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The emergent design of the neural tube: prepattern,

SHH morphogen and GLI code

Ariel Ruiz i Altaba, Van Nguyén and Verdnica Palma

The Sonic hedgehog (Shh) pathway plays an important role in the
development of many tissues and organs. The secreted ligand
Shh has been shown to act as a mitogen, morphogen and
survival factor in different contexts whereas the three Gli
transcription factors act as Shh mediators in a context-
dependent combinatorial fashion. The common wisdom has
been that Gli protein function is subject to Shh signaling. One can
ask how Gli proteins act and what the nature of Shh signaling
during CNS dorsal-ventral patterning is. Is it possible that
Hedgehog signals are only one of several ways to regulate Gli
activity? Moreover, in light of the partial rescue of the neural
tube phenotype of Shh or Smoothened mutant embryos in
Shh™'=;Gli3~"~, Smoothened ' ~;Gli3~'~, and Shh™'~;Rab23~/~
double null embryos, one can consider the roles that the Shh-Gili
pathway may have taken to orchestrate congruent prepattern
and growth, and the importance of creating the correct number
of precursors in patterning mechanisms.
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Abbreviations

BMP  bone morphogenetic protein
CNS  central nervous system

D-V dorsal-ventral

FGF fibroblast growth factor

Hh Hedgehog

IGF insulin-like growth factor
lhh Indian hedgehog
Ptch1 Patched1

Shh Sonic hedgehog
Smo  Smoothened

Introduction

Within the central nervous system (CNS), the develop-
ment of the early vertebrate ventral neural tube [1] and of
the later dorsal brain [2] depends on Sonic hedgehog (Shh)
signaling. Shh has been shown to have many functions. In
the early neural tube, it is proposed to act as a morphogen
to specify ventral fates (e.g. see [3-5,6%]; Figure 1a,b). By

contrast, in late brain development Shh seems to act as a
mitogen on progenitors of the cerebellum, tectum, neo-
cortex and hippocampus [7-10,11°]. Here, we review
some basic aspects of Shh and Gli function to discuss
how Shh acts as a neural tube morphogen responsible for
combinatorial Gli function and whether it is only one of
several informational inputs that create a morphogenetic
Gli code. We also address the existence and integration of
Shh-independent patterning mechanisms.

A multitude of experimental results demonstrates a clear
and essential participation of Hedgehog (Hh) signals in a
great variety of processes in animal development [12].
Variations in the site, strength or timing of these signals
may underlie evolutionary and ontogenetic changes in the
size, shape and location of many cell groups and organs.
Hh proteins, through the regulation of Gli proteins in
precursors, may endow the organism with a redundant set
of morphogenetic possibilities allowing the species and
the individual a certain degree of morphological plasticity
and adaptability [2]. In the early neural tube, several
findings support the idea that Shh acts as a morphogen:
first, the graded distribution of the Shh ligand [13];
second, its concentration-dependent effects on cells of
intermediate neural plate explants [14,15]; third, the
position-dependent re-specification of pattern in the
neural tube after grafting an ectopic notochord or supply-
ing an ectopic source of Shh [5,16,17]; fourth, the direct
action of Shh ligand on Smoothened (Smo) express-
ing cells at a distance [4,6°,18]; fifth, the loss of ventral
cell types in the Sih~"~ mouse [19]; and sixth, the re-
specification of the neural tube in Parched] ™~ mice [20].

Secreted Hh ligands act extracellularly via the Patched1
(Ptchl) and Smo transmembrane proteins to activate an
intracellular information transfer cascade [21] that is
interpreted and decoded by the action of three zinc finger
transcription factors: the Gli proteins [12,22]. An active
pathway can be detected by the elevated levels of G/i/
and Prchl transcripts. Gli proteins appear to be obligatory
final mediators of Hh signals to activate the expression of
Hh-responsive genes, but Gli proteins can also either
respond to or modify information inputs unrelated to
Hhs. For example, Gli2 and Gli3, but not Glil, are
implicated in FGF signaling in mesodermal development
of the early frog embryo [23]. In the neural tube, the
antagonistic relationship of Shh and BMP signaling [24]
could involve a physical interaction between Smad and
Gli proteins [25]. Gli factors, in turn, activate other
signaling cascades as well as intracellular information
transfer. For example, IGF signaling and batteries of
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Dorsoventral pattern of the neural tube. (a) Schematic representation of a cross section through an archetypal embryonic vertebrate neural tube
showing the position of polar cell groups, the floor plate (FP; green) ventrally and the roof plate (RP; red) dorsally. The epidermis (Epi; red), covering the
dorsal neural tube and the notochord (Nc; green), underlying the ventral aspect are also shown. D-V pattern is suggested by the graded color change
(red to green). Neural crest emigrating from the dorsal neural tube is shown in light blue. (b) D-V cell pattern and signaling function. () Diagram

of the graded patterning functions of Shh signaling ventrally (green) and BMP signaling (red). Other signaling molecules (e.g. Wnts and Nodal) are not
shown. (i) Schematic representation of the D-V pattern of the neural tube seen after bisecting the neural tube and flattening one side. Cell types
are from ventral to dorsal: floor plate (FP), V3, MN, V2, V1, VO and D3-D1 neurons, and roof plate. A possible V-D gradient of BMP antagonists,
follistatin and noggin, is included (light blue), and the location of Rab23 expression denoted dorsally (light purple). (c) Approximate expression domains
of the three GIi genes along the D-V axis of the neural tube. Note that the domains and boundaries change with time [40,41]. (d) Speculative
possibilities for the source of D-V prepattern: long-range graded functions from neural or non-neural cells, local interactions and relay mechanisms

and the creation of a mid neural tube organizer boundary and center.

Wat genes are targets of Shh—Gli function [26,27] and Shh
regulates Cyclin D and N-Myc [28-30]. In the early brain,
Shh also seems to control FGF signaling to induce cell
proliferation [31,32]. Although the informational inputs
that regulate Gli function and the targets of these tran-
scription factors must be defined further, in one instance,
Gli2 orchestrates ventroposterior mesodermal develop-
ment by regulating at least three different types of targets.
These are genes involved in morphogenesis (Wz#s), tissue
specification (Brachyury) and positional information
(Xhox3) [23]. In another instance, Gli proteins induce
the neurogenic basic helix-loop-helix cascade during
neuronal development in the neural plate [33]. Moreover,

in the limb, Gli3 represses dHand and Gremlin to con-
tribute to the elaboration of digit identity [34°,35°]. In
the neural tube, Gli proteins appear to regulate a set of
Shh-responsive homeobox genes that elaborate specific
ventral cell fates [36,37°]. These and other results are
consistent with the proposal that Gli proteins are critical
mediators of Hh signals but also integrators of other
informational inputs as well as regulators of secondary
signaling and that the exact outcome of G/ function and
their interactions are context-dependent [38,39].

The three Gli genes are expressed in partially overlap-
ping domains in the neural tube (Figure 1c) but in the
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Schematic representation of the dynamic interaction between (left) early and (right) late responses to Shh signaling in the ventral neural tube. Note the
proposed dual role of Gli3. How and if Rab23 affects Gli function is unknown. See main text for details. Dashed symbols represent possible

interactions.

early neural plate, their expression is more widespread
[40,41]. All three Gli proteins have activating function
and only Gli2 and Gli3 appear to harbor potent repressor
activity, especially as proteolyzed products lacking the C
termini. As in Drosophila [42], C-terminally deleted Gli
proteins have dominant-negative function [43-46]. How-
ever, each Gli scems to be regulated differently. For
example, Glil may be a constitutive strong activator of
transcription [40,47,48] whereas Gli2 activator function
appears to be enhanced by Hh signaling [49]. In addition,
Hh signaling inhibits the formation of the Gli3 repressor
form but apparently not that of Gli2 [43-46,49] (Figure 2).

An initial model for combinatorial Gli activity [38] sug-
gested a positive function of Glil, an antagonistic rela-
tionship for Gli3 and a dual role for Gli2. Despite the
strong activity of Glil, its mimicry of Shh signaling and its
loyal expression in cells receiving Shh signals, it may not
be a universal initial Hh mediator. Pre-existent Gli2 and
Gli3 proteins have been proposed to mediate initial Hh
signaling and to regulate Glil [44,45]. Shh—Glil may thus
have a dual relationship with Gli3/2, with these proteins
(possibly in a full-length form) mediating the initial
activation or enhancement of G/%/ by Shh and later on
(maybe as truncated repressors) acting to inhibit positive
Glil function (Figure 2). Here, Gli3 would act as a
delayed intrinsic antagonist. Although the exact function
of each Gli protein varies in different species [50,51], loss
of Glil in mice is compensated by other Gli proteins
[52,53], loss of Gli3 does not appear to lead to loss of
dorsal cell types in the spinal cord [37°,54] although
intermediate patterning is abnormal [37°], and loss of
Gli2 affects only few ventral cell types, most notably
the floor plate [55-57]. If Gli proteins are required for
neural tube patterning, then there must be a relatively

large degree of redundancy and compensation of Gli
function, at least Gli2 for Gli3 dorsally and Gli2 for
Glil ventrally. However, even though it has been done
in a heterologous system, Glil and Gli2 preferentially
regulate different Cubitus interruptus targets in trans-
genic flies [49], and they seem to regulate different targets
in the neural tube [58°] a result that seems at odds with
the rescue of the G/i2 mutant by a G/// knock-in into the
G/i2 locus [59°].

With these results and considerations in mind, the finding
that the severe cyclopia and the loss of ventral neural cell
types, including motor neurons, seen in mice lacking Shh
function [19] is partly rescued by the concomitant loss of
Gli3 [60], Smo [6°] or Rab23 (a vesicle transport family
protein [61-63]) is remarkable (Figure 3). These intrigu-
ing results prompt the evaluation of several issues. First,
the phenotype of double nulls indicates that Gli3 and
Rab23 function normally to antagonize that of Shh signal-
ing and vice versa. Second, in the absence of Gli3 and
Shh, or Rab23 and Shh, the differentiation of most ventral
cell types occurs, but their distribution and the size of the
neural tube is abnormal. Third, Gli1/2 are not expected to
function normally in §%Z null mice so that the double
SHk;Gl3 null might have littdle positive Gli activity. Is
there then dorsal-ventral (D-V) prepattern independent
of Shh—Gli signaling? Fourth, how are putative prepattern
mechanisms and Shh-Gli function integrated to create
consistent pattern and size? Fifth, what is the nature of
such mechanisms?

Functional antagonisms and the creation

of graded activities

The 8%4;G/i3 double mutant phenotype (Figure 3) indi-
cates that the function of these genes antagonize each
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Figure 3
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other. This is consistent with the antagonism of Shh/Glil
and Gli3 originally described in frog embryos [40,50] and
with the ability of Gli3 to encode a potent repressor of
positive Gli function [43-45]. Gli3 also has a positive
function [23,27,33,45] and many abnormalities detected
in the Gl1i3 null mouse outside of the CNS are not rescued
in the 84/;G/3 null [19,35°]. The loss of both positive and
negative activities in the G/3 (Xt)) mutant could con-
tribute to its imperfect rescue of the Shh null phenotype.
However, it is the repressor function that appears to par-
ticipate in the patterning of the intermediate neural tube
as homozygous mice for a C-terminally truncated muta-
tion yielding a repressor-like G/3 gene is reported to result
in normal CNS development but with other organ abnor-
malities [37°,64]. Because Shh acts in a concentration-
dependent manner, and the rescue phenotype in double
mutants is graded, with an intermediate result seen in
SH'7:Gli3 ™ animals [60], Shh may act to createc a
gradient of overall Gli function [38,39], likely the sum-
mation of a gradient of positive activity of Glil/2 (and
possibly Gli3) and, with opposite polarity, a gradient of
negative activity of Gli3 and possibly of Gli2 as well
[19,37°,38,39,65]. Here Gli2/3 may act in a dual fashion.

Shh signaling also interacts with Rab23 to establish D-V
pattern. The mouse open brain mutation affects Rab23 and
leads to the development of neural tube that resembles
that of Prehl1™'~ mice [63]. This suggests that Shh signal-
ing and Rab23 have an antagonistic relationship, much
like 844 and G/i3. Interestingly, the graded expression of
Prchl in Rab23 null embryos appears to be maintained
(and possibly expanded) in S/44;Rab23 double mutants
[63], indicating that loss of Rab23 somehow obviates the
need of the ligand Shh to create a V-D graded expression
of Prchi. How this is achieved and whether Rab23 affects
Gli3 function is not known.

The problem of size

S8/4h null embryos lack ventral cell types, including floor
plate, motor neurons, V3 and frequently V2 neurons. In
Shh;Gli3 nulls, there is ventral cell type differentiation
with V2 and motor neurons present [54], although there
are fewer cells and their positions are abnormal. There-
fore, the complete loss of G/3 does not fully rescue the
S/44 null phenotype. Indeed, there is also no floor plate
differentiation in the double mutants, a result that may

highlight the requirement of Gli2 in this process [53].
However, on the one hand, this partial rescue implicates
Gli3 as a negative regulator of cell number — perhaps as
an anti-mitogenic or pre-apoptotic factor — on the other,
the abnormal ventral cell number in the 844;G/3 double
mutants implicates Shh-driven positive function in the
elaboration of the correct number of cells. Glil and Gli2
may mediate this effect, but the size of the neural tube in
G2~ or Glil™'=;G427/~ animals is nearly normal [56].

The size of the neural tube is reduced drastically in S/
null mice, being restored to that of wild-type littermates
in the absence of G/i3. The smaller size of the neural tube
is a clear sign of loss of ventral differentiation seen in the
original notochord removal experiments — and thus
removal of the initial source of Shh signals for CNS
patterning [14,66]. A smaller neural tube also seems to
be accompanied by an increase in cell death [16,67],
blurring the boundaries of the functions of Shh signaling
in morphogenetic patterning, survival and cell prolifera-
tion. These effects could all take place simultaneously on
precursor cells as Shh—Gli affects the precursors of ventral
neuronal types [68] and the precursors of V0-V1 and
motor neurons are restored in the 8%44;G/i3 and Smo;Gli3
double mutants [6°,60]. This indicates that size regulation
affects the survival, maintenance or expansion of pre-
cursor pools. Interestingly, cells in the dorsal spinal cord,
like those in the cerebellum [7-9,20] and neocortex [10],
also respond to either increased or ectopic Shh signaling
by hyper-proliferating [69]. Whether Shh—Gli function
acts on stem cells and/or committed precursors remains to
be determined.

Prepattern, Shh-Gli-independent
mechanisms and the Gli code

If Shh induces the positive activity of Glil and Gli2 and
concomitantly the inhibition of Gli3 repressor activity,
the double 8%4;G/i3 mutant will lack positive Gli function,
thus perhaps explaining the fact that the rescue of the 84/
null phenotype is only partial. (In §%44 nulls, G/i1 is almost
absent.) The embryonic neural tube, however, seems to
be receptive to other sources of Hh signals. This is
highlighted by the more severe phenotype of Smo null
mice versus 844 nulls [6°]. Double 14k (Indian hedge-
hog2);8hh nulls phenocopy the Smo null phenotype. 1/,
one of the three mouse Hh genes, is expressed in the

(Figure 3 Legend) Schematic representation of the D-V pattern of the neural tube, as shown in Figure 1b, in the different genetic backgrounds
described in the right column (+/+ refers to wild type; +/— denotes heterozygotes). Genes in red denote null (—/—) mutations. Genes in blue represent
the Gli1 knock-in into the GIi2 locus (Gli21%") or the deletion of the C terminus of Gli3 yielding a Gli3 repressor like constitutive function (Gli3- 699 [64]).
The status of dorsal cell types has not been generally assessed as is denoted by a question mark. G/i3 and Opb mutants have exencephaly
([61-63,81,82]. The status of the roof plate in the former is not known as is denoted by a triangle with broken line. Overlap of cell types in different
mutants is shown by overlapping colors or a new color/fill-in pattern with multiple neuronal types. The status of floor-plate development in the Gli2
null and Gli2;Ptch1 double null embryos is controversial (see [56,57,58°,59°]). Note that the requirements for Gli2 and Gli3 vary along the neuraxis
and results shown in the figure were obtained at the anterior thoracic level (see [58°]). Sizes of the neural tube and domains are all approximate.
For details, see the text and the following primary references from which the data is derived. Shh [60], Ptch1 [20,58°,59°], Gli1 [52,59°], Gli2
[56,57,587], Gli1;Gli2 [52], Gli21KI [59°], Gli1;Gli3 [52], Gli8Rep (Gli3:699) [37°], Shh;Gli2 [53], Ptch1;Gli2 [58°,59°], Ptch1;Gli3 (mentioned in [58°]),
Ptch1;Gli2;Gli3 [58°], Gli3 and Shh;Gli3 [37°,60], Smo;Gli3 [6°], Rab23 [61,62], Shh;Rab23 [63].
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developing gut tube and early in embryogenesis the gut
tube is in close proximity to the neural tube. This
suggests that in the neural tube of the double $%4;G/i3
mutant there is a low level of Hh signaling and thus of
Gli1/2 function. The low level of Glil/2 function,
together with the loss of the opposite Gli3 repressor
gradient in the 84/4;G/3 double null, could result in the
development of partial ventral pattern. Nevertheless, the
ventral pattern in S$44;G/3 nulls is similar to that of
Smo;GlH3 double mutants [6°,70], indicating that in the
complete absence of Hh signaling (in S0 nulls) and thus
likely of positive Glil/2 function, loss of G/3 partially
rescues ventral pattern. These results raise the possibility
that in the possible absence of Hh and Gli3 activity, and
likely of activating Glil/2 function, the neural tube
obtains partial D-V patterning, revealing perhaps Shh—
Gli-independent D-V prepattern. For example, some
precursors may attain a pre-identity through various
mechanisms and Shh signaling may act on most of these
initial identities to modify and orchestrate them. Perhaps
the cell types that remain in $/44;G/3 double nulls reflect
some of these initial events that may be left untouched.
Alternatively, Shh signaling may suppress prepattern and
impose novel patterning. One of the critical functions that
Shh signaling may have developed, in some but not all
cases, is the sorting of like cells, possibly through the
regulation of cell affinities [71]. This would allow the
formation of neuronal pools, in distinction, for example,
to the scattering of spinal oligodendrocytes derived from
tightly localized ventral precursors [72].

A role for Gli proteins could still be invoked in the
absence of Hh signalling. If Gli2, for example, were to
respond to informational inputs in addition to Hhs, its
maintained expression in G/3 null and 844 null mice ([4];
V Palma, A Ruiz i1 Altaba, unpublished data) could
account for a central role of Gli proteins in both Hh-
dependent and Hh-independent scenarios. However,
G/i2 mutants partially rescue the Prehl phenotype [57],
suggesting that it is required for Shh signal mediation but
ventral neuronal pattern is not affected in G// and not
severely affected in G/i2 or G/i1;G/iZ2 double nulls [52].
Thus, either Gli3 takes an unexpected, positive role in
the ventral neural tube in these mutant mice, or there is a
non-Gli mediator of Shh signals. It remains possible that
dorsal BMPs or Wnts activate the dorsal expression or
affect the activity of Gli2 and Gli3 [65,73]. The fact that
BMPs can maintain expression of G/3 in dorsal neural
tube explants [65] or that presomitic mesoderm cultured
on Wnt-expressing cells results in G/2/3 expression in the
resulting somites [73] does not allow one yet to determine
if their expression is regulated by such signals or whether
it is just a marker of appropriately formed or maintained
tissues (the dorsal neural tube and the somites normally
express Gli2/3). If Gli proteins do respond to multiple
signals in the CNS,; they could act as critical integrators
of multiple patterning informational inputs, thereby

dictating the fate of neural tube precursors [2,22]. In this
case, a Gli code would be established according to the
integration of all incoming patterning information that
affects them.

The partial rescue of the §%4 null phenotype by loss of
Rab23 suggests an interaction between Shh signaling and
Rab23 function. As Rab family proteins are involved in
vesicle trafficking, Rab23 could affect some intracellular
aspects of Shh signaling. Analyses of chimeras, however,
indicate that it acts both non-cell-autonomously and cell-
autonomously [62]. The persistence of a graded expres-
sion of Prchl in Rab23 null and in Rab23;84#k null embryos
raises the possibility that in the latter there is active
Shh—-Gli pathway activity in the absence of Shh. Here,
Rab23 could affect Ptchl directly, which would then
translate into an effect on Smo and pathway activity.
Another possibility is that Rab23 acts or affects a Shh-
independent patterning activity. For example, Rab23 and
Gli3 could affect each other’s function or Rab23 may
respond or affect BMP or Wnt signaling.

Requirement of positive Gli function and
integration of patterning mechanisms
Widespread expression of Gli3 or Gli2 repressors in the
frog neural plate abolishes neuronal differentiation [33]
and widespread expression of a Gli3 repressor in the chick
neural tube abolishes ventral cell differentiation [55,65].
These results alone suggest that positive Gli function (or
the regulated expression of Gli targets) is required for
neuronal development and ventral neural tube cell dif-
ferentiation. It remains to be tested whether the activator
and repressor forms of Gli proteins act on the same
targets. In flies, the activator and repressor forms of
Cubitus interruptus can regulate different targets [74].
These experiments, however, were performed in the
context of normal Hh signaling. If the action of an
independent patterning mechanism were inhibited or
modified by Shh signaling, thus supplanting the role
(and primacy) of the former, the results could be inter-
preted to mean that as long as such a patterning mechan-
ism is inhibited or altered, the function of a combinatorial
Gli code is required to serve, mediate and interpret Hh
signals and establish pattern. It remains to be seen what
degree of pattern develops in the neural tube of mice
lacking all Gli function with and without Shh signaling. If
Smo;G/i3 double nulls, having no canonical Shh signaling
activity, were to lack all positive Gli function, this would
mean that the specification of ventral cell types (and thus
of their precursors) can take place without Gli proteins.
Nevertheless, because these ventral cell types are local-
ized randomly in the double null, Gli function might
orchestrate and organize pre-existent pattern.

How Shh signaling inhibits or modifies pre-existent D-V
patterning mechanisms is not known. One possibility is
that there is a Gli-independent mechanism for pathway
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suppression or alteration at play. In this sense, it is notable
that Ptch1 has been proposed to act on cyclin B directly
[75], raising the possibility that Hh action may alter
activities of Ptchl/2 or even Smo, which are unrelated
to the canonical pathway and Gli function. Alternatively,
because Shh-independent patterning is revealed only in
the concomitant absence of Gli3 [60], we could propose
that G1i3 repressor function may have been co-opted for
the suppression or alteration of such independent
mechanisms, with positive Shh-Glil/2 (and possibly
Gli3) function imposed on it to create pattern. In this
model, positive Gli function may thus orchestrate spatial
and temporal order to independent patterning mech-
anisms, indicating that Shh—Gli function behaves as
an organizer mechanism, which reframes pre-existing
mechanisms but could be also subject to their availabil-
ity. This model is consistent with the loss of neuronal
pattern after misexpression of a synthetic Gli3 repressor
[33,37°,65] and with the modification of the result of Shh
signaling by BMP antagonists [24].

Possible nature of Shh-independent
dorsal-ventral patterning mechanisms:

the bases of prepattern

If Hh and/or Gli proteins indeed suppress or modify latent
patterning mechanisms, and by doing so impose further
evolutionary plasticity, what is the nature of such
mechanisms? The answer to this question is not known
(Figure 1d) and we can only speculate that patterning
might occur through one of the usual suspects involved in
intercellular signaling and patterning including the Wnt
and BMP pathways (Figure 1b). But one cannot com-
pletely rule out possible effects from other molecules or
properties (e.g. calcium or even oxygen gradients). Both
Wnts and BMPs are expressed in different locations of the
developing neural tube and there is also localized expres-
sion of inhibitory molecules. For example, ventral expres-
sion of BMP inhibitors, such as follistatin and noggin
[24,76], may result in a D=V gradient of BMP function
that could be instructive. Interestingly, BMP and Shh
signaling inhibit each other [77], BMP inhibitors, mod-
ulate the effects of Shh signaling [24] and Smads and
Gli proteins can interact [25], suggesting an interplay
between these two pathways, as well as a potential site
for informational integration. Another possible pathway
may be that initiated by retinoic acid, which is involved in
early neural-plate patterning [78,79] and the later elabora-
tion of ventral interneuron fates [80].

Conclusions

Taken together, the issues raised in this discussion sug-
gest an interesting role of Shh—Gli signaling in the ela-
boration of novel ontogenic and evolutionary processes
and highlight the fact that we are only beginning to
understand how this pathway has been deployed during
the development of the embryo and during the formation
of many organs. Perhaps the blur in the distinction of the

survival, proliferative and morphogenetic roles of Shh
signaling is somewhat meaningful. The morphogenetic
action of Hh does not just affect ventral cell differentia-
tion in the neural tube; it also induces the production of
the correct numbers of precursors that can then respond to
(other) appropriate patterning signals. Shh signaling could
thus possibly function to ensure that independent
mechanisms act on the correct number of precursors,
resulting in appropriate pattern and size. Indeed,
pattern-formation and differentiation mechanisms must
account not only for appropriate cell type determination
but also for the varying and species-specific sizes of cell
groups and organs, and inversely, size and form of the
tissues affect the outcome of pattern-formation and dif-
ferentiation mechanisms. The neural tube has, therefore,
not been designed as such. Rather, and much as our larger
self, it appears to be the emergent result of a multitude of
intertwined layers of information that are re-enacted each
time an embryo develops, the origins of which lie in its
evolutionary history.
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