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Fig. 10. Patterns of 3A10 labelling in ectopic axes arising in
host embryos of different stages after grafting a 3+ node.
(A) Axis induced in a stage 2 host. 3A10 immunoreactive
neurons are present as two stripes, corresponding to
diencephalon (d) and hindbrain (h). (B) Ectopic axis
induced in a stage 4 host. Note the truncated appearance
of the secondary structures; 3A10 labelling is confined to a
single stripe. Optic evaginations can be seen (arrowheads),
indicating that the forebrain is present. Bar, 50 /an.

mesencephalic En2 stripe). In these young embryos,
however, we cannot rule out that the grafted node
induced the ectopic nervous system indirectly, through
a prior induction of primitive streak mesoderm in the
host. In stage 2 hosts, even a graft of posterior primitive
streak will induce the formation of host mesoderm

(Vakaet and Haest-van Nueten, 1973). Competence for
induction of a primitive streak, however, falls off with
increasing host age (Woodside, 1937; Shieh et al., 1965;
Gallera and Nicolet, 1969; Eyal-Giladi and Wolk,
1970). Thus, the epiblast at stage 2 may respond to a
graft by forming a streak, which in turn induces new
CNS, while at later stages neural competence may be
tested directly (see Eyal-Giladi and Wolk, 1970). Our
experiments show that at stages 3+ to 4, the mesoderm
associated with the secondary axis is derived from the
graft, suggesting that a new primitive streak had not
been induced. This is consistent with the finding of
Hornbrunch et al. (1979) that host-derived somites are
only present in secondary axes when grafts are placed
close to a stage 4 host embryo.

(3) Regionalisation
Nieuwkoop (1955) formulated a theory of 'activation-
transformation', in which he proposed that 'activation'
of the ectoderm results in differentiation of neural
tissue with anterior (forebrain) characteristics. This
tissue is then 'transformed' or posteriorised by further
interaction with underlying mesoderm. Hara (1961;
1978) later adapted this theory to neural development
in the chick. Both Hara's (1961) experiments, in which
different regions of the head process induced different
regions of the CNS and our results, discussed briefly
below, suggest that the 'transforming' or regionalising
step is carried out by the presumptive notochord.

The majority of young (stage 3+) nodes placed into
older hosts self-differentiate (Table 1), and the struc-
tures generated do not express regional markers (Fig.
6B). The converse combination gives a different result:
older (stage 5 to 6) nodes placed into young (stage 3+)
hosts generate secondary axes that express 3A10 and
XlHboxl/Hox3.3 (Fig. 6); 50% of these are composed
largely of neural tissue derived from the graft (Table 1).
This result is difficult to explain. One possibility is that
self-differentiating older nodes give rise to more neural
tissue than young nodes (see Veini and Hara, 1975); a
certain amount of neural tissue may be required to set
up regional differences. Further, it could be that even
the amount of neural tissue generated by old nodes is
too small for the establishment of regional differences
and that regional identities have been specified in the
epiblast of these older nodes prior to transplantation.
As young nodes which have undergone self-differen-
tiation do not express regional markers, this suggests
that regionalisation takes place after stage 3+.

The mesoderm determines regional differentiation in
the CNS

A number of previous studies (e.g. Tsung et al., 1965;
Vakaet, 1965; Gallera, 1970b) have concluded that
young nodes induce anterior structures while old nodes
induce more posterior structures. Hara (1961) com-
bined epiblast with different regions of the head process
and concluded that different regions of the chordame-
soderm induce different regions of the CNS. Results
obtained in amphibian embryos support this conclusion
(see Nieuwkoop et al., 1985). For example, anterior
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mesoderm induces the expression of the anterior
markers XIF3 (Sharpe and Gurdon, 1990) and En2
(Hemmati Brivanlou et al., 1990), while posterior
mesoderm induces the expression of the posterior
marker XlHbox6 (Sharpe and Gurdon, 1990).

Our results show that Hensen's nodes that still
contain presumptive head process cells (up to stage 4)
induce CNS which includes the diencephalon, charac-
terised by a particular pattern of expression of 3A10,
and the midbrain/hindbrain region which expresses
En2. Once the presumptive anterior notochord cells
have left the node (stage 5), the CNS induced by such a
node no longer expresses the diencephalic pattern of
3A10 or En2 but continues to express a different
pattern of 3A10 labelling characteristic of the hind-
brain, and XlHboxl/Hox3.3, which is expressed in the
posterior hindbrain and in the spinal cord. This
supports the conclusion that the information required
to form the diencephalon and the midbrain/hindbrain
region is conveyed by the presumptive chordameso-
derm cells that underlie the presumptive anterior CNS,
and suggests that the presumptive notochord cells
remaining in older nodes may be responsible for
regionalising more posterior CNS. Taken together,
these findings suggest that the notochord may be the
source of regionalising signals.

How many regionalising signals?
One question that emerges from these considerations
is: are there as many different signals as there are
regions in the CNS? Perhaps surprisingly, our results
suggest that this might be the case. Stage 6 nodes
generate occipital CNS (the neural tube expresses
XlHboxl/Hox3.3 while the accompanying somites do
not). By contrast, the CNS generated by stage 4+ to 5
nodes includes anterior as well as posterior hindbrain.
Finally, stage 2 to 4 nodes uniquely induce anterior
CNS including the diencephalon (3A10 labelled cells)
and the midbrain/hindbrain, En2-expressing region.

De Robertis et al. (1989) found that the anterior and
posterior boundaries of expression of XlHboxl in the
mesoderm of Xenopus embryos are initially in line with
those in the overlying nervous system. Based on this
finding, they suggested that the mesoderm imparts
positional information to the nervous system in a
manner that resembles homeogenetic induction be-
cause the same 'state' is transmitted between the
inducing and responding tissues. So, if regionalisation
does require as many signals as there are regions, how
many such signals/regions are there in the embryo? Will
the number of signals equal that of the genes whose
expression is regionally restricted?

Does the age of the responding epiblast play a role
in regionalisation?

When a stage 3+ node is grafted into hosts older than
stage 4, the regional markers studied cease to be
expressed at the same time (Fig. 6B). This result
contrasts with that obtained when the age of the grafted
node was varied (Fig. 6A): here, as discussed above,
regional markers disappear in anteroposterior sequence

with increasing age of the graft. These observations
suggest that the age of the responding epiblast is not
responsible for regionalisation of the induced CNS
during normal development.

We observed a striking difference in the extent of the
secondary structures induced by stage 3+ nodes in stage
2 host embryos as compared with those induced in stage
4 hosts: embryos grafted at stage 2 tend to yield a larger
CNS that includes more posterior regions. Super-
ficially, this appears to reflect a change in the ability of
the epiblast to respond to particular regionalising/in-
ducing signals. This finding has been described by
Gallera and Ivanov (1964). They account for the
phenomenon by suggesting that induction of the spinal
cord takes longer than induction of the brain (see also
Gallera, 1971). That is, a node transplanted into a stage
4 embryo is apposed to epiblast with a shorter period of
competence ahead of it than that confronting a node
transplanted into a stage 2 host. This idea, along with
the finding that the frequency of primitive streak
inductions decreases as a function of the age of the host
epiblast (Gallera and Nicolet, 1969), could explain the
reduced presence of posterior CNS structures gener-
ated from stage 4 hosts in our experiments.

One possibility that should not be overlooked is that
the graft may move autonomously when placed into
certain positions of a host of a certain age but not
others, and that this movement affects the extent of the
induced CNS. Thus, it may be that nodes grafted into
stage 4 hosts remain stationary, whilst nodes grafted
into younger hosts move, either autonomously or
carried by the morphogenetic movements of the
adjacent epiblast. Such lack of movement in older hosts
might prevent the separation of cells that give rise to the
head process from those destined for posterior noto-
chord. The reduced presence of posterior CNS in
structures induced from stage 4 hosts could therefore be
accounted for in terms of the time available to generate
a complete axis.

4. Homeogenetic induction
We have discussed the idea that nodes older than about
stage 6 no longer have inducing ability, and that
posterior notochord appears similarly unable to induce
neural tissue. Examination of embryos at about stage 8,
moreover, shows that the neural plate extends pos-
teriorly a considerable distance behind the node (see
for example, Hamburger and Hamilton, 1951). What,
then, induces the posterior portions of the CNS during
normal development? One possibility is that neural
induction only concerns the formation of anterior
neural structures, as suggested by Nieuwkoop (1955)
and Hara (1961; 1978), and that the posterior CNS
forms as a result of homeogenetic induction by this
induced epiblast, propagating posteriorly in the plane
of the epiblast. There is growing evidence that neural
induction includes the horizontal passage of signals
within the epithelium (Dixon and Kintner, 1989; see
also Nieuwkoop et al., 1985), although this is not the
only mechanism (Sharpe and Gurdon, 1990; for a
review see Guthrie, 1991).
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However, there is an alternative to homeogenetic
induction to explain the formation of posterior CNS. It
is possible that presumptive posterior neural plate is
induced at the same time or only slightly later than
anterior regions, and that this presumptive posterior
neural plate then elongates as the primitive streak
regresses. In support of this, Schoenwolf and colleagues
(see Schoenwolf and Alvarez, 1989) have localised the
presumptive spinal cord to a region on either side of the
anterior tip of the primitive streak at stage 3+.

The above considerations suggest that the mechan-
isms that generate the head of amniotes could be
fundamentally different from those that generate the
trunk. In the trunk, the CNS appears to be produced
either as a consequence of homeogenetic interactions
with previously induced epiblast or as a result of the
elongation of a small primordium of the spinal cord that
is induced as early as portions of the head.

Conclusions
1. A number of findings suggest that induction and
regionalisation of the CNS are separate processes.
First, epiblast competence and neural-inducing ability
of the node both decline after stage 4, suggesting that,
during normal development, neural induction takes
place early, before the end of stage 4. Second, young
nodes (stage 3+) that self-differentiate (owing to the
advanced stage of the host) give rise to neural tissue
that does not express regional markers, while self-
differentiatation of older nodes gives rise to neural
tissue expressing both 3A10 and XlHboxl/Hox3.3. This
could suggest that the epiblast contained within older
nodes is regionalised prior to transplantation, while the
epiblast in nodes from stage 3+ embryos has yet to
receive regionalising signals. Third, recent elegant
experiments by Martinez et al. (1991) demonstrate that
signals that regionalise the CNS can act independently
of neural inducing signals: as late as stage 10, a graft of
En2-expressing midbrain can induce the ectopic ex-
pression of En2 in the diencephalon. Taken together,
these observations suggest that the epiblast retains its
capacity to be regionalised until late in development,
while its ability to respond to neural inducing signals
ceases much earlier, as the notochord begins to form.

2. Our results provide evidence for the view that the
axial mesoderm, rather than the responding epiblast,
determines the differentiation of regions within the
CNS. The ability to induce expression of anterior
markers (those expressed in diencephalon, posterior
midbrain and anterior part of rhombomere 1) ceases in
the node as the head process emerges (the head process
extends anteriorly from rhombomeres 4/5). Nodes
transplanted after this stage generate only posterior
CNS, with nodes of increasing age giving rise to
progessively more posterior regions. This suggests that
the signals required to regionalise the CNS are
conveyed by presumptive notochord cells and that there
is a sequential, anteroposterior organisation within the
mesoderm, which is conveyed to the overlying neural
plate (see De Robertis et al., 1989; Sharpe, 1990).

3. The developmental mechanisms involved in gener-

ating the head region of the amniote embryo may be
radically different from those that give rise to the trunk,
because older nodes (and posterior notochord; Gallera,
1966) do not induce neural tissue. This contrasts with
the neural inducing ability of young nodes (and anterior
notochord; Hara, 1961) in the chick, and with the
neural inducing abilities of both anterior and posterior
notochord in Xenopus (e.g. Hemmati Brivanlou et al.,
1990). We suggest two mechanisms by which the more
posterior regions of the CNS could be generated: (i)
homeogenetic induction by already induced, anterior
epiblast and (ii) elongation of posterior neural primor-
dia that are induced early.
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Note added in proof
Since this paper was accepted for publication, C. R.
Kintner and J. Dodd {Development 113, 1495-1506;
1991) have published a study of neural induction and
regionalisation by chick Hensen's nodes on amphibian
ectoderm. They also conclude that the ability of the
node to induce engrailed expression is lost after stage 4
and that neural inducing signals are already present in
young nodes.




