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(data not shown). In the remaining manipulated embryos (5
animals), the grafted notochord was displaced from, and
dorsolateral to, the endogenous notochord. Judging by mor-
phology and immunolabeling with monoclonal antibody
FP1 (Yamada et al., 1991), an additional floor plate was
induced adjacent to the ectopic notochord in each of these
embryos (Fig. 6). One of these embryos was developmentally
too immature and no PDGFRa” cells were found anywhere
in the ventral half of the cord. Another was developmentally
too advanced and many PDGFRa’ cells were distributed
throughout the cross section of the cord. In the remaining
three manipulated embryos there was a new focus of
PDGFRa” cells at the ventricular surface, the same distance
away from the induced floor plate as the original foci were
from the endogenous floor plate (Fig. 6). However, a new
focus of PDGFRa” cells was induced only to one side of the
ectopic floor plate, and simultaneously one of the original
pair of foci was repressed, so that no PDGFRa” cells ap-
peared in the neuroepithelium between the two floor plates
(Fig. 6). This phenomenon was observed consistently in all
the sections that we analyzed from these grafts (approxi-
mately 10 sections total). The reason for this observation
was not because there was insufficient space between the
two floor plates: on the contrary, there were more than
enough intervening neuroepithelial cells to accommodate
two additional nonoverlapping foci of PDGFRa” cells at
the expected distances from the floor plates. The distance
between the lateral margins of the floor plate and the foci
of PDGFRa” cells is normally 75 mm whereas, as shown in
Fig. 6C for example, the distance between the margins of
the natural and ectopic floor plates is approximately 200
mm. Therefore, we tentatively interpret this observation as
evidence for the existence of a diffusible ““morphogen” origi-
nating from the floor plate and/or notochord (see Discus-
sion).

Induction of Oligodendrocytes by Notochord and
Purified Sonic Hedgehog Protein in Avian Neural
Plate Explants

To extend the in vivo grafting experiments described
above and to confirm that the notochord can induce oligo-
dendrocyte development in naive neural tube tissue, we
explanted fragments of E1.5-2 (stage 9-10) quail or chicken
ventral, intermediate, or dorsal neural plate and cultured
these in collagen gels either alone or in contact with pieces
of notochord from the same embryos. After culturing the
explants for 12 days, we fixed and immunolabeled them as
whole-mount preparations with anti-SMP and/or anti-MBP
to visualize oligodendrocytes. Most of our experiments
were conducted using quail explants because the time re-
quired for appearance of oligodendrocytes in vitro was less
than with chicken explants and, in addition, we had two
independent antibodies (anti-MBP and anti-SMP) with
which to score quail oligodendrocytes. However, most of
the quail experiments described below were also confirmed
qualitatively for chicken explants.
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Two independent preliminary experiments were per-
formed to test the inherent capacity of stage 9-10 ventral,
intermediate, or dorsal quail neural tube tissue to generate
oligodendrocytes in vitro. In the absence of notochord, large
numbers of (MBP/, SMP”) oligodendrocytes developed in
most ventral neural tube explants (13/14), but not in either
intermediate (0/7) or dorsal (0/9) explants. However, inter-
mediate neural tube was able to generate hundreds of oligo-
dendrocytes when cultured in direct contact with noto-
chord (17/17 explants; Fig. 7). These results are consistent
with those published by Trousse et al. (1995), who per-
formed similar experiments with neural tube explants from
E4 (stage 23-24) chick embryos.

Sonic hedgehog, a vertebrate homologue of the Drosophila
patterning gene product hedgehog, is known to be able to
induce the development of ventral cell types including floor
plate cells, motor neurons, and dopaminergic neurons in neu-
ral tube explants. It seemed possible that Shh, which is ex-
pressed in the notochord and floor plate during early neuro-
genesis, might be at least partly responsible for the oligoden-
drocyte-inducing activity of the notochord identified by our
experiments and those of Trousse et al. (1995). Therefore, we
cultured intermediate neural tube explants in the presence of
different concentrations of the autoproteolytic amino-termi-
nal fragment of Shh (Roelink et al., 1995). The results of
these experiments are shown in Table 1 and Fig. 7. Whereas
floor plate cells were induced by only the highest concentra-
tion of Shh tested (7 1 10°° M), both motor neurons and
oligodendrocytes were induced by Shh over a range of con-
centrations from 7 1 10°° to 7 1 10°*° M (Table 1 and Fig.
7). For both motor neurons and oligodendrocytes, there ap-
peared to be a sharp decline in the inducing activity of Shh
at lower concentrations than this (Table 1).

DISCUSSION

The experiments reported here show that the influence
of the notochord/floor plate extends to the oligodendrocyte
lineage in addition to ventral neurons such as motor neu-
rons (Yamadaet al., 1991, 1993) and midbrain dopaminergic
neurons (Hynes et al., 1995). This suggests that the pro-
cesses governing development of glial cells and neurons are
fundamentally similar. The fact that we can detect the very
first PDGFRa’ oligodendrocyte progenitor cells at a pre-
cisely defined site at the ventricular surface of the E13
mouse spinal cord (E7.5 chick spinal cord) demonstrates
that neuroepithelial precursor cells are not all equivalent
at this age and indicates that oligodendrocyte progenitors
are prespecified as such before they move away from the
central canal. The same might be true for other glial and
neuronal lineages; indeed, it has been suggested (Wenger,
1950; Yu et al., 1994) that the entire ventricular zone might
consist of a mosaic of predetermined precursor cells, each
dedicated to the production of a distinct subset of differenti-
ated neural cell types. The data presented here show that
loss of the notochord/floor plate in Sd mice results in a
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