryos, where expression of dominant-negative 
Wnt proteins that inhibit canonical Wnt activity anteriorized 
embryos [34]. Like Wnt3−/− mouse embryos, these embryos 
also exhibited neural tube closure defects and expression 
of the xanf1 and otx2 forebrain markers was posteriorly 
expanded, while expression of the hindbrain krox20 marker 
was reduced [34]. Specific Wnt3a-MO targeting suggested a 
role in hindbrain development in both zebrafish and Xenopus 
embryos [44, 168–170]. Targeted mesodermal Wnt3a knock-
down in Xenopus ablated hindbrain formation [44]. Wnt3a 
morphant embryos exhibited neural convergent and exten-
sion defects, having the typical caudal expansion of fore-
brain markers, with depletion of hindbrain markers. Moreo-
ver, during late gastrula stages, expression of homeoproteins 
that regulate early hindbrain induction such as meis3, hoxd1 
and gbx2 was reduced [44]. Wnt3a MO pheno-copied the 
neural phenotypes of the general canonical Wnt inhibitor 
Dkk1 [44], further supporting a role for Wnt3a as the pri-
mary posterior neural inducer in vertebrates. In contrast, 
zebrafish mutated for both Wnt1/Wnt10b did not have abnor-
mal hindbrain morphology [171, 172], while knockdown of 
Wnt3a or Wnt8b did affect hindbrain patterning in zebrafish 
[172], indicating a potential redundancy in the function of 
different Wnt ligands for normal hindbrain patterning.

Complementing these loss-of-function studies, Wnt gain-
of-function activity induces hindbrain neural cell fates. The 
Xenopus animal cap (AC) explant system has provided a 
great tool for examining the role of Wnt signaling in neural 
patterning. BMP4 antagonism in AC explants induces neural 
tissue. Such neuralized explants mimic the initial state of the 
newly induced embryonic neural plate. AC explants express 
pan-neural and anterior neural markers, and will develop as 
anterior forebrain/cement gland in the absence of additional 
caudalizing signals [10]. Neuralized AC explants overex-
pressing different Wnt ligands or downstream effectors, such 
as β-catenin or inducible constitutively active Tcf, robustly 
induced expression of hindbrain markers, while strongly 
repressing anterior neural marker expression [33, 35, 44, 
173–175]. In addition, expression of the earliest hindbrain 
specifying homeoproteins, meis3, hoxd1, hoxa2 and gbx2, 
along with caudalizing FGF3 and FGF8 genes, were also 
induced in gastrula-stage-neuralized AC explants overex-
pressing either Wnt3a or β-catenin [44, 176]. Chick fore-
brain explants were also caudally transformed by Wnt3a 
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added to the culture medium (supplemented with FGF), 
as evident by the induced expression of gbx2 and krox20, 
instead of otx2 [166]. Canonical Wnt induction of posterior 
neural cell fates was shown in both frogs and zebrafish to 
occur specifically during mid-late gastrula stages [35, 44, 
169, 170].

Zebrafish embryos overexpressing a heat-shock protein 
(Hsp)–Wnt8 driver-plasmid induced at gastrula stages had 
an anterior shift in hindbrain markers, with forebrain mark-
ers pushed to the anterior extremity [169]. Zebrafish head-
less mutants lacked midbrain, eye and forebrain tissues and 
weakly expressed anf1, six3 and rx3 forebrain markers. 
Concomitantly, krox20 expression was expanded anteriorly 
[177]. Headless was identified as a point mutation in the Wnt 
downstream negative-effector Tcf3 gene, and mutant TCF3 
protein was unable to translocate to the nucleus or to bind 
DNA, thus causing a loss-of-function phenotype [177]. In 
cells where the canonical Wnt pathway is not activated, Tcf3 
represses expression of Wnt-pathway target genes. The loss 
of Tcf3-mediated repression in the headless mutants reflects 
an overactive canonical Wnt pathway in the embryos [177]. 
Xenopus embryos overexpressing an inducible β-catenin pro-
tein activated at gastrula stages, or a CMV-promoter driving 
zygotic Wnt3a expression both induced caudalized embryos 
with ectopic expansion of hindbrain markers anteriorly, and 
down-regulation of anterior markers [35, 44]. This anterior 
transformation in morphology and gene expression pattern 
to more caudal fates was also evident in Dkk1 null mouse 
embryos [178] and chick embryos implanted with Wnt3a-
soaked beads [166].

The Wnt ligands that induce hindbrain from the parax-
ial mesoderm may vary between species. In Xenopus, this 
ligand is Wnt3a, since its specific knockdown inhibits hind-
brain formation despite relatively normal wnt8 mesodermal 
expression levels [44]. In zebrafish, paraxial mesoderm 
expressed Wnt8a protein is required for hindbrain forma-
tion [169]. In mice and chick, Wnt3 and Wnt8 ligands are 
also expressed during early development. Whether their 
hindbrain inducing effects are mediated via the mesoderm 
or directly in the neural plate still needs to be determined.

RA signaling

RA signaling is also seminal for hindbrain patterning. Yet, 
unlike FGF and Wnt, its availability is largely dependent 
on diet, as it is produced from vitamin A (reviewed in [179, 
180]). The sensitivity of the hindbrain to small perturbations 
in RA levels has made it an excellent model to study how 
morphogen gradients govern pattern formation. Studies in 
frog [32, 74, 181], chick [104, 182], quail [183, 184], mouse 
[79, 185, 186], rat [187, 188] and zebrafish [189–192] have 
generated a vast amount of knowledge on the manner by 

which RA controls hindbrain regional identity. RA signal-
ing is unique among morphogens as it relies not only on its 
source of production, but on its site of degradation, creating 
a  posteriorhigh–anteriorlow activity gradient.

Initially, the existence of a RA gradient was debatable 
since depletion of endogenous RA was rescued by applying 
uniform and high doses of RA throughout the embryo, which 
resulted in fairly normal hindbrain [180, 193–195]. These 
findings suggest that a RA gradient is generated not only 
through diffusion from its posterior source but also from 
its anterior inactivation. Indeed, there are two main groups 
of metabolic enzymes that coordinate RA levels. RALDHs 
convert retinaldehyde into RA, whereas CYP26s inactivate 
RA via oxidation [196–199]. RA is initially synthesized in 
the presomitic mesoderm by RALDH, and it diffuses into 
the adjacent hindbrain in a  posteriorhigh–anteriorlow gradi-
ent. CYP26 is expressed in the anterior hindbrain, where it 
leads to RA degradation, further reinforcing the decrease 
in RA signaling in the rostral embryo [193–195, 200–205]. 
RA transduces its effects by binding to RA receptors (RARs) 
and retinoid X receptor (RXRs) [206–210]. Unlike FGF and 
Wnt, RA uses a nuclear, rather than a membranal, receptor. 
Upon binding to RA, the receptors act as transcriptional reg-
ulators by directly binding specific RA-responsive elements 
(RAREs) that are positioned at the 3′ or 5′ ends of different 
hindbrain patterning genes, such as hoxa1, hoxb1, hoxb4 and 
vhnf1 [79, 104, 108, 211–219]. For instance, in r6/r7, the 
initial expression of hoxb4 and hoxd4 is activated through 
RAREs [103–105]. Interestingly, the early transcription of 
the hoxb1 gene is initiated by a conserved 3′ RARE, but 
later, when hoxb1 expression is restricted to r4, its repres-
sion in r3 and r5 is mediated by a 5′ RARE [220, 221]. 
Furthermore, the rarβ gene itself contains a HoxB4/HoxD4-
responsive element [105], providing a positive feed-forward 
loop to maintain RA levels and PG4 Hox expression in r6/7.

In addition to controlling the expression of hindbrain 
segmentation genes in a graded manner, RA regulates its 
own metabolism in the same manner. RA downregulates 
the expression of Raldh genes in a negative feedback loop, 
while upregulating the expression of Cyp26 in a positive 
feedback loop [191, 194, 195, 202, 222–225]. Yet, RA also 
induces its own synthesis via a feed-forward mechanism. 
Experiments in mice and Xenopus embryos revealed that 
Hoxa1–Pbx1/2–Meis2 directly binds a specific regulatory 
element that is required for maintaining Raldh2 expres-
sion levels. As RA induces the expression of Hoxa1, this 
study revealed an indirect autoregulation of RA synthesis 
via Hoxa1 [226]. Moreover, RA positively regulates the 
expression of the intracellular RA-binding proteins, Crabps, 
which mediate RA transfer to Cyp26 to trigger its degrada-
tion [194]. Intriguingly, Crabps were also found to promote 
the delivery of RA to its receptors, thus eliciting RA sign-
aling [191, 227, 228]. The duality of RA regulation on its 
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own metabolism requires future research to reveal how its 
autoregulation is controlled in the hindbrain.

Interestingly, while expression of the RA-degrading 
enzyme Cyp26a1 gene is tightly regulated by the levels of 
RA [194], two other members of the cyp26 family, cyp26b1 
and cyp26c1, are not directly regulated by RA signaling and 
display an unexpected segmental expression with lower lev-
els in r3/r5 than in r2/r4/r6 [193, 195, 229]. A recent study 
in zebrafish found that this segmental expression plays a key 
role in sharpening r3–r5 segmental gene expression [229]. 
During hindbrain segmentation, some r3/r5  (Krox20+) cells 
are initially found in r4, but later switch into r4  (Hoxb1+) 
identity. This study found that the krox20-intermingled cells 
are exposed to lower RA levels in r4 due to the elevated 
activity of cyp26b1 and cyp26c1, which results in downreg-
ulation of krox20 and upregulation of hoxb1. The coupling 
between segmental gene expression and dynamic levels of 
RA provides the first evidence describing how a signal like 
RA that is thought to act mainly in a graded caudal–rostral 
axis orchestrates boundary sharpening via regulating levels 
of gene expression in alternating rhombomeres [230].

Visualization of the actual RA gradient in live embryos 
was needed to fully confirm its existence [231]. Initially, 
this challenge was tackled by generating transgenic mice or 
zebrafish embryos where GFP/LacZ expression was driven 
under the control of RAREs through in vivo injection of 
RA–GFP fused constructs [193, 210, 232, 233]. These strat-
egies supported the shape of a RA gradient, which fitted 
well with the expression domains of RALDH and CYP26 
genes. However, the non-peptidic structure of RA, as well 
as the failure to observe the GFP signals at early stages, 
prevented full in vivo validation [194, 210, 234–236]. More 
recently, imaging tools were developed for this purpose. In 
one approach, genetically encoded probes for RA (GEPRs) 
were fused with different GFP variants and introduced into 
zebrafish. Each GERP displayed a different affinity to RA. 
Binding of RA to different GERPs led to conformational 
change that was converted into changes in fluorescence reso-
nance energy transfer (FRET) [237]. This strategy confirmed 
the concentration gradient of RA in live embryos, where 
the local source and sink jointly establish the highest RA 
concentration in the mid-trunk and the lowest in the tail and 
head. A more recent technology utilized fluorescence life-
time imaging microscopy and phasor analysis to calculate 
the relative abundances of RA along the hindbrain [238]. 
This strategy, which is based on the endogenous fluores-
cence of RA, demonstrated that intracellular free RA forms 
an anteriorly declining gradient similar to that previously 
reported with FRET or RARE-GFP/LacZ [193, 237]. This 
sensitive technology also enabled visualization of random 
fluctuations in RA levels that can vary rapidly within one 
hindbrain position. This study suggested that individual cells 
can actively control the magnitude of random fluctuations of 

RA levels to preserve the required concentrations for hind-
brain segmentation [231].

In general, limiting RA activity results in shortening or 
loss of the posterior hindbrain and caudal expansion of its 
anterior part. Yet, the severity of these phenotypes depends 
on the level in which RA signaling was modified. Complete 
vitamin A deficiency (VAD) was initially studied in quail 
embryos, causing a complete loss of r4–r8, and a posterior 
expansion of r3 [183]. This morphological distortion was 
combined with loss of posteriorly expressed genes, such as 
hoxb1, FGF3, and mafB, together with caudal expansion 
of the r3 stripe of krox20. In rats, VAD was accomplished 
by a gradual, rather than total reduction of vitamin A [187, 
188]. These embryos displayed a correlation between titrated 
reduced doses of RA and a progressive expansion of anterior 
rhombomeres at the expense of posterior ones. Reduction of 
RA-signaling levels was also achieved by modulation of its 
metabolism. In Xenopus, ectopic Cyp26 protein anteriorized 
the posterior hindbrain in a dose-dependent manner [239]. 
Yet, only a partial duplication of anterior rhombomeres was 
observed in the posterior hindbrain. Similar intermediate 
effects were found in two zebrafish lines, neckless and no-fin, 
where the raldh2 gene is mutated [200, 240]. Attenuation 
of RARs was another means to inhibit RA. This was per-
formed by the generation of RAR  null mice or zebrafish, or 
by expressing dominant negative RARs in mice, chick and 
frog [32, 74, 181, 183, 203, 241–243]. In most cases, expres-
sion of posterior genes was delayed and formation of the 
posterior rhombomeres was disrupted but not lost. Notably, 
stronger defects were observed upon combination of differ-
ent RAR  mutations or inhibitors [185–203]. Finally, the less 
severe hindbrain phenotypes were achieved by manipulating 
RA-binding sites on target genes. For example, mutations of 
RAREs in the 3′ ends of hoxa1 and hoxb1 delayed their ini-
tial rhombomeric expression, but this was fully restored later 
in development [78, 79, 213]. These studies demonstrate the 
complex level of regulation of RA signaling in the hindbrain, 
which combines different sources for RA synthesis and deg-
radation, the activity of several RA receptor subtypes and 
the binding to RAREs on different hindbrain genes to deliver 
the correct patterning outcome.

Cross‑talk between hindbrain signaling 
pathways: cooperative or antagonistic 
activities?

As mentioned, the role of RA, FGF and Wnt in regulating 
the expression of key hindbrain genes is well documented. 
Yet, there are marked differences between these morpho-
gens in terms of their expression/activity patterns. Whereas 
RA signal spans the entire hindbrain in a gradient man-
ner [180], expression of FGFs and Wnts is more limited: 
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FGF3/FGF8 is expressed in r4 (zebrafish, frog) or r2/r4/
r6 (chick and mice) [133, 135, 136, 139, 141]. Wnt8a and 
Wnt8b are expressed in r4 and r3/r5, respectively [244, 245]. 
The neural patterning of Wnt3a and Wnt8a ligands, as well 
as FGFs, is also expressed in the dorsal–lateral mesodermal 
regions similar to RA, where they are secreted to induce 
posterior cell fates in adjacent neural tissue (Fig. 3) [44]. 
How the localized FGF and Wnt signals and the graded RA 
pathway are integrated to govern the positional identity of 
the hindbrain is not well understood.

Signaling cooperativity

Interactions mediating the expression of all these signals 
have been demonstrated.

For example, in VAD-quail embryos or in mice carrying 
a null mutation for the raldh2 gene, FGF3 expression is 
lost [183, 246]. This observation indicated that the induc-
tion and/or maintenance of FGFs in hindbrain segments 
involve RA signaling. Moreover, FGF3-null mice have 
reduced wnt8a expression in r4, whereas excess FGF8 in 
hindbrain explants induces ectopic wnt8a expression. These 

results suggest that the wnt8a expression in the hindbrain is 
mediated by FGF signaling [247]. Further support for the 
Wnt–FGF cross-talk was shown by studying sprouty1/2 
genes. Sprouty proteins are negative regulators of the FGF 
signaling pathway and restrict Wnt8a to r4. Mice mutated for 
Spry1/2 showed expansion of Wnt8a into additional rhom-
bomeres, probably via releasing the negative regulation of 
FGF signaling [248]. However, no gross hindbrain malfor-
mations appeared in the Spry1/2 mutants, thus the interac-
tive roles of FGF and Wnt in regulating hindbrain induction 
and patterning are still unclear.

Additional evidence suggests that these morphogens 
cooperate to induce the hindbrain. In Xenopus embryos and 
explants, caudalizing canonical Wnt activity regulated early 
neural FGF3/8 gene expression [35, 57]. Wnt3a protein acti-
vates expression of the hindbrain-specific meis3 gene [44]. 
Meis3 protein then directly activates FGF3/8 gene expres-
sion [57, 151]. In Meis3 knockdown embryos, FGF3 expres-
sion in r4 is eliminated and hindbrain cell fates are lost [57]. 
Ectopic FGF ligand expression can partially rescue Meis3 
morphant phenotypes in Xenopus embryos [57]. Yet, neither 
canonical Wnt nor Meis3 protein activities efficiently cau-
dalize the CNS, when downstream FGF signaling is com-
promised [24, 35, 151]. Moreover, Wnt activation of Meis3 
protein modulates expression of RA direct target genes, such 
as hoxd1 [30, 44, 62]. Hoxd1 is a direct target of RA, Wnt 
and the Meis3 protein [30, 44, 62, 249, 250]. Meis3/RA act 
synergistically to optimize hoxd1 gene expression to pro-
mote correct hindbrain formation [62].

Combined FGF and RA signaling activity was also found 
to induce hindbrain cell fate in the chick; exposure of caudal 
epiblast cells to FGFs led to the induction of krox20 only 
when caudal paraxial mesoderm was also present [134]. 
This study suggested that a combination of FGF and paraxial 
mesoderm-caudalizing activity acts directly on epiblast cells 
to induce hindbrain character. This activity was later identi-
fied as RA [251]. The combined activity of RA and FGFs 
is also demonstrated in setting up the hindbrain–spinal cord 
border, as marked by cdx1/4 expression. In zebrafish, loss 
of cdx1/4 resulted in caudal expansion of hindbrain genes. 
This phenotype could only be rescued when both FGF and 
RA were inhibited, suggesting that both signals act together 
to coordinate the formation of the border between the hind-
brain and spinal cord [252]. These observations show that 
CDX proteins modify the cell competence to respond to both 
FGFs and RA in the posterior neural tissues, including the 
hindbrain. Hence, both signals are required to define the 
precise hindbrain–spinal cord boundary.

At slightly later stages, rhombomere-derived FGFs 
are required for the specification of r3 and r5, as inhibi-
tion of FGF downregulates krox20 expression in both seg-
ments [108, 135, 136, 142, 143]. Notably, a recent study in 
zebrafish elucidated a novel mechanism through which the 

Fig. 3  A summary of the expression domains of different signal-
ing factors in the hindbrain. The spatial organization of the multiple 
signaling factors triggering hindbrain induction and patterning with-
out temporal separation is shown. Before rhombomere specifica-
tion, FGF3/8 and canonical Wnt 3a/8a are expressed in the paraxial 
mesoderm adjacent to the caudal hindbrain. RA is also synthesized in 
the same domain and acts in a caudal–rostral gradient along the hind-
brain. Slightly later, FGF3/8 and Wnt8a are expressed in r4, whereas 
Wnt8b is expressed in r3/r5. FGF3/8 and Wnt1/3a are also secreted 
from the mid–hindbrain boundary
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restriction of krox20 expression to r3/5 is also mediated by 
different levels of RA in odd versus even segments. This is 
mediated by the higher expression and activity of Cyp26b 
in r4, so that Krox20 expressing cells that cross into the 
r4 territory are exposed to higher levels of RA than in r3/
r5, which results in the downregulation of krox20, and the 
upregulation of hoxb1 gene expression [229]. Yet, although 
defined RA levels are also necessary for krox20 expression, 
RA activity is more limited than FGF3; attenuation of RA 
signaling results in loss of the more posterior r5 stripe of 
krox20, whereas it remains intact in r3 or even expands pos-
teriorly, depending on the degree of RA modulation [108, 
183, 188]. Nevertheless, synergism between RA and FGF 
is required to induce krox20 through the induction of down-
stream mediators such as Vhnf1 [108].

From gastrulation stages and onwards, FGF and Wnt are 
also expressed in the posterior mesoderm, together with RA. 
All these signals were found to induce posterior and sup-
press anterior expression of genes involved in rhombomere 
specification, as detailed in the previous sections. The meso-
dermal FGFs and Wnts prevent the upregulation of cyp26 in 
the posterior hindbrain [23, 194] and also maintain raldh2 
expression in this domain. RA, on the other hand, was found 
to induce the expression of wnt1/3A and the downstream 
FGF target gene, pea3 [253]. In this way, posterior FGF and 
Wnt are involved in maintaining the hindbrain RA gradient, 
whereas RA positively regulates the expression/activity of 
these morphogens in more posterior domains. The tight con-
nection of FGF and Wnt signaling with RA maintains stable 
and adaptable RA concentration levels along the hindbrain 
AP axis [180, 192].

Opposing signaling activities

One of the initial indications supporting a negative cross-
talk between hindbrain signals came again from VAD-quail 
embryos, where the posterior hindbrain was abolished, but 
anterior regionalization occurred normally [183, 184]. The 
morphogen regulating patterning in the anterior hindbrain is 
the mid–hindbrain boundary (MHB)-derived FGF8 protein 
[212, 254–256]. Grafting of MHB or adding FGF8 beads 
into the posterior hindbrain induced ectopic expression of 
genes that are normally expressed anteriorly, together with 
downregulation of posterior genes, like hoxb1. These results 
were later confirmed by pharmacologic or genetic disrup-
tion of RA in other species, where the posterior hindbrain 
became anteriorized [179, 242, 257, 258]. Conversely, either 
inhibition of FGF8 or enhancement of RA activity led to the 
expansion of anterior Hox genes [256, 259]. Knockout of 
FGF8 also resulted in midbrain Wnt1 expression expanding 
posteriorly into the isthmus and cerebellum [260]. These and 
other studies indicate that posterior RA and anterior FGF8 

act in opposing manners to specify Hox-positive/negative 
domains to define the AP borders of the hindbrain.

Intriguingly, these antagonistic FGF8 and RA activities 
are similar to those seen in the posterior end of the embryo; 
FGF3/8 are expressed in neuro-mesodermal progenitor cells 
at the tail and act in a  posteriorhigh–anteriorlow gradient to 
inhibit their differentiation into mesoderm or ectoderm 
lineages. RA, which is produced in the more rostral par-
axial mesoderm, acts in an opposite  anteriorhigh–posterior-
low gradient to trigger the differentiation of the progenitors 
and to induce Hox gene distribution [134, 261–263]. These 
observations strongly suggest that both signals act in the 
same direction to pattern the posterior hindbrain, but their 
interaction is antagonistic in the most anterior or posterior 
positions along the neural tube. Further support for this con-
clusion comes from a study where the distinct effects of FGF 
and RA were examined on different members of the HoxB 
group [214]. The anterior expression border of hoxb4, which 
normally lies in r6/7, was expanded anteriorly upon exog-
enous application of RA or by grafting posterior mesoderm 
adjacent to anterior rhombomeres. However, the expression 
pattern of the more caudal gene, hoxb9, was not modified 
upon manipulating RA signaling. Conversely, application or 
inhibition of FGF did not change the expression pattern of 
hoxb4 but led to a dramatic expansion or loss of hoxb9 gene 
expression, respectively.

The complex cross-talk between RA, FGF and Wnt is 
also evident in the positioning of the border between the 
hindbrain and the spinal cord, as marked by the anterior 
expression of cdx1/4 at the level of somite 3. In zebrafish, 
loss of cdx1/4 causes a caudal shift of the hindbrain–spinal 
cord border via posterior expansion of hindbrain genes (such 
as hoxb4), and caudalization of spinal cord markers, such as 
hoxb8 [252, 264]. Hence, the spatial regulation of cdx1/4 
expression is crucial for positioning the hindbrain–spinal 
cord border region. Analyzing the regulatory role of RA and 
FGF revealed that in RA-deficient embryos, cdx4 expression 
shifts dorsally while in FGF-deficient embryos cdx4 expres-
sion shifts caudally. Yet, in embryos lacking both RA and 
FGF signals, the shift in cdx4 axial expression is rescued and 
it is aligned at the level of somite 3, indicating that FGF neg-
atively modulated RA activity in regulating cdx4 expression 
[252, 265, 266]. Thus, for hindbrain patterning, the FGF and 
RA pathways have additive functions, but with respect to the 
axial position of the hindbrain/spinal cord border region, 
they may be antagonistic. In this way, FGF and RA inter-
actions are different in each process: additive in hindbrain 
patterning, antagonistic in hindbrain size specification and 
epistatic in neural-mesodermal tissue alignment.

In Wnt-deficient embryos, cdx4 expression shifts 
caudally, but the simultaneous loss of both Wnt and RA 
activities results in a more severe caudal shift of cdx4 
gene expression, in comparison to solely inhibiting Wnt 
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signaling, indicating that Wnt and RA act together to regu-
late cdx4 axial positioning in the hindbrain–spinal cord bor-
der [170, 215, 267, 268]. These studies clearly demonstrate 
the multifaceted network of morphogen regulation that is 
differentially activated or inhibited along the hindbrain AP 
axis. In the future, it will be important to elucidate in greater 
detail the spatial and temporal dynamics of these regulatory 
signaling pathways to fully understand how their joint activi-
ties orchestrate rhombomere specification.
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