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Abstract Bone morphogenetic proteins (BMPs) are one
of the main classes of multi-faceted secreted factors that
drive vertebrate development. A growing body of evidence
indicates that BMPs contribute to the formation of the cen-
tral nervous system throughout its development, from the
initial shaping of the neural primordium to the generation
and maturation of the different cell types that form the
functional adult nervous tissue. In this review, we focus on
the multiple activities of BMPs during spinal cord devel-
opment, paying particular attention to recent results that
highlight the complexity of BMP signaling during this
process. These findings emphasize the unique capacity of
these signals to mediate various functions in the same tis-
sue throughout development, recruiting diverse effectors
and strategies to instruct their target cells.

Keywords Bone morphogenetic proteins (BMPs) -
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Introduction

The formation of a functional central nervous system
(CNS) involves a series of intricate and overlapping devel-
opmental processes. In vertebrates, this occurs over a
long period, beginning during early embryogenesis and
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terminating in adulthood. Nervous tissue is first induced at
the end of gastrulation by neuralization of the medial part
of the ectoderm [1]. From this point onwards, the neural
tissue will evolve from a pseudo-stratified monolayer of
neuroepithelial cells, or neural stem cells, to generate a
mature organ composed of multiple cell types and subtypes
that form complex networks of intercellular connections.

Studies of the development of the spinal cord, the cau-
dal, and most anatomically straightforward part of the ver-
tebrate CNS, have been instrumental in defining the vari-
ous cellular processes involved in CNS formation. First,
cytoskeletal rearrangements within neuroepithelial cells
allow the neural plate to be progressively shaped into a
neural tube that closes at the dorsal midline (Fig. la, b,
reviewed in [2]). Meanwhile, neuroepithelial cells prolif-
erate to ensure the growth of this tissue. In addition, they
enter a patterning process, which allows each neuroepithe-
lial cell to acquire a specific progenitor identity in function
of its initial spatial coordinates along the anterior—posterior
(AP) and dorsal-ventral (DV) axes (Fig. la, b). In amni-
otes, patterning of the caudal neural tube along the DV
axis leads to the generation of 11 distinct domains of neu-
ral progenitors with a restricted lineage potential (Fig. 1b,
reviewed in [3, 4]).

Once the boundaries of these domains are established,
neural progenitors enter the phase of neurogenesis in which
each progenitor domain gives rise to one population or vari-
ous sub-populations of neurons (Fig. lc, reviewed in [3, 4]).
This process must be finely regulated to ensure the on-going
expansion of the progenitor pools located in the ventricular
zone and the generation of post-mitotic neurons that migrate
basally to form the mantle zone (Fig. 1c). The progressive
acquisition of the morphological and molecular features of
these differentiating neurons is accompanied by their migra-
tion along the DV axis to reach their final destination [4].
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Fig. 1 Early steps of spinal cord development in higher vertebrates.
Schematic representation of transverse sections from three stages of
higher vertebrate spinal cord development. a At the neural plate stage
(chick embryonic day E1.5, mouse embryonic day ES8), cytoskeletal
rearrangements (dark grey) in neuroepithelial cells situated in the
floor plate (FP) and at dorsal-lateral positions, drive the bending and
progressive closure of the neural plate. Concurrently, neuroepithelial
cells enter the patterning process and lead to the establishment of the
ventral (V) and the Pax7" (red) dorsal (D) territories of the develop-
ing neural tube. b After closure at the dorsal midline, the roof plate
(RP) is generated, and once dorsal-ventral (DV) patterning is estab-
lished (chick E2.5, mouse E9.5), the neural tube can be subdivided

Moreover, these cells enter into processes of axonogenesis,
dendritogenesis, and synaptogenesis. The size of these neu-
ronal populations can be further adjusted during develop-
ment by selective phases of programmed cell death.

As neurogenesis terminates, the remaining neural pro-
genitors, whose lineage potential has been somehow fur-
ther restricted, enter a phase of gliogenesis. During this
step, diverse types of glial cells are generated, mainly oli-
godendrocytes and astrocytes [5]. Eventually, these diverse
specialized neuronal and glial cells mature to establish the
functional network of intercellular connections required for
the correct CNS activity to occur.

Remarkably, there is increasing evidence that the same
class of extracellular signals can be re-used throughout
development to fulfill various functions. One example of
such a signal is that provided by the family of bone mor-
phogenetic proteins (BMPs), which participate in various
aspects of spinal cord development, from neural tube clo-
sure to the generation and maturation of selected neuronal
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into 11 domains of neural progenitors: six dorsal domains (dP1-6)
and five ventral domains (p3, pMN, p2-0). Each progenitor domain
expresses a particular combination of cell fate determinants from the
homeodomain (HD) and basic helix-loop-helix (bHLH) transcription
factor families (left side), which defines their lineage potential. ¢ Dur-
ing the first wave of neurogenesis (chick E4, mouse E11.5), each of
the progenitor domains that contributes to the apically located ven-
tricular zone (VZ) and that expresses particular pro-neural bHLH fac-
tors (blue), will produce one population or various sub-populations of
post-mitotic neurons. These neurons migrate basally and they form
the mantle zone (MZ), progressively differentiating and acquiring
their particular morphological and molecular features

and glial cell types. In this review, we shall first describe
the basis of BMP signaling (see [6—8] for detailed reviews).
Subsequently, we will attempt to define the precise contri-
bution of the BMP pathway to various neuro-developmen-
tal processes, focusing mainly on studies related to spinal
cord development.

BMP signaling in the neural tissue
The basics of BMP signaling

Bone morphogenetic proteins (BMPs) are a subgroup of
secreted molecules that belong to the transforming growth
factor B (TGF-B) superfamily [8]. The basic canonical
BMP signaling machinery is remarkably simple (Fig. 2a).
Dimers of ligands induce the formation of a stable tetra-
meric receptor complex consisting of two type 1 and two
type 2 transmembrane serine/threonine kinases [8]. Within
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Fig. 2 Basic elements and promiscuity in the BMP signaling path-
way. a In the absence of BMP ligands, the transcription factors
R-Smad (Smad1/5/8) undergo continuous nuclear—cytoplasmic shut-
tling. Since R-Smad are exported faster from the nucleus than they are
imported, this favors their cytoplasmic accumulation [8]. Homo- or
hetero-dimers of BMP ligands promote the formation of a complex
of transmembrane serine/threonine kinases, in which type 2 receptors
(RII) phosphorylate and activate type 1 receptors (RI), which in turn
phosphorylate R-Smads on serine residues in their carboxy-terminal
tail. This facilitates the interaction of two R-Smads with their partner

this complex, the type 2 receptors phosphorylate and
thereby activate type 1 receptors. In turn, the type 1 recep-
tors propagate the signal intracellularly by phosphorylating
serine residues in the carboxy-terminal tail of the R-Smads,
a class of transcription factors homologous to Drosophila
mother’s against decapentaplegic (MAD) [8]. These phos-
phorylated R-Smads interact with their co-partner Smad4
to form a heterotrimeric complex with enhanced nuclear
stability [9] that modulates the transcription of target genes
in conjunction with other co-factors [10, 11] (Fig. 2a).

The diversity of BMPs that act in the developing spinal
cord

Of the nearly 40 members of the TGF-f superfamily, nearly
20 have been assigned to the BMP subfamily, although

Smad4, forming heterotrimeric complexes with enhanced nuclear
stability that bind to BMP-responsive elements (BRE) in target gene
promoters. These complexes cooperate with transcriptional co-factors
(not shown) to modulate the expression of target genes. b Various
members of the four BMP subgroups are expressed during spinal cord
development. The type 2 and type 1 receptors for which they exhibit
preferential affinities, and through which they probably act, are also
represented, as well as the three R-Smads, all of which are expressed
during spinal cord development

only a dozen represent canonical BMP ligands [6]. Based
on homology, BMPs can be further subdivided into four
subgroups: the BMP2/4 group, the BMP5/6/7/8 group, the
BMP9/10 group, and the growth and differentiation fac-
tor (GDF) group comprising GDF5/6/7 [6]. BMP2/4 are
functional orthologues of the Drosophila decapentaple-
gic (Dpp), while members of the BMP5/6/7/8 subgroup
are more closely related to Drosophila glass bottom boat
(Gbb/60A) and Screw (Scw) [8].

During spinal cord development, members of all four
BMP subgroups are expressed within the neural tissue
and surrounding areas, including BMP2,-4.-5,-6,-7,-9
and GDF7 (Fig. 2b). Before neural tube closure, vari-
ous members are expressed in the notochord (BMP7) and
in the epidermal ectoderm surrounding the neural plate
(BMP2/4/5/7) [12-15], as well as in the neural plate itself
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(BMP4/5) [13, 14]. Following closure of the neural tube,
both these ligands and additional ones (BMP6/9, GDF7)
are produced mainly by the roof plate [12—18], a special-
ized group of cells located in the dorsal midline of the neu-
ral tube (Fig. 1b). During neurogenesis, the expression of
members such as BMP4 remains restricted to the roof plate
[19], whereas new domains of BMP7 expression emerge
ventrally within the developing spinal cord [19]. Thus, the
diversity of BMP ligands and their dynamic expression dur-
ing development complicate our understanding of the roles
BMP signaling fulfils during spinal cord development.

The promiscuity of the ligand—receptor interactions

BMP ligands can bind to diverse type 2 receptors (Fig. 2b),
including the BMP-specific BMPR2 that harbors an atypi-
cal carboxy-terminal tail [6]. Alternatively, they can bind to
ActR2a/2b (Fig. 2b), which also interact with ligands from
the Activin/TGF-$ subfamily [6, 7]. These type 2 receptors
can themselves recruit and activate various type 1 recep-
tors (Fig. 2b), including Alk1, Alk2/Acvrl, Alk3/BMPRI1a,
and Alk6/BMPR1b [6, 7]. Biochemical studies have dem-
onstrated that distinct BMP ligands have different affinities
for the various BMP receptors [6]. BMP2/4 bind to Alk3
and Alk6 (Fig. 2b) and while members of the BMP5/6/7/8
subgroup also bind to Alk3 and Alk6, they can additionally
interact with Alk2 for which they show a higher affinity
(Fig. 2b). BMP9/10 can only interact with Alkl and Alk2
(Fig. 2b), and like GDF5 [20], GDFs appear to preferen-
tially bind to Alk6 (Fig. 2b). To further complicate matters,
recent reports indicate that ligands from the Activin/TGF-§
subgroup can also recruit receptors that were assumed to
be BMP-specific [7]. Thus, there is considerable promiscu-
ity within the cascade, given that the same ligand can inter-
act with different type 2 and type 1 receptors, and the same
receptor can interact with various ligands.

With the exception of Alkl, whose expression appears to
be restricted to the vascular system [21], all these receptors
are expressed in neural tissue [6, 22]. The precise contribu-
tion of type 2 receptors to the generation of the nervous sys-
tem has yet to be determined. Indeed, BMPR2 mutant mice
exhibit early embryonic lethality [23], while ActR2a and
ActR2b knockouts produce no obvious neural defects [24—
26]. Notably, the CNS-restricted double knockout of Alk3/6
receptors provokes spinal cord defects that are not seen in
either of the single mutants [27], suggesting that receptors
exert redundant functions. In an elegant study it was recently
suggested that only BMP heterodimers appear to possess
sufficient receptor affinity to elicit the signaling response
required for DV patterning during zebrafish development
[28]. This argues that the activities of BMPs are potentiated
when they act as heterodimers, as such recruiting hetero-
tetrameric rather than homo-tetrameric receptors complexes.
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Canonical vs. non-canonical intracellular signaling

Smadl1/5/8 are the canonical R-Smad effectors assumed
to specifically transduce BMP signals into a transcrip-
tional response [10, 11] (Fig. 2a). These three Smads are
expressed in neural tissue during development and they
might therefore mediate BMP activity [19]. Analysis of
mutant mice carrying a hypomorphic Smad8 only revealed
minor defects in the developing CNS [29], suggesting a
weak contribution of Smad§ or the possible compensatory
activity of Smad1/5. The early embryonic lethality of both
Smadl and Smad5 mutant mice precluded the determina-
tion of their functions during neural development [30, 31].
However, emerging strategies for conditional ablation have
started to shed light on their contribution to several neuro-
developmental processes [32].

Until recently, it was assumed that transduction of BMP
activity inevitably converges on Smad1/5/8 activation to
trigger a transcriptional response. However, there is a grow-
ing body of evidence suggesting that several BMP activi-
ties are independent of transcription and that non-canonical
signaling cascades exist (reviewed in [6, 33]). During neu-
ral development, the effects of BMPs on axonal orientation
and neuritogenesis are transduced through BMP receptors
by the recruitment of the PI3K—Akt cascade [34] and the
LIM kinases (LIMK) [35], respectively.

The multiple activities of BMPs during spinal cord
development

Neural tube formation

The formation of the neural tube involves the progres-
sive ventral invagination and lateral bending of the neural
plate, which closes at the dorsal midline. This morphologi-
cal transformation relies on a median hinge point (MHP)
located in the floor plate (FP), a particular group of cells
forming the ventral midline of the neural plate (Figs. 1a, 3a).
Depending on the rostro-caudal position, additional hinge
points can be found dorsally (DLHPs, Fig. 3a and [2]).
These hinge points are formed by groups of cells that
undergo cytoskeletal rearrangements, provoking apical cell
constriction, basal cell thickening, and basal nuclear migra-
tion. These hinge points serve as anchors to support the
mechanical forces applied to the tissue during neural tube
closure.

The importance of neural tube closure is reflected by the
severe defects that arise when this process is impaired, such
as exencephaly (rostrally) and spina bifida (caudally) [2].
Such defects may be produced by inhibiting or overactivat-
ing BMP signaling. BMP2-null embryos exhibit prema-
ture, exaggerated DLHPs (Fig. 2a, [36]). Moreover, local
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Fig. 3 BMP activity during neural tube closure. a Representation
of the developing spinal cord at the neural plate stage under normal
conditions (WT) and when BMP signaling is dampened (BMPlow).
Blocking BMP signaling can result in the formation of exaggerated
median and dorsal lateral hinge points (MHP, DLHP), which exac-
erbate apical cell constriction and the bending of the neural plate,
thereby perturbing neural tube closure. b Hypothetical molecu-
lar mechanism by which BMPs regulate neural tube closure. BMP
ligands, probably BMP2 and BMP4, activate a receptor complex that

overexpression of Noggin, an extracellular BMP inhibitor
with preferential affinity for the BMP2/4 subgroup, or over-
expression of a dominant-negative form of Alk3, also pro-
voke ectopic hinge point formation and exacerbate bending
in both chick and mouse (Fig. 3a, [36, 37]). While mutant
mice lacking BMP5, BMP6 or BMP7 [12, 13, 18, 38, 39]
do not suffer defects in neurulation, early cranial exenceph-
aly is provoked in the BMP5/BMP7 double knockout [39].
Conversely, the overactivation of BMP signaling triggered
by the genetic invalidation of Noggin produces defective
neural tube closure in mouse [40], and Noggin mutant
mice also develop defects in FP maturation at caudal lev-
els [40]. In addition, local release of BMP2 close to the
neural plate inhibits neural fold bending in mice [36], and
in ovo electroporation of BMP4 in the chick also leads to
defective neural tube closure at caudal positions [41]. Thus,
it appears that the dosage of BMP signaling is critical for
neural tube closure to proceed correctly.

Interestingly, a recent study proposed that the contribu-
tion of BMPs to neural tube closure might depend on Smad
activity, yet through a non-classical transcription-independ-
ent mechanism ([37], Fig. 3b). This study first revealed that
the activity of Smad1/5/8 follows a bi-dimensional gradi-
ent, with higher levels of activity observed in the dorsal
and apical regions of the neural plate. Intriguingly, physi-
cal interactions were reported between the activated forms
of Smad1/5/8 (phospho-S1/5/8) and the components of the
apical polarity complex (Par3, Par6 and aPKC). Having

ActRIlb
ActRlla

EMPRII
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is likely to contain BMPR2 and Alk3, and which promotes Smad5
activation. During this process, Smad5 acts in a non-classical (tran-
scription-independent) manner by physically interacting with and sta-
bilizing the apical polarity complex formed by Par3, Par6, and aPKC
at the level of adherens junctions (AJ). This prevents components
such as lethal giant larvae (Lgl) from destabilizing the polarity com-
plex and disrupting the adherens junctions, a pre-requisite for apical
cellular constriction

demonstrated that these factors co-localize with activated
Smads at apical junctions, this interaction was proposed to
favor the maintenance of the apical domain (Fig. 3b). Thus,
inhibition of Smad activity would be required to destabilize
this apical PAR complex, a pre-requisite for the apical con-
striction of the hinge point-forming cells [37].

Neural patterning

Neural patterning represents a crucial step in the genera-
tion of the diverse cell types and subtypes that form the
CNS. In the developing spinal cord of amniotes, DV pat-
terning leads to the generation of 11 distinct domains of
neural progenitors (Fig. 1b, reviewed in [3, 4]). The neural
tube can thus be subdivided into a dorsal part composed of
6 domains of progenitors (dP1-6, from dorsal to ventral),
and a ventral part consisting of 5 domains (p3, pMN, p2-0,
from ventral to dorsal, Fig. 1b). Each progenitor domain
can be identified by the expression of a particular code
of transcription factors from the homeodomain (HD) and
basic helix-loop-helix (bHLH) families, a combination
that determines the lineage potential of neural progenitors
(Fig. 1b). Expression of these fate determinants is driven
by extracellular cues secreted from various sources and that
influence cell identity by acting in a graded manner along
the DV axis [3, 4].

The idea that BMPs act as morphogens to pattern the
neural tube was first postulated 15 years ago following
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Fig.4 BMP activity during neural patterning. a Representation of
DV patterning at two stages of spinal cord development in higher ver-
tebrates, under normal conditions (WT) and in conditions of reduced
BMP signaling (BMPlow). Only the dorsal progenitor domains are
represented. The dorsal region (Pax7%) of the neural tube can be
subdivided in two territories: the three dorsal-most progenitor popu-
lations (dP1-3) expressing Olig3 (black) that are generated through
extracellular cues secreted from the roof plate (RP-dpdt); and the
three more ventral dorsal progenitor domains (dP4-6) expressing
Lbx1 (white) that can be formed independently of the RP-derived
signals (RP-indpdt). Early blockade of BMP signaling alters this pat-
terning, strongly diminishing the Olig3™ territory while expanding the

the demonstration that BMPs can promote the generation
of cells of the dP1 and dP3 lineages from explants in a
concentration-dependent manner [42, 43]. In vivo, BMP
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Lbx1" domain reciprocally. Consequently, in such circumstances dP1
is absent, dP2 is reduced, dP3 is unchanged or only slightly smaller,
while dP4/5/6 expand reciprocally. The numbers of the corresponding
dorsal interneurons (dI1-6) are modified accordingly. b Hypotheti-
cal molecular mechanism by which BMPs regulate neural patterning.
BMP ligands, probably BMP2 and BMP4, with a restricted contribu-
tion of GDF7 involved in the induction of dP1, activate a receptor
complex likely to contain BMPR2, Alk3, and Alk6, and which pro-
motes Smad1/5 activation. The concentration and duration of expo-
sure to the BMP ligands is transduced into distinct levels of Smad1/5
transcriptional activity, with the highest levels of Smadl/5 activity
favoring more dorsal progenitor identities

activity also appears to be crucial for the generation of
the most-dorsal progenitors dP1-3 (Fig. 4a). Overexpres-
sion of Noggin in chick embryos leads to the loss of the
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dP1-2 domain [44], while fewer dP1-3 cells are generated
when Follistatin is overexpressed, another extracellular
BMP antagonist [45]. Similarly, silencing both Alk3 and
Alk6 in the developing murine CNS results in complete
loss of the dP1 domain, in conjunction with a strongly
diminished dP2 domain [27] (Fig. 4a). This reduction of
the dorsal-most domains is accompanied by a recipro-
cal dorsal expansion of the more ventral dP4—-6 domains
(Fig. 4a), while no obvious changes in the ventral domains
are reported [27, 44].

It is interesting to notice that BMPs harbor several basic
amino-acid motifs in their amino-terminal tail [46]. These
motifs allow BMPs to interact with components of the
extracellular matrix such as heparan sulphate proteoglycans
(HSPGs), which can thereby modulate their range of action
[47, 48]. Restricted overexpression in the dorsal part of the
developing CNS (under the control of the Wntl promoter)
of a BMP4 with a mutated basic motif produced stronger
dorsalization of the intermediate neural tube territories
than that produced by wild-type BMP4 [47]. Thus, BMPs
appear to have a limited range of action within the develop-
ing neural tube, which might explain the restriction of their
influences to the most-dorsal progenitor domains (Fig. 4a).

The initial experiments of Jessell and colleagues sug-
gested that many BMPs participate in neural patterning,
as all BMP4, BMP5, BMP7, and BMP9/Dsl1 showed the
ability to stimulate the generation of cells from the dP1
and dP3 lineages ex vivo [42, 43]. However, the BMP
ligands that effectively mediate patterning activity in vivo
still remain elusive. The mutation of zebrafish BMP2 and
BMP7 suggested they were involved in neural patterning
[49], yet no such defects were observed after BMP7 loss-
of-function in mice or chicks [12, 19]. Similarly, the analy-
sis of mutant mice for BMP5/6/9 did not clarify their role
in neural patterning [13, 16, 18]. As for BMP2, the early
embryonic lethality provoked by its genetic invalidation in
mice has so far hindered any analysis of its contribution to
neural patterning in mammals [15], as occurs with BMP4
[14]. Currently, GDF7 is the only BMP ligand whose phys-
iological contribution to neural patterning has been pre-
cisely established [17]. In GDF7-null mutant embryos there
is a premature reduction in the pool of dP1 progenitors,
which compromises the production of a specific subpopula-
tion of dI1 interneurons (dI1A) [17]. Thus, GDF7 plays a
discrete role in dorsal spinal cord patterning and its activity
cannot account for the full contribution of BMP signaling
to this process.

Significantly, it has only recently been possible to
demonstrate graded BMP activity during neural pattern-
ing in vivo [50]. Analyzing the distribution and course of
Smad1/5/8 activity during chick neural development (using
a BRE:GFP reporter) revealed that the levels of canoni-
cal BMP activity are similar along the DV axis before

NT closure, while BMP activity becomes progressively
restricted to the dorsal-most dP1-3 domains shortly after
closure. Interestingly, explants experiments showed that it
is the duration of cell exposure to the BMP ligand rather
than its concentration that defines progenitor identities.
For instance, the generation of dP1 progenitors requires a
longer exposure to BMP4 than that of dP2. Variations in the
duration of the stimuli trigger distinct levels of intracellular
signaling, such that a longer duration leads to higher and
more stable levels of Smad1/5/8 activity [50]. These results
are in accordance with previous data, whereby overexpres-
sion of high doses of constitutively active Alk3 or Alk6
isoforms in chick neural tubes favored a dP1 identity over
dP2-3, whereas lower doses promoted dP2-3 fates over dP1
[51]. The physiological importance of the length of expo-
sure to BMPs was highlighted in chick embryos by overex-
pressing Smad6, an intracellular inhibitor of BMP signaling
[50]. Blocking the activity of the pathway at successively
later stages demonstrated that dP3 progenitors were recov-
ered earlier than dP1 progenitors. From these studies a
model was proposed in which neural progenitors from the
dP3, dP2, and dP1 domains are instructed sequentially in
the dorsal spinal cord by increasing levels of a canonical
BMP activity that is distributed in a dorsal to ventral gradi-
ent [50].

On the basis of these results, a model can be postulated
regarding the role of BMP signaling in neural patterning
(Fig. 4a, b). Before neural tube closure, the short range-dif-
fusing BMPs expressed throughout the entire neural plate
can signal over the entire DV axis and maintain the primary
dorsal identity of the neural progenitors. As the neural tube
closes and the source of most BMPs becomes restricted to
the roof plate, progressively fewer neural progenitors are
exposed to BMP signals for the time required to promote
or maintain their dorsal identity. This induction of dor-
sal progenitor identity depends on the level and duration
of Smad1/5 transcriptional activity, which is likely to be
mainly elicited by BMP2/4 acting through Alk3/6 (Fig. 4b).

Neurogenesis

During the first wave of neurogenesis in birds and mam-
mals, motor neurons (MN) emerge in the ventral part
of the neural tube, as well as four populations of ventral
interneurons (VIN, v0-3) that can be further divided into
distinct subpopulations (see Fig. lc, reviewed in [3, 4]). In
the dorsal part, six distinct populations of dorsal interneu-
rons (dIN, dI1-6, from dorsal to ventral) are generated
from their corresponding progenitor domains (Figs. Ic, Sa,
reviewed in [3, 4]). Later in development, a second wave
of neurogenesis produces two populations of interneurons
(dILate) that invade the upper dorsal horn of the developing
spinal cord [4].
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Fig. 5 BMP activity during neurogenesis. a Representation of a
transverse section of the developing spinal cord of higher verte-
brates during neurogenesis, under normal conditions (WT), and in
conditions of reduced BMP signaling (BMPlow). Only the dorsal
progenitor domains (dP1-6) and the corresponding populations of
interneurons (dI1-6) are considered. dI1 represent the commissural
neurons whose axons project contra-laterally after crossing the ven-
tral midline under the FP. Blocking BMP signaling at this stage alters
dorsal neurogenesis in various ways. First, the rate of production is
disturbed, resulting in the generation of fewer dI1/3/5 neurons while
dI2/4/6 numbers are barely affected. Second, the orientation and out-
growth rate of the commissural axons are altered, whereby axons are
misrouted and/or their ventral progression is slowed. b Suggested
molecular mechanism by which BMPs regulate dIN generation during

Neurogenesis involves distinct cellular and molecular
events that lead to the generation of functional neurons.
These events can be considered to be of two types: those
leading to the generation of post-mitotic neurons; and those
ensuring the functional maturation of these differentiating
neurons.

Generation of post-mitotic neurons
Until recently, it was assumed that all the changes in neu-

ronal number that are observed after modulating BMP
activity were the consequence of alterations in neural
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neurogenesis. BMP ligands, specifically BMP7 with a restricted con-
tribution of BMP4 and GDF7 for dI1 generation, activate a receptor
complex that probably contains ActR2b and Alk2, leading to Smad1/5
activation and probably producing a transcriptional response. The
events directly controlled by BMP signaling during the neurogenic
step remain elusive. ¢ Suggested molecular mechanism by which
BMPs regulate axon formation during neurogenesis. BMP ligands,
specifically BMP7 with the contribution of GDF7, activate a recep-
tor complex that probably contains BMPR2, ActR2a, and Alk6,
leading to the activation of non-canonical elements of the pathway.
The chemo-repulsion of dI1 axons from the RP relies on the recruit-
ment of the PI3K-Akt cascade. The regulation of axonal outgrowth
proximal to the RP depends on the activation of LIMK1 by BMPR2
through its atypical carboxy-terminal tail

patterning. However, this point of view has been challenged
recently by several studies. The blockade of BMP signal-
ing by overexpressing inhibitory Smad6 and Smad7 in the
chick neural tube at late developmental stages reduced the
number of dI1 and dI3 neurons generated, without obvi-
ously altering the expression of progenitor markers (Fig. Sa,
[52]), arguing in favor of a discrete role for BMP signaling
during neurogenesis. Furthermore, we recently identified
several of the elements effectively involved in this BMP
activity [19]. We found that while reducing BMP4 activ-
ity only affected the generation of dI1 neurons, the loss of
BMP?7 function in both mouse and chick embryos resulted
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in fewer dI1, dI3, and dI5 neurons, whereas the number of
dI2/4/6 was barely affected (Fig. Sa, [19]). Importantly, this
phenotype was obtained without altering neural patterning.
Interestingly, in vivo analysis of Smadl1/5/8 activity along
the DV axis (using a BRE:GFP reporter) revealed that the
canonical BMP activity extends more ventrally at the onset
of neurogenesis that at patterning stages [19, 50]. Moreo-
ver, while interfering with chick Smad8 function produced
a specific reduction in dI1 neurons, dampening Smadl or
Smad5 activity mimicked the BMP7 loss-of-function phe-
notype [19], strongly suggesting that BMP7 acts via the
canonical BMP pathway (Fig. 5a, b). A similar role was
recently proposed for Smad5 in mice [32], while the CNS-
restricted loss of Smad1 did not provoke significant altera-
tions in dIN number [32].

Intriguingly, early overexpression of constitutively
active forms of Alk3 and Alk6 in the chick neural tube
triggers an increase in dI1/3 generation, while overex-
pression at later stages has no effect on dIN number [53].
Since the CNS-restricted double Alk3/6 knockout leads to
an expected phenotype for early blockade of BMP signal-
ing during patterning [27], it is tempting to speculate that
other BMP receptors transduce BMP7 activity to Smad1/5
signaling during neurogenesis. Notably, BMP7 has a high
affinity for Alk2, the other type-1 BMP receptor expressed
in the developing CNS [54]. However, the contribution of
Alk2 to neural development remains to be established due
to the embryonic lethality of Alk2 mutant mice [55].

The cellular processes that are directly modulated by
BMPs at this stage also remain unclear. The generation of
post-mitotic neurons depends on several cellular responses,
including the proliferation of neural progenitors, the bal-
ance between proliferative and neurogenic divisions, and
the differentiation process per se. The ability of BMP sign-
aling to modulate proliferation or differentiation in the neu-
ral tube has been tested in several studies. Gain-of-function
experiments have demonstrated that grafts of BMP7-pro-
ducing COS cells increased the mitotic index of neural
progenitors [56]. Moreover, transgenic mice overexpress-
ing a constitutively active form of Alk3 in the developing
CNS showed overgrowth, whereas overexpression of the
constitutively active form of Alk6 triggered neuronal differ-
entiation [57]. Blocking BMP signaling in the chick neural
tube by overexpressing Noggin slows the proliferation rate
of spinal cord neural progenitors [44], whereas there is no
change in proliferation or apoptosis in the CNS-restricted
double Alk3/6 knockout [27]. It has also been proposed that
BMP signaling can counteract Wnt-induced proliferation of
spinal neural progenitors, and that Wnt signaling antago-
nizes BMP-induced neuronal differentiation [58, 59]. Thus,
further studies will be required to define the direct cellular
response to BMP signaling during neurogenesis.

Axon guidance, neurite outgrowth, and synapse formation

There is data now accumulating to indicate that BMP sign-
aling plays additional roles in other aspects of spinal cord
neurogenesis, including the orientation of the initial tra-
jectory of commissural axons, axonal growth, and during
synaptogenesis. There is compelling evidence that BMP7
reproduces the chemo-repulsant influence that the roof
plate exerts on dI1 commissural axons [60, 61]. In fact,
BMP7/GDF7 heterodimers exhibit even stronger chemo-
repulsant activity [61], suggesting that this activity prob-
ably originates from the cooperation between various
BMP ligands in vivo (Fig. Sa, c). However, not all BMPs
secreted by the developing spinal cord at this stage possess
such chemo-repulsive ability [60, 61]. Subtle differences
in the structure and sequence of the diverse BMPs appear
to explain these distinct effects, since a single amino-acid
mutation (Q48R) in the sequence of the normally inef-
ficient BMP6 conferred chemo-repulsive potential to this
protein similar to that of its close paralogue BMP7 [62].
BMPs appear to regulate axonal guidance by recruiting
classical BMP receptors, which distinguishes them from
other extracellular cues, such as Shh and Wnt (reviewed
in [63]). Both ActR2A and BMPR2 can mediate BMP7-
induced chemotaxis in vitro [64] and Alk6 has been shown
to exert a physiological influence on dI1 axonal guidance
[53]. Abrogating Alk3 in the dP1 domain does not produce
defects in axonal growth [53], although its invalidation on
an Alk6 null background accentuates the defects in orienta-
tion observed in the single Alk6 mutant, implicating Alk3
in this process, albeit to a lesser extent [53] (Fig. 5a, c).
Several findings recently indicated that the effects of
BMPs on axon orientation, axon outgrowth, and dendri-
togenesis are elicited by non-canonical intracellular sign-
aling cascades. Axon orientation is influenced by con-
centrations of BMP7 lower than those that efficiently
activate Smad1/5/8, and inhibition of the PI3K—Akt cas-
cade blocks this activity but not the formation of dI1 neu-
rons [34] (Fig. 5¢). The carboxy-terminal tail of BMPR2
binds to the LIM Kinase 1 (LIMK1) [65], the recruitment
of which appears to be essential for BMP7 to promote
cone growth/dendritogenesis in cultured neurons [35]
(Fig. 5c). Active LIMK triggers a molecular cascade that
favors the cytoskeletal rearrangements and actin polymeri-
zation necessary to advance the growth cone (reviewed in
[66]). BMPR2 and LIMK are also involved in mediating
the effects of BMPs on axon orientation and extension in
vivo. Overexpression in the dP1 domain of an active form
of LIMK reduces the number of commissural axons [67],
while LIMK deletion and BMPR2 inhibition both accel-
erate axon outgrowth and stimulate sprouting, effects that
are associated with the misrouting of axonal tracts [67]
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(Fig. 4c). Notably, Smad- and transcription-independent
effects of BMPs are also observed during axon guidance
and dendritogenesis in invertebrates [66]. Intriguingly, it
was recently reported that Smadl activity is also required
for correct axon guidance as its loss slows axon outgrowth
[32]. Based on these opposing activities of Smadl and
LIMKI1, it was proposed that LIMK might act proximal
to the RP to restrain axonal outgrowth, thereby preventing
early misrouting, whereas Smadl may promote outgrowth
more distally [32].

Finally, several recent studies have described the retro-
grade synaptic transport of several components of the BMP
signaling machinery, which appears to be related to distinct
activities of the pathway [68—70]. On the one hand, this
finely regulated phenomenon has been correlated with the
readjustment of neuronal subtype specification by BMPs
[69]. On the other hand, several studies reported a role for
BMPs in synaptic scaling [68, 71, 72], a process by which
the numbers and properties of synapses are continually re-
adapted to their targets [73]. As such, studies in Drosophila
have proposed that Gbb forms part of a feedback loop from
the muscles to the motor neuron presynaptic compartments
that co-ordinately regulates muscle growth and innervation
[68, 71, 72].

Gliogenesis

In vertebrates, neurogenesis is followed by a phase of glio-
genesis, during which macroglial cells are generated, and
there is evidence that the BMP pathway regulates the gen-
eration of the two main types of macroglial cells: oligoden-
drocytes and astrocytes.

Oligodendrogenesis

In the vertebrate CNS, oligodendrocytes control the pro-
duction of the myelin sheaths that envelop the axons and
that are required for optimal conduction of nerve impulses.
Upon completion of motor neuron generation in the devel-
oping spinal cord, most oligodendrocytes emerge from
a restricted ventral area that corresponds to the Olig2-
expressing domain [5]. Since BMP signaling influences
neural patterning during early embryogenesis, its modula-
tion can alter oligodendrocyte specification. Indeed, over-
activation and blockade of BMP signaling respectively
inhibits and expands the oligodendrocyte lineage in the
chick embryo, both in vitro and in vivo [74].

BMPs also appear to regulate later steps of oligodendro-
genesis by opposing oligodendrocyte differentiation and
maturation, as suggested by a recent study that elegantly
demonstrated the requirement of the Smad-interacting pro-
tein 1 (Sipl) for proper CNS myelination [75]. Sipl pro-
motes oligodendrocyte differentiation by inhibiting BMP
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signaling in two ways: by physically interacting with and
repressing the activity of the Smadl/5/8-Smad4-p300
complex; and by binding to and activating the promoter
of Smad7, which in turn inhibits both the canonical BMP
signaling cascade and the canonical (B-catenin-dependent)
Wnt pathway [75]. This dual inhibitory action of Sipl
represses the expression of several Smad target genes
known to inhibit oligodendrocyte differentiation (Id2, Id4,
and Hesl), relieving the blockade on oligodendrocyte dif-
ferentiation and maturation. Thus, inhibition of canonical
BMP signaling appears to be a pre-requisite for correct oli-
godendrogenesis and myelination. Accordingly, repressing
BMP signaling might represent an interesting strategy to
promote regeneration following disease- and injury-related
demyelination [76].

Astrocytogenesis

Astrocytes are the most abundant cell type in the human
brain and they fulfill a wide variety of roles that help main-
tain CNS homeostasis [77]. In vertebrates, astrocytes are
generated in the later phases of embryogenesis and in the
postnatal period [77]. Studies on brain-derived cell cultures
suggest that BMPs promote astrocyte generation (reviewed
in [78]). Mechanistically, this function appears to rely
on the physical cooperation between the BMP-activated
Smads and the JAK-STAT signaling cascade activated by
members of the CNTF-LIF family of cytokines [79].

A recent study revealed that BMP signaling controls the
spatiotemporal generation of astrocytes in the developing
chick spinal cord [80]. By combining cultured explants and
in vivo experiments, BMP activity was shown to repress
astrocyte generation in the intermediate spinal cord at
early embryonic stages (until ES), while it promoted this
process at later developmental stages (from E6 onwards).
This switch in activity was correlated with the expression
of Alk3 and the appearance of Smadl/5/8 activity in the
intermediate spinal cord at E6 [80], suggesting that astro-
cytogenesis is regulated by a canonical BMP signaling
pathway.

Interestingly, the temporal competence of the BMP
pathway to promote astrocyte fate might depend on the
presence of specific Smad co-factors, such as the pro-neu-
ral bHLH. Indeed, an elegant study demonstrated that the
ability of Smad]1 to stimulate the expression of one target
gene or another is driven by Ngnl [81]. During neurogen-
esis, Ngnl sequesters the activated Smad complex and pre-
vents it from acting on target genes of the astrocyte lineage,
such as GFAP [81]. Once Ngnl expression is extinguished,
when neurogenesis terminates, active Smad1 and Stat3 can
interact and cooperatively enhance GFAP expression [81].
This mechanism provides a valid explanation for the tem-
poral competence of canonical BMP signaling to promote
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one cell fate or another, in this case promoting the switch
from neurogenesis to gliogenesis.

Conclusions

In vertebrates, BMPs are key signaling molecules that
are employed throughout neural development to control
the intricate processes involved in generating a functional
CNS. As highlighted in this review, our understanding of
the implications of BMP signaling in spinal cord develop-
ment has advanced greatly in the past 15 years, enabling us
to draw several key conclusions.

First, BMP signaling appears to be very dynamic during
spinal cord development, at least along the DV axis. Before
the closing of the neural tube and during the early stages of
patterning, the canonical pathway is active throughout most
of the neural plate [37, 50]. Following closure, when the
neural tube is being patterned into precisely defined pro-
genitor domains, BMP signaling is progressively restricted
to the dorsal-most (dP1-3) neural tube [50]. This pathway
is then re-deployed throughout most of the DV axis to
control the rate of differentiation when neurogenesis com-
mences [19], and to regulate axon orientation and growth
[32, 34]. Later BMP activity appears to again be spatially
modulated during gliogenesis [80].

The diverse activities of BMPs are transduced by distinct
cellular components in function of the process they affect.
The changes in cell shape and cytoskeletal organization
controlled by BMPs appear to rely mainly on non-classical
intracellular signaling. This may be Smad-dependent but
independent of any transcriptional regulation, as proposed
during neural tube closure [37]. Alternatively, BMP signal-
ing may involve the recruitment of non-canonical effectors
by BMP receptors, such as the PI3K—Akt cascade or LIMK
in the case of repulsive axon orientation and outgrowth,
respectively [34, 67]. By contrast, the control of neural pro-
genitor identity and lineage commitment by BMPs appears
to depend on Smad transcriptional activity [50, 75, 81].

Most of the functions ascribed to BMPs during neu-
ral development are not those of a classical morphogen
that triggers different cellular responses in function of the
strength and duration of the stimulus provided through the
extracellular gradient emanating from a restricted source
[82]. For instance, the activity of BMP7 during neurogen-
esis does not fulfill the classical definition of a morphogen
[19]. Thus, some care should be taken when considering
BMPs as classical morphogens in the context of neural
development.

Finally, it should be noted that BMP signaling must be
inhibited in many neuro-developmental processes, includ-
ing: the closure of the neural tube [37]; the establishment
of most progenitor domains during patterning [57]; the

commitment to neuronal differentiation [19]; the speci-
fication and maturation of oligodendrocytes [75]; and the
temporal restriction of astrocytogenesis [80]. Therefore, it
would appear that BMPs favor the maintenance of a pri-
mary/stem cell state rather than actively instructing lineage
progression or the acquisition of novel features in neural
cells.
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