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Segmentation of the neural tube has been clearly shown in
the forebrain and caudal hindbrain but has never been
demonstrated within the midbrain/hindbrain domain. Since
the homeobox-containing gene Otx2 has a caudal limit of
expression in this region, we examined, mainly in chick
embryos, the possibility that this limit could represent an
interneuromeric boundary separating either two cerebellar
domains or the mesencephalic and cerebellar primordia. In
situ hybridisation with chick or mouse Otx2 probes showed
the existence of a transient Otx2-negative area in the caudal
mesencephalic vesicle, between stages HH10 and HH17/18
in chick, and at embryonic day 9.5 in mice. The first post-
mitotic neurons of the mesencephalon sensu stricto, as
labelled with an anti-β-tubulin antibody, overlay the Otx2-
positive neuroepithelium with a perfect match of the caudal
limits of these two markers at all embryonic stages analysed
(until stage HH20). Chick/quail homotopic grafts of various
portions of the midbrain/hindbrain domain have shown
that the progeny of the cells located in the caudal mesen-
cephalic vesicle at stage HH10 are found within the rhom-

bomere 1 as early as stage HH14. Furthermore, our results
indicate that the cells forming the HH20 constriction (coin-
ciding with the caudal Otx2 limit) are the progeny of those
located at the caudal Otx2 limit at stage HH10 (within the
mesencephalic vesicle). As a result, the Otx2-positive portion
of the HH10 mesencephalic vesicle gives rise to the HH20
mesencephalon, while the Otx2-negative portion gives rise
to the HH20 rostral rhombomere 1. Long-survival analysis
allowing the recognition of the various grisea of the
chimeric brains strongly supports the view that, as early as
stage HH10, the caudal limit of Otx2 expression separates
mesencephalic from isthmo/cerebellar territories. Finally,
this study revealed unexpected rostrocaudal morphogenetic
movements taking place between stages HH10 and HH16 in
the mediodorsal part of the caudal Otx2-positive domain.

Key words: homeobox-containing gene, interneuromeric boundary,
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SUMMARY
INTRODUCTION

The occurrence of hindbrain neuromeres and their possible
morphogenetic role in neural specification are commonly
accepted. The rhombomeres (the neuromeres of the rhomben-
cephalon), already visible in vivo, have boundaries that
coincide with the arrest of expression of the homeobox-con-
taining genes of the Hox family. These genes are believed to
act as transcription factors involved in the rhombomere speci-
fication (for reviews see McGinnis and Krumlauf, 1992;
Wilkinson, 1993). Moreover, cell clonage studies performed
before and after the formation of rhombomeres have shown
that these morphogenetic units are separated by clonal restric-
tion boundaries (Fraser et al., 1990). Finally, the cells consti-
tuting the interneuromeric boundaries of the rhombencephalon
are connected by gap junctions with reduced permeability
properties compared to those linking cells in the walls of the
rhombomeres (Martinez et al., 1992). A segmental subdivision
of the forebrain has also been described, although it has been
subject to controversy. Recently, morphological features and
the expression of candidate regulatory genes (Emx-1, Emx-2,
Dlx-1, Dlx-2, Pax-6, Wnt-3, Gbx-2 among others) has led to
the identification of six prosomeres (Bulfone et al., 1993;
Puelles and Rubenstein, 1993; Rubenstein et al., 1994). Also,
in the prosencephalon, clonal restriction boundaries (Fidgor
and Stern, 1993) and reduced permeability properties at the
interneuromeric boundaries (Martinez et al., 1993) have been
reported.

In contrast, the presence of interneuromeric boundaries
within the midbrain/hindbrain (MHB) domain has not yet been
clearly demonstrated. To our knowledge, neither clonal restric-
tion boundaries nor gap junctions with reduced permeability
have ever been reported within the MHB domain. Fate map
experiments using the chick/quail model (Le Douarin, 1969)
have revealed that, in the avian embryo of 10-12 somites (stage
10 of Hamburger and Hamilton, 1951, HH10), the cerebellar
primordium is located on both sides of the so-called
‘midbrain/hindbrain’ constriction (Martinez and Alvarado-
Mallart, 1989; Hallonet et al., 1990; Alvarez Otero et al., 1993;
Hallonet and Le Douarin, 1993). Thereby the cerebellum, a
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Fig. 1. Schematic representation of grafting experiments. All embryos
are schematised at stage 10-12 somites (HH10). (A) Section of the
neural tube representing the dorsoventral extent of the area taken as a
graft (in black). D, dorsal; V, ventral. Note that for types 3 and 4 grafts
some transplantations were made bilaterally. (B) Grafting of the caudal
mesencephalic vesicle (in red). Note that the caudal graft border
always coincides with the constriction (arrow) separating the
mesencephalic vesicle (Mes. Vs., in C) and the prorhombomere A1
(RhA1). Conversely, the rostral border of the graft, which was not
pertinent to our analysis, was variable inside the graduated shaded area.
(C) Grafting of the RhA1 (in yellow). Note that the rostral border of
the graft coincides again with the constriction (arrow). The caudal
border varied inside the graduated shaded area. (D-E) Grafting of
Otx2-positive (type 3, D) or Otx2-negative (type 4, E) territories (the
grafted areas are schematized in blue and green, respectively, whether
they include the red area or not). The important border of these two
types of grafts (the caudal graft border in type 3 and the rostral one in
type 4) is located at the level of the caudal Otx2 limit. Because this
limit was not visible in vivo, we have scanned a region (in red,
between dashed lines) which should enclose the oblique Otx2 caudal
arrest. Subtypes 3a and 4a define the transplantations with the common
graft border at its most anterior position, and subtypes 3b and 4b define
transplantations with a common graft border at its most posterior
position. Note also that type 4 grafts can concern either only the caudal
mesencephalic vesicle or extend within RhA1 (their limits being the
rostral and caudal end of the graduated shaded area, respectively).
structure presenting an amazingly homogeneous cytoarchitec-
ture, seems to originate from two distinct neuromeres: one
‘mesencephalic’ and the other rhombencephalic. This possi-
bility is supported by studies demonstrating anterior/posterior
differences in the cerebellar cortex. For instance, several
murine mutations affect the anterior or posterior cerebellum
differently (Ross et al., 1990; Herrup and Wilczynski, 1982).
The genes En-2, En-1, Gli, Wnt-7 (see Millen et al., 1995),
Otx1 and Otx2 (Frantz et al., 1994; Millet et al., 1994) have
been described as having transient and different expressions in
the anterior or posterior cerebellar cortex. The external
Fig. 2. Localisation of Otx2
transcripts on whole-mount
neural tubes of normal chick
embryos (A-G) and mouse
embryos (H,I). The
developmental stage is
specified for each figure.
(A-C) Dorsal views;
(D-I) lateral views and (G)
lateral external view of an
hemi-neural tube cut along the
midline. The arrows point to
the constriction separating the
mesencephalic and the first
rhombencephalic vesicles.
Note that, at stage HH10,
when this constriction is first
recognised, the arrest of Otx2
expression is clearly rostral to
it. During the following stages,
it becomes closer to the
constriction and coincides with it at stage HH20. Note also that the Otx2
coincides with it at E10.5. Scale bars: A, 250 µm; B-E, H,I, 500 µm; F,G
granular layer, the secondary cerebellar neuroepithelium,
develops exclusively from the rhombencephalic portion of the
cerebellar anlage (Hallonet et al., 1990; Alvarez Otero et al.,
1993; Hallonet and Le Douarin, 1993).

In both mouse (Simeone et al., 1992, 1993) and chick (Bally-
Cuif and Wassef, 1994, 1995), the Otx2 gene is expressed
within the forebrain and the midbrain with a posterior limit at
the MHB junction. The null mutation of Otx2 gene in mice
results mainly in a deletion of forebrain and midbrain but, in
mutants with the strongest phenotype, it can also affect the
cerebellar domain as suggested by loss of En-2 expression and
 arrest is rostral to the constriction in the mouse embryo at E9.5 and
, 1 mm.
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Fig. 3. Flat-mount neural
tube of an HH10 normal
chick embryo stained by ISH
with the chick Otx2 probe.
The neural tube has been
opened along the ventral
midline. Note that the caudal
limit of Otx2 expression is
sharp and forms an oblique
line with a caudalward
oriented ‘beak’. Note also
that the cells on the dorsal
midline are Otx2-negative.
o.v., optic vesicle. Scale bar,
250 µm.
by the deletion of rhombomeres 1 and 2 (Acampora et al.,
1995; Matsuo et al., 1995; Ang et al., 1996). On the contrary,
Bally-Cuif and Wassef (Bally-Cuif, 1994; Bally-Cuif and
Wassef, 1995; Bally-Cuif et al., 1995) have shown that the per-
turbation of the boundary of Otx2 expression by a non-func-
tional Wnt-1 protein results in a mixing of the cerebellar and
mesencephalic territories. These studies have provided
evidence in favour of the occurrence of an interneuromeric
boundary separating the primordia of mesencephalon and cere-
bellum and which coincides with the boundary of Otx2
expression.

The present study is aimed at analysing the relationship
between the caudal limit of Otx2 expression and the cerebel-
lar primordia. By using in situ hybridisation (ISH) with an Otx2
chick riboprobe, we have shown that the Otx2 posterior limit
varies during the early stages of neurogenesis with respect to
the ‘MHB’ constriction. Immunostaining of postmitotic mes-
encephalic neurons and analysis of chick/quail chimeras with
various types of homotopic grafts, analysed after different
survival times, show that, from stage HH10 onwards, the
caudal limit of expression of Otx2 evolves in parallel with the
boundary separating the mesencephalic and isthmocerebellar
territories.

MATERIALS AND METHODS

Embryos
Fertilised White Leghorn Chick eggs (Haas, Strasbourg, France) and
Japanese Quail eggs (La Caille de Chanteloup, Corps-Nuds, France)
were incubated in a humidified atmosphere at 38±1°C. Mouse
embryos were obtained from timed mating of outbred OF1 mice
(IFFA-Credo, Lyon, France).
Fig. 4. Chimeric neural tubes
bearing type 1 (B-E) and type 2
(G-J) grafts stained in toto with
QCPN anti-quail antibody. The
areas taken as a graft at
transplantation are schematised
in A (red) and F (yellow). The
developmental stages at fixation
are given for each case. Note
that from surgery to fixation the
grafts have undergone a relative
caudalward shift with respect to
the constriction separating the
mesencephalic and first
rhombencephalic vesicles. The
original caudal border of type 1
grafts and the rostral border of
type 2 grafts, corresponding to
the HH10 constriction (arrows
in A and F) are located caudally
to the constriction at fixation.
Also note that, in B-E, the
grafts extend in both the mesencephalic vesicle and rh1; in G-J, the graft
G-J point to the rh1/rh2 boundary. Scale bars, B-E and G,H, 250 µm; I,J,
Chick/quail grafting experiments
Four types of homotopic transplantations have been carried out (Fig.
1). Chick embryos were used as the host and quail embryos as the
donor. The transplantations were performed at the stage of 10-12
somites (HH10). A detailed description of the microsurgical
procedure, using hand-made microscalpels, has been described previ-
ously (Alvarado-Mallart and Sotelo, 1984). As schematised in Fig.
1A, all types of transplantation concerned exclusively the alar portion
of the neural tube and were usually unilateral. For type 3 and 4 grafts,
some bilateral transplantations were also performed.

As schematised in Fig. 1B and C, types 1 and 2 transplantations
concern the caudal portion of the mesencephalic vesicle (area in red
in Fig. 1B) and the first rhombencephalic vesicle (at this stage, the
prorhombomere A1, RhA1, see Vaage, 1969, area in yellow in Fig.
s extend in both caudal rh1 and rostral rh2. The arrowheads in B,D and
 500 µm.
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1C), respectively. These transplants share therefore a common graft
border: the so-called MHB constriction (arrows in Fig. 1B and C).
Note that the other graft borders (rostral for type 1 and caudal for type
2 grafts) can vary from case to case (see dotted lines in Fig. 1B,C).

For type 3 grafts (Fig. 1D), we tried to transplant exclusively the
Otx2-positive mesencephalic territory. However, since there is no
landmark to recognise the caudal limit of Otx2 expression in vivo, we
intentionally moved the caudal border of these grafts to scan the area
(in red in Fig. 1D) that should enclose the Otx2 caudal limit, as
observed in normal embryos stained by ISH with the Otx2 chick probe
(see below). Among the various caudal graft borders performed with
this procedure, the most anterior defines type 3a grafts and the most
posterior defines type 3b grafts (see dashed lines in Fig. 1D).

For type 4 grafts (Fig. 1E), we tried to transplant the Otx2-negative
mesencephalic territory alone or with a portion of the rostral RhA1.
In this case, the rostral graft border scans the area enclosing the Otx2
caudal limit (in red in Fig. 1E) defining again two subtypes of grafts
with different rostral graft borders (see dashed lines in Fig. 1E).

After transplantation, the host eggs were closed with parafilm
sealed with paraffin and kept at 38±1°C for various survival times.
The resulting chimeric embryos were analysed (i) 3 to 4 hours after
transplantation, (ii) at embryonic days 3 to 4 (E3-E4) and (iii) at later
embryonic stages (E11-E14).

Fixation
The developmental stage of normal chick and chimeric embryos were
determined at the moment of fixation according to Hamburger and
Hamilton (1951).

Embryos up to stage HH24 were fixed overnight by immersion in
4% paraformaldehyde solution (PF 4% in 0.12 M phosphate buffer,
pH=7.4) at 4°C. The neural tubes were dissected, rinsed twice in
phosphate-buffered saline/Tween 0.1% (PBT), dehydrated in increas-
ing concentrations of methanol, and frozen and stored at −20°C in
100% methanol. Before treatment (ISH or immunocytochemistry),
embryos were rehydrated in decreasing concentrations of methanol
and washed twice in PBT.

Long-survival chimeras (stages HH37 to HH40) were perfused
through the heart with PF 4% and postfixed overnight at 4°C in the
same fixative. The dissected brains were then cryoprotected in 10%
sucrose solution (in phosphate buffer, pH=7.4) for 24 hours, embedded
in gelatine (7.5% solution of Sigma type A in the same sucrose solution)
and frozen in isopentane cooled to −60°C with liquid nitrogen. The
frozen brains were serially sectioned in a cryostat in the sagittal plan.
The sections (20 µm thick) were mounted on two parallel sets of slides.
One set was used for immunohistochemistry with the QCPN antibody
(see below) to visualise the grafted cells, the other set was stained with
cresyl violet/ thionine to study the cytodifferentiation.

Chick Otx2 cDNA
A chicken embryonic cDNA library was screened using a murine
Otx2 cDNA probe. One of the positive clones was purified and a PCR-
amplified fragment containing the most 3′ coding exon was used for
in situ hybridisation experiments. Its sequence included the last 206
aa of the Otx2 protein and showed 98.5% identity to the murine Otx2
coding sequence and 100% identity to the partial chick Otx2 coding
sequence previously reported (Bally-Cuif and Wassef, 1995).

Chick and mouse Otx2 probes
The chick Otx2 subclone was linearized with BamHI or HindIII
(Boehringer, Mannheim) and transcribed in the presence of Dig-UTP
(Amersham) using T7 RNA polymerase or T3 RNA polymerase
(Riboprobe Kit, Promega) to produce the antisense or sense probes,
respectively. The mouse Otx2 subclone (Simeone et al., 1992) was
linearized with EcoRI or HindIII and transcribed in the presence of
Dig-UTP using SP6 or T7 RNA polymerase to produce the antisense
or sense probes, respectively. No signal was obtained when using the
sense probes.
Whole-mount in situ hybridisation
ISH was carried out according to Wilkinson (1992). The probe was
revealed using an anti-digoxigenin-alkaline-phosphatase Fab
antibody (1/2000, Boehringer, Mannheim) and NBT-BCIP
(Boehringer, Mannheim) as a substrate for the alkaline phosphatase.
Embryos were then rinsed extensively in PBT and stored at 4°C in
80% glycerol.

Immunocytochemistry
Two primary antibodies were used in this study. The neural-specific
anti-β-tubulin TuJ-1 antibody (a kind gift from Dr A. Frankfurter) was
diluted 1/1500. A biotinylated horse anti-mouse antibody (1/200,
Vector) was used as a secondary antibody and revealed with the ABC
complex (1/400, Vector). The mouse monoclonal anti-quail antibody,
QCPN (Developmental Studies Hybridoma Bank) was diluted 1/100
and revealed by the peroxidase/anti-peroxidase method of Sternberger
(1970).

Whole-mount immunocytochemical reactions were preceded by
treatment in a solution of lysine (0.1 M in PBS, gelatine 0.2%, triton
0.25%, azide 0.1%) for 1 hour at RT. For all the embryos stained with
the TuJ-1 antibody and some of those stained by the QCPN antibody,
immunohistochemistry was performed after Otx2 ISH (following
extensive washes in PBT). In all cases, after immunostaining, the
neural tubes were rinsed in PBS-Triton X-100 (0.25%) and stored in
glycerol 80% in PBT.

The QCPN immunocytochemistry on sections was preceded by an
anti-endogenous peroxidase treatment (1 minute incubation in a
0.25% KMNO4 solution in PBS, followed by a wash in 1% oxalic
acid solution in PBS, until bleaching) and a 1 hour treatment in lysine
solution as above. In this case, the DAB immunoreaction was inten-
sified with a 0.6% solution of nickel ammonium sulphate in the DAB
solution.

RESULTS 

Changes of the caudal limit of Otx2 expression from
stage HH10 to HH24
During the first stages of neurulation, the expression of the
Otx2 gene extends through the anterior neural plate and tube
and within the lateral borders of rhombencephalon (Simeone
et al., 1992, 1993; Bally-Cuif and Wassef, 1994). Here, we will
focus on the caudal limit of Otx2 expression in the anterior
neural tube and its relation with the so-called MHB constric-
tion. This constriction can be identified at HH10, simultane-
ously with the individualisation of the mesencephalic and
RhA1 vesicles. Before the closure of the neural tube (see Fig.
2A, illustrating stage HH6), the posterior limit of Otx2
expression is not well defined. During the following stages, as
the neural folds fuse at the level of the presumptive midbrain,
the caudal Otx2 limit becomes sharper (see Fig. 2B, illustrat-
ing stage HH8/9). At stage HH10, the Otx2 expression extends
through the prosencephalic and mesencephalic vesicles with a
clear posterior limit somewhat rostral to the MHB constriction:
the caudal fifth of the mesencephalic vesicle is Otx2 negative
(Fig. 2C). It is important to emphasise that the caudal limit of
Otx2 expression is not exactly transversal to the neural tube
axis. This is better observed in flat mounted embryos (Fig. 3)
where this limit forms a caudalward ‘beak’ at the level of the
dorsal midline. During the following stages, the ‘mesen-
cephalic’ Otx2-negative area progressively diminishes in size
(see Fig. 2D and E illustrating stages HH12 and HH15). From
stages HH17/18 onwards, this area disappears and the caudal
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limit of Otx2 expression coincides with the MHB constriction
(see Fig. 2F and G illustrating stages HH20 and HH24). At
these stages, the RhA1 splits into two vesicles, the first two
rhombomeres (rh1 and rh2).

A similar analysis in mouse embryos shows that the
presence of a transient Otx2-negative portion within the caudal
mesencephalic vesicle is not peculiar to the avian species: the
caudal limit of Otx2 expression lies rostral to the MHB con-
striction at embryonic day 9.5 (E9.5), while coinciding with
the constriction 24 hours later, at E10.5 (see Fig. 2H and I).

These observations raise questions concerning the mecha-
nisms of this shift in the posterior limit of Otx2 expression from
the caudal mesencephalon to the MHB constriction. It could
result from either an up-regulation of the Otx2 gene in previ-
ously Otx2-negative cells, or from the translocation of the
‘mesencephalic’ Otx2-positive cells towards the rhomben-
cephalon. It is likely that the HH10 Otx2-negative mesen-
cephalic territory corresponds to the ‘mesencephalic’ cerebel-
lar primordia depicted by fate map experiments using the
chick-quail model (see Introduction). However, the analysis of
chick/quail chimeras revealing that the cerebellar primordium
extends, at stage HH10, on both sides of the MHB constric-
tion, was performed only at stages older than E5. Therefore,
these studies did not determine at which moment during devel-
opment the ‘mesencephalic’ cells shift towards the rhomben-
cephalon. We have thus performed similar experiments but
analysed the chimeras after shorter survival times to determine
whether this shift follows a time course that is compatible with
the one just described for the posterior limit of Otx2
expression.

Cells from the HH10 caudal mesencephalic vesicle
are found within rhombomere 1 as soon as stage
HH14
Two main types of homotopic transplantations were performed
at HH10 to study the fate of both the caudal mesencephalic
vesicle and RhA1. As illustrated in Figs 1B,C and 4A,F, type
1 transplantations concern the caudal mesencephalic vesicle,
while type 2 concerns RhA1. These two types of transplants
share a common border: the caudal border in type 1 and the
rostral border in type 2, coinciding with the MHB constriction
(arrows in Figs 1B,C and 4A,F). All chimeric embryos (n=16
for type 1 and n=18 for type 2 grafts) were analysed by means
of the anti-quail, QCPN, antibody. From stage HH14 onwards,
the type 1 grafts extend to both sides of the MHB constriction
(see stages HH15, HH16, and HH17 in Fig. 4B,C/D and E,
respectively), whereas type 2 grafts become located solely in
the caudal portion of rh1 and has shifted caudally with respect
to the MHB constriction (see stages HH14, HH16 and HH19
in Fig. 4G/H,I and J respectively). These latter grafts can
invade parts of rh2 (Fig. 4G-J) when the graft involves the
entire HH10 RhA1 (Fig. 4F). Thereby, cells derived from the
HH10 MHB constriction (caudal border for type 1 and rostral
border for type 2 grafts) become located within rh1 starting at
stage HH14/15. It can be concluded that the constriction sep-
arating the mesencephalic vesicle from rh1 at stage HH14 and
onwards is not formed by cells derived from what appears to
be the ‘MHB’ boundary at HH10. As discussed below, the term
MHB constriction should not be used to designate the con-
striction observed at stage HH10. The results also show that
the shift of constriction, resulting in a relocation of the caudal
‘mesencephalic’ cells within the rhombencephalon, is a very
early event that takes place between stages HH10 and HH17.

The Otx2-positive neuroepithelium evolves in
parallel with the first β-tubulin-positive cells of the
dorsal mesencephalon
As previously described in the mouse and chick (Moody et al.,
1989; Easter et al., 1993, Chédotal et al., 1995), the TuJ-1
antibody, recognising a class III neuron-specific β-tubulin
isotype, can be used as a marker for the first postmitotic
neurons. Based on their location, birthdate and axonal projec-
tion, the first-labelled cells include the mesencephalic sensory
neurons of the fifth nerve (MesV), lying all along the mesen-
cephalic dorsal midline, and the tecto-bulbar neurons spreading
over the dorsal tectum (Easter et al., 1993, Chédotal et al.,
1995; Sheperd and Taylor, 1995). In the chick, these neurons
are first observed at stage HH14 and can be followed at least
to stage HH20 (Chédotal et al., 1995). Therefore, it is inter-
esting to compare the localisation of these mesencephalic cells
with respect to the neuroepithelial area expressing the Otx2
gene. At all stages between HH14 and HH20, in chick embryos
double stained with the Otx2 chick probe and with the TuJ-1
antibody, dorsal mesencephalic β-tubulin-positive cells just
overlie the Otx2-positive neuroepithelium (Fig. 5A-C). Fur-
thermore, between stages HH14 and HH20, the caudalmost of
these neurons undergo the same apparent displacement
towards the constriction as does the posterior limit of Otx2
expression. These results together with those obtained with
type 1 and 2 grafts provide evidence that, from HH10, the
caudal limit of Otx2 expression represents the caudal limit of
the mesencephalon. In other words, the Otx2-negative portion
of the HH10 mesencephalic vesicle may represent the ‘mes-
encephalic’ isthmocerebellar neuroepithelium depicted by
previous experiments using the chick/quail model (Martinez
and Alvarado-Mallart, 1989; see also Hallonet et al., 1990;
Alvarez Otero et al., 1993; Hallonet and Le Douarin, 1993).

From stage HH10, the Otx2 caudal limit of
expression may represent the caudal end of the
mesencephalic neuroepithelium
To verify this hypothesis, two other types of homotopic trans-
plants were carried out aimed at transplanting the mesen-
cephalic Otx2-positive territory or the ‘mesencephalic’ Otx2-
negative territory (types 3 and 4 respectively, Fig. 1D and E).
Here, the important graft border was the one corresponding to
the caudal Otx2 arrest (the caudal graft border of type 3 grafts
and the rostral border of type 4 grafts). As illustrated in Figs 3
and 5A, this caudal Otx2 limit is not totally transversal to the
neural tube. Its oblique border line cannot be visualised in vivo
at the moment of transplantation, and thus was difficult to
follow during surgery, particularly its characteristic caudal-
ward ‘beak’ at the level of the dorsal midline. Therefore, we
decided to keep all borders of the grafts transversal to the tube.
Furthermore, we intentionally varied the caudal limit of type 3
grafts and the rostral border of type 4 grafts, within an area that
should enclose the Otx2 posterior limit as observed by ISH in
the normal chick and quail embryos (area schematised in red
between broken lines in Fig. 1D and E). For type 3 grafts (the
extreme caudal borders corresponding to types 3a and 3b, see
Fig. 1D), we tried to exchange the caudal Otx2-positive neu-
roepithelium between chick and quail embryos, free from most
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Fig. 5. Flat-mounted neural tubes of normal chick embryos stained
by ISH with the chick Otx2 probe (in violet) and by
immunohistochemistry with the TuJ-1 anti-β-tubulin antibody (in
brown). (A) Stage HH16; (B) high magnification of A; (C) stage
HH20. Note that in each case the β-tubulin-positive neurons overlie
precisely the Otx2-positive neuroepithelium, including the
caudalwards ‘beak’. Scale bars, A,C, 20 µm; B, 10 µm.

Fig. 6. Flat-mounted neural tube bearing a type 3 (A) or type 4 (B) gra
Otx2 chick probe. The neural tube has been opened along the ventral m
The grafts are encircled by thin arrows. (A) Note that the graft lies ent
However, due to the low affinity of the chick Otx2 probe for quail tiss
picture. This case corresponds to a type 3a graft. (B) The graft lies ma
positive territory. It contains some Otx2-positive cells mediorostrally (
135 µm.
of the Otx2-negative cells. For type 4 grafts (the extreme rostral
borders corresponding to types 4a and 4b, see Fig. 1E), we tried
to exchange the Otx2-negative portion of the HH10 mesen-
cephalic vesicle (with or without portions of RhA1), free from
most of the Otx2-positive cells. The resulting chimeric
embryos were analysed at three different stages. We first
wanted to verify, by analysing the chimeras 3 to 4 hours after
transplantation, that the scanned region (in red in Fig. 1D and
E) contained the Otx2 caudal limit, in both donor and host.
Then, we analysed the chimeric embryos at stages HH16 to
HH20 (20 to 40 hours after transplantation), in order to
determine whether the whole Otx2-negative territory of the
HH10 mesencephalic vesicle became located within rh1.
Finally, an analysis performed at later embryonic stages (long-
survival chimeric embryos, HH37 to HH40) allowed the study
of the cytodifferentiation of the grafted areas.

Chimeric embryos analysed 3-4 hours after
transplantation
4 hours after transplantation, the grafts are already integrated
into the host neural tubes, but the chimeric embryos have
changed very little in shape since they are still at late stage
HH10 or at stage HH11. Thus, these experiments gave a good
idea of the area removed in the host at the moment of surgery
and the one taken from the donor for transplantation. Such
chimeric embryos (n=10 for type 3 grafts and n=10 for type 4
grafts) were treated by in situ hybridisation with the chick Otx2
probe and analysed in flat mounted preparations, to determine
how the graft borders (caudal in type 3 and rostral in type 4)
ft, fixed 3-4 hours after transplantation and treated by ISH with the chick
idline (in A, the lateral host tube has been broken during this process).

irely in the Otx2-positive territory. This graft is also Otx2 positive.
ue, the Otx2 labelling in the graft is very pale and not as obvious in this
inly within the Otx2-negative territory but also extends within the Otx2-
see large arrow). This case corresponds to a type 4 a/b graft. Scale bar,
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Fig. 7. Chimeric neural tubes
bearing types 3 and 4 grafts,
treated by ISH with the
chick Otx2 probe (in violet
in D and K-L), or by
immunohistochemistry with
QCPN anti-quail antibody
(in brown in F-H and N-Q)
or by both techniques (B, C
and M). (B-D) Type 3a
transplantations as in A.
Lateral (B) and dorsocaudal
(C) views of the same
embryo bearing an
unilateral graft. (D) Flat-
mounted neural tube with a
bilateral graft. (F-H) Type 3b
transplantations as in E;
(F,H) a dorsocaudal view of
two different chimeras;
(G) lateral view of the
chimera illustrated in H.
(K-L) Dorsocaudal views of
two different chimeras with
type 4a transplantations as in
I. (M) Flat-mounted neural
tube of a third case bearing
a more posterior graft
border (type a/b
transplant). (N-Q) Type 4b
transplantations as in J.
(N-O) and (P-Q) are lateral
and dorsocaudal views of two
different chimeras,
respectively. The low affinity
of the chick Otx2 probe for
quail tissue allows the
localisation of the quail graft
when located in the Otx2-
positive territory because it is
paler than the Otx2-positive
chick tissue (* in K and L).
The reverse is also true, a host
Otx2-positive territory can be
recognized clearly when
surrounded by an Otx2-
positive paler labelled graft
(* in B-D). The * in B-D and K-L and arrowhead in M indicate the triangular-shaped area in the dorsocaudal Otx2-positive territory which has
the opposite (chick or quail) phenotype to the rest of the mesencephalon. This area is reduced to a thin vertical line of cells along the dorsal
midline in type 3b and 4b grafts. This is more conspicuous for type 4b (arrows in N-Q) since this area can be depicted by its immunoreaction to
the anti-quail antibody in these cases. Note also that, in type 3b, the graft extends caudally to the Otx2 limit within the lateral Otx2-negative
rhombencephalon (arrows in F-H). The corollary of this result is obtained with types 4a/b and 4b grafts: the graft extends medially but not
laterally in the rostralmost rhombencephalon and the most caudal Otx2-positive territory (M-Q). Scale bar, 500 µm for all photos.
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are located with respect to the Otx2 arrest in these 20 cases.
The graft, recently integrated into the host neural tube, can
easily be distinguished without treatment with the anti-quail
antibody. In general, there was a good correspondence between
the hole made in the host and the portion taken from the donor.
With the exception of two cases in which these two parame-
ters were too rostral with respect to the Otx2 caudal limit, the
graft borders common to the two types of grafts are in the close
vicinity of the caudal Otx2 limit. The most anterior of these
graft borders (corresponding to type 3a and 4a grafts) were
entirely located in the Otx2-positive region (see Fig. 6A illus-
trating a type 3a graft and schema in Fig. 8A). The most
posterior graft borders always cross the Otx2 caudal limit,
isolating either a little Otx2-positive region, dorsomedially
located (see arrow in Fig. 6B), or even just the Otx2-positive
caudalward ‘beak’ on the dorsal midline. The latter case cor-
responds to types 3b and 4b grafts while the former can be con-
sidered as intermediate between subtypes a and b (types 3a/b
and 4a/b, see Fig. 8A).

These observations show that the scanned area (in red in Fig.
1D and E) indeed contains the oblique Otx2 caudal limit and
that the transversal graft borders are either totally located
inside the Otx2-positive territory or cross the Otx2 caudal limit
(see Fig. 8A).

Chimeric embryos analysed 20-40 hours after
transplantation
A conspicuous result of type 3 and 4 grafts is that their
common border, transversal at the moment of surgery,
becomes oblique, or even almost vertical, in its medial part.
The precise location of this curved line with respect to the
Otx2-positive territory will be described in detail for each type
of graft; it is illustrated in Fig. 7 and schematised in Fig. 8B.

Chimeric embryos with type 3 grafts (n=20) show that, at
all stages analysed (HH16-HH20), most of the grafted cells lie
within the mesencephalic vesicle and are therefore Otx2
positive (Fig. 7B-D and F-H). However, there are important
differences in the caudal extent of the grafted cells, related to
the small variations in the area dissected at stage HH10. In type
3a grafts in which, at surgery, the caudal graft border was at
its most anterior position (see schemes in Figs 7A and 8A), the
graft remains located entirely in the Otx2-positive region.
Laterally, its caudal border is very close to the Otx2 caudal
limit but dorsomedially, it delimits a large triangular shaped
area in the mesencephalic vesicle (expressing Otx2) which is
formed by host cells (negative for the anti-quail antibody) (Figs
7B,C, 8B). This triangular region does not result from a
grafting artefact concerning the dorsal midline since it is also
observed in chimeric embryos with bilateral grafts (Fig. 7D).
When the caudal graft border is moved posteriorly, as observed
in chimeras of type 3b (see scheme in Figs 7E, 8A), laterally
the graft concerns not only mesencephalic Otx2-positive cells
but also the rostral part of the Otx2-negative rhombencephalon
(Figs 7F-H, 8B). Dorsomedially, the graft still excludes few
Otx2-positive cells of the mesencephalon (negative for the anti-
quail antibody) located along the dorsal midline (see Figs 7F-
H, 8B).

Type 4 grafts provide complementary results. Most of the
grafted epithelium (whether it includes RhA1 or not) becomes
located within the Otx2-negative rhombencephalon (Fig. 7M-
Q). However, in all cases, we also observed some Otx2-
positive grafted cells located within the Otx2-positive dorso-
medial portions of mesencephalon (Fig. 7K-Q). The rostral
extent of the grafted area in the mesencephalon and rostral
rhombencephalon varies depending on the extent of the area
used for the graft at stage HH10. In grafts of type 4a, with the
most anterior rostral graft border (see schemes in Figs 7I, 8A),
the Otx2-positive part of the graft forms a dorsomedial trian-
gular-shaped area (Figs 7K-L, 8B) very similar to that formed
by host chick cells in type 3a grafts. This mediorostral Otx2-
positive part of the graft diminishes in size when the caudal
graft border is moved posteriorly, as observed in the case illus-
trated in Fig. 7M (corresponding to a type 4a/b transplanta-
tion). However, in this case, laterally the graft no longer
concerns the rostralmost part of the Otx2-negative rhomben-
cephalon. Finally, when the caudal graft border reaches its
most posterior position (types 4b grafts, see schemes in Figs
7J, 8B), the mediorostral part of the graft extends into the Otx2-
positive mesencephalon as a thin line of cells along the dorsal
midline (analogous to the few chick cells excluded from the
graft along the dorsal midline in type 3b) while laterally the
graft excludes the rostralmost rhombencephalon (Figs 7N-Q,
8B).

In conclusion, our analysis has shown that, at stage HH20,
type 3 grafts mainly remain located within mesencephalon
while type 4 grafts are mainly relocated within rhomben-
cephalon. The unexpected morphogenetic movements depicted
by these grafts deserve discussion (see below). Nevertheless,
taking into account that the scanned area (between graft
borders ‘a’ and ‘b’, see Fig. 8A) has a composite phenotype,
Otx2-positive and Otx2-negative, our results strongly support
the view that all Otx2-negative cells of the HH10 mesen-
cephalic vesicle, and only them, switch caudally towards the
rhombencephalon (see Discussion). It was therefore interest-
ing to examine the cytodifferentiation of these types of grafts
at later embryonic stages.

Long-survival chimeras
The cytodifferentiation of chimeric embryos with type 3 and 4
grafts have been analysed at embryonic stages HH37-HH40.
The grafted cells were recognised by their imunoreactivity to
the anti-quail antibody. The chimeras presenting severe mal-
formations were discarded. Those selected for analysis are
completely in agreement with the data obtained by the short-
survival analysis: type 3 grafts develop mainly mesencephalic
grisea and type 4 grafts develop mainly cerebellar and isthmic
structures. Furthermore, depending on the precise location of
the common graft borders, ‘a’, ‘a/b’ or ‘b’, some mesen-
cephalic and isthmo/cerebellar structures are present or
excluded from the grafted area.

In the following description, we will focus on three cases
fixed at stage HH40, representative of these graft borders: case
S419 with an ‘a’ graft border (type 3a graft), case G835 with
an ‘a/b’ graft border (type 4a/b graft) and case G860 with a ‘b’
graft border (type 4b graft).

Case S 419 (type 3a graft)
In this case, the graft provides a large portion of the tectum,
with the exclusion of its most rostromedial portion (not illus-
trated). As a result of the rotation of the tectal anlage (see
Goldberg, 1974), this rostromedial part of the tectum actually
arise from the mediocaudal part of the mesencephalic neu-
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roepithelium which, as observed in our short-survival analysis
(Fig. 8), was excluded from this type of grafts. In addition,
grafted cells are found in other mesencephalic alar grisea, such
as the nucleus mesencephalicus lateralis, pars dorsalis (Mld)
and the nucleus tegmenti pedunculo-pontinus, pars compacta
(Tpc, the avian substantia nigra). No quail cells have been
observed either in the cerebellum or in the isthmic nuclei (even
in the nucleus isthmi, pars magnocellularis, described by
Vaage, 1973 and Puelles and Martinez de la Torre, 1987) to
have a mesencephalic origin.

In the other two cases, G835 and G860, bearing type 4 trans-
plantations, the HH10 graft contains a few portion of RhA1
territory in addition to the caudal mesencephalic vesicle (Fig.
9A).In both cases, the grafted cells were mostly located in cer-
ebellum and isthmus but were also found in a portion of the
mesencephalon (Fig. 9B-I). Due to the complex migratory
pathways of the postmitotic cerebellar cells (see in particular
Alvarez Otero et al., 1993), the detailed analysis of the
chimeric cerebella is beyond the scope of this paper. Here, we
will focus mainly on the extent of the grafted cerebellar
ependyme which is reminiscent of the grafted cerebellar neu-
roepithelium.

Case G835 (type 4a/b graft)
In this chimeric brain, the grafted cells spread widely in medial
but not lateral cerebellum. In the medial sections, the caudal
portion of the cerebellar ependyme is formed by quail grafted
cells, while its rostral portion is formed by chick host cells (Fig.
9D). In no sections are quail cells observed to reach the rostral
end of the cerebellar ependyme and, consequently, quail
Purkinje cells are almost completely absent from rostral
lobules I-III. Granule cells are numerous throughout the medial
sections because the grafted epithelium extends up to the
choroidal tissue (see Alvarez Otero, 1993). Since previous
studies have demonstrated that the HH10 mesencephalic
vesicle gives rise to the mediorostral part of the cerebellum
(Martinez and Alvarado-Mallart, 1989; Hallonet et al., 1990;
Alvarez Otero et al., 1993; Hallonet and Le Douarin, 1993),
these observations indicate that a part of the ‘mesencephalic’
cerebellar primordium was excluded from this graft. This
excluded portion of the cerebellar primordium may correspond
to the laterorostral portion of the HH10 Otx2-negative region
which is excluded from this type of graft, as shown in our
short-survival analysis (Fig. 8).

The grafted cells also give rise to isthmic nuclei, including
the isthmo-optic nucleus (Fig. 9C), a large ventral part of the
nucleus isthmi, pars parvocellularis (Fig. 9B) and to a lesser
extent the nucleus isthmi, pars magnocellularis (not illus-
trated).

Finally, this graft also concerns a large mediorostral portion
of the tectum (mediocaudal in origin, see Fig. 9B,C) as well as
the tectal comissure and several cells of the nucleus mesen-
cephalic of the fifth nerve (see Fig. 9E). These mesencephalic
structures may correspond to the mediorostral Otx2-positive
portion contained in this type of graft (Fig. 8A) forming at
stage HH20 a triangular-shaped region in the Otx2-positive
mesencephalon (Fig. 8B).

Case G860 (type 4b graft)
In this case, the quail cells spread both in medial (Fig. 9F) and
lateral cerebellum. Again, a rostromedial portion of the cer-
ebellar ependyme is formed by chick cells (Fig. 9F). Accord-
ingly, almost no grafted Purkinje cells are observed within the
rostral lobules I-III.

Outside of the cerebellum, grafted cells are found in isthmic
nuclei located in a dorsoventral band (not shown), and also in
a ventral part (more reduced than in case G835) of the nucleus
isthmi, pars magnocellularis and pars parvocellularis (Fig. 9H).
Concerning the mesencephalic grisea, only a few grafted cells
are found in the tectal comissure (Fig. 9G) and in the mesen-
cephalic nucleus of the fifth nerve (not illustrated). Also, the
number of grafted cells in the mediorostral tectum is dramati-
cally reduced (Fig. 9I).

DISCUSSION

The observations presented above show (i) the existence of a
transient Otx2-negative portion in the caudal mesencephalic
vesicle between stages HH10 and HH17/18, (ii) this transient
Otx2-negative ‘mesencephalic’ neuroepithelium is not peculiar
to the avian embryo but is also observed in the mouse embryo
at E9.5 and (iii) the first mesencephalic postmitotic neurons
overlie the mesencephalic Otx2 neuroepithelium from stage
HH14 to HH20, and indeed the caudalmost postmitotic
neurons evolve in parallel with the Otx2 caudal limit. Although
it has not been possible to separate Otx2-positive from Otx2-
negative territories in our chick/quail chimeras, our analysis
performed after three different postoperative periods strongly
indicates that (iv) the HH10 ‘mesencephalic’ Otx2-negative
neuroepithelium ends with a rh1 relocation at stage HH18/20
and differentiates isthmic nuclei and mediorostral cerebellum.
Finally, (v) we have depicted local caudorostral morphogenetic
movements in the mediodorsal part of the caudal Otx2-positive
neuroepithelium.

The constriction observed at stage HH10 between
the mesencephalic vesicle and the prorhombomere
A1 is not the MHB constriction
The results of type 1 and 2 grafts clearly show that the cells
derived from the constriction observed at stage HH10 between
the mesencephalic vesicle and RhA1 are located within the
rhombencephalon as early as stage HH14. Between stages
HH14 and HH20, a new constriction is formed that derives
from more rostrally located cells, most probably those located
around the HH10 Otx2 caudal border. In other words, the term
‘MHB constriction’ designates two distinct entities of the
neural tube at stages HH10 and HH20. Puelles et al. (1995),
by inserting a black nylon thread into the locus of the
midbrain/hindbrain fold, have already proposed that this con-
striction is not yet fixed at stages HH10-15.

In types 1 and 2 grafts, all grafted cells remain grouped
together without any mixing with surrounding host cells.
Therefore the ‘shift’ of Otx2-negative cells, from the HH10
caudal mesencephalic vesicle towards the HH20 rh1, is not the
result of a real movement of neuroepithelial cells but the con-
sequence of the change of position of the constriction.

Therefore, the use of the term ‘MHB constriction’ should be
restricted to designate only that constriction observed from
stage HH18 onwards. This term should not be used to designate
the constriction observed at stage HH10/12 since it is located
within the presumptive cerebellar neuroepithelium (and disap-
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Fig. 8. Dorsal views of the MHB territory at stages HH10 and HH20,
schematising the results obtained with types 3 and 4 grafts. The Otx2
expression is in violet. Three different graft borders (a, a/b and b) are
schematised at transplantation (A) and at fixation (B). Note the
dramatic change of orientation of these three lines (see text). IV,
IVth ventricle.
pears during the following stages). The possibility that this
constriction represents an intracerebellar neuromeric boundary
can not be excluded by the present data (see below).

The caudal limit of Otx2 expression as an early
marker for the caudal border of the mesencephalon
We have seen that the first mesencephalic postmitotic neurons,
identified by their TuJ-1 immunoreactivity, evolve in parallel
with the caudal limit of Otx2 expression, and that these two
markers simultaneously reach the MHB constriction at stage
HH18. Also, both the progressive disappearance of the Otx2-
negative neuroepithelium from the mesencephalic vesicle and
the translocation of cells from the caudal mesencephalic
vesicle towards rh1 have similar kinetics. The difficulty of
transplanting exclusively Otx2-positive or exclusively Otx2-
negative territories has been compensated for by scanning the
area containing the oblique Otx2 caudal limit. This procedure
allows us to analyse the fate of three distinct HH10 regions
(schematised at HH10 in Fig. 8A): (i) a strictly Otx2-positive
part of the mesencephalic vesicle ending caudally at the level
of the ‘a’ graft border, (ii) the Otx2-negative part of the mes-
encephalic vesicle (with or without RhA1) ending rostrally at
the graft border ‘b’ (which also contains a very small number
of Otx2-positive cells located in the caudalwards ‘beak’ close
to the dorsal midline) and (iii) a tiny region lying between the
graft borders ‘a’ and ‘b’ which contains almost the entire
oblique Otx2 caudal limit, and which has a composite Otx2
phenotype: Otx2-positive, rostromedially and Otx2-negative,
caudolaterally.

The first region, containing exclusively Otx2-positive cells,
stays in the Otx2-positive HH20 mesencephalon (Fig. 8B), and
develops only mesencephalic grisea. The second region, con-
taining almost exclusively Otx2-negative cells, is almost totally
relocated within the HH20 Otx2-negative rhombencephalon
(Fig. 8B), and develops almost exclusively isthmic and cere-
bellar structures. The few Otx2-positive cells contained in this
region (forming the caudalwards ‘beak’) are probably those
remaining in the HH20 mesencephalon, forming a thin band of
cells along the dorsal midline (Fig. 8B), and giving rise to a
few tectal and comissural cells. The third region, containing
both Otx2-positive and -negative cells, spreads on both sides
of the caudal Otx2 limit at stage HH20 and develops
isthmo/cerebellar structures but also mesencephalic grisea.
Altogether, these results strongly suggest that, as early as
stage HH10, the caudal Otx2 limit represent the boundary
between mesencephalic and isthmo-cerebellar presumptive ter-
ritories.

With this idea in mind, it is interesting to recall the sugges-
tion that the Wnt-1 gene, which encodes a signalling molecule,
is implicated in the formation of the ‘mesencephalic/meten-
cephalic’ boundary (Bally-Cuif, 1994, 1995; Bally-Cuif and
Wassef, 1995). These authors have analysed the embryonic
development of the ‘swaying’ mutant mouse in which the Wnt-
1 protein is not functional, and reported that there is a pertur-
bation of the Otx2 caudal limit, with patches of Otx2-positive
cells intermixed within Otx2-negative territories and vice
versa. In addition, Bally-Cuif (1994) has shown some mixing
of cerebellar and tectal (mesencephalic) neurons in the adult.
However, at stage HH10, the expression of the Wnt-1 gene
does not yet coincide with the caudal Otx2 limit. Wnt-1
expression spreads dorsally over the entire mesencephalic
vesicle up to the constriction, and it is not until stage HH14-
15 that it forms the characteristic ring overlying the Otx2
caudal boundary (Bally-Cuif and Wassef, 1994). Therefore, it
is possible that the boundary between cerebellar and mesen-
cephalic territories could be established without the direct
involvement of the Wnt-1 gene but that this gene is necessary
for its stabilisation.

The experiments of Avantaggiato and collaborators (1996),
showing co-ordinate anteriorisation in the expression pattern
of Otx2, Pax-2, Wnt-1, En-1 and En-2 genes in RA-induced
anteroposterior repatterning of rostral CNS, supports the pos-
sibility that Otx2 is directly involved in defining MHB regional
identity, possibly interfering in the transcriptional regulation of
genes functionally defined as essential to the establishment of
this region (McMahon and Bradley, 1990; Thomas and
Capecchi, 1990; Wurst et al., 1994). Recently, the Drosophila
otd gene product has been demonstrated to be involved in the
regulation of the en gene (Royet and Finkelstein, 1995). Both
en and wg gene expressions are lost in otd mutant, leading to
the hypothesis that they are direct targets of the head gap genes
orthodenticle (otd), empty spiracles (ems) and button-head
(btd) (Cohen and Jürgens, 1990; Finkelstein and Perrimon,
1990). Furthermore, it has been shown (Hirth et al., 1995) that
the mutation of the otd gene results in the elimination of the
first anterior brain neuromere, suggesting that this homeobox
gene is required for the development of a specific brain
segment in Drosophila. Preliminary results from mice carrying
different functional copies of Otx1 and Otx2 indicate that these
two genes are required to specify regional identity in a dosage-
dependent mechanism (Tuorto et al., unpublished data).

Altogether these previous findings and those reported here
support the possibility that Otx2 plays an important role in the
MHB region, such a role could be part of a complex
mechanism involving evolutionarily conserved gene combina-
tions, defining morphogenetic fields that distinguish the
midbrain from the rostralmost hindbrain.

Single or dual neuromeric origin of cerebellum
The fate map experiments of Martinez and Alvarado-Mallart
(1989) and Hallonet et al. (1990), demonstrating that at HH10
the cerebellar primordium spreads to both the mesencephalic
and the first rhombencephalic vesicles, have opened up the
possibility that the cerebellum has a dual neuromeric origin
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Fig. 9. Sagittal sections of HH40
chimeric brains. The grafted
cells are revealed by the QCPN
anti-quail antibody. Sections in
B-E, G-H are oriented with the
rostral end on the right and the
caudal on the left. F is oriented
with the rostral end up and the
caudal down. I is a detail of the
optic tectum, dorsal surface on
the right. (A) A scheme of the
areas used as the graft at stage
HH10 and the levels of the
illustrated HH40 sections.
(B-E) Sections from case G835
bearing a type 4 a/b graft.
(B) Lateral section passing
through the chimeric
mesencephalon illustrating that
the graft concerns a large
rostrodorsal segment of the
tectum. The small arrows point
to the tangentially migrating
cells in the upper layer of the
Stratum Griseum et Fibrosum
Superficiale and in the Stratum
Griseum Centrale (see Senut and
Alvarado-Mallart, 1987). Note
the presence of grafted cells in a
large ventral portion of the
nucleus isthmi, pars
parvocellularis (open arrow).
(C) A more medial section
passing through mesencephalon,
isthmus and lateral cerebellum.
The grafted cells are located in
the rostrodorsal tectum and
tectal comissure. They spread
also in a dorsoventral band of
cells in the isthmus. The arrow
points to the isthmo-optic
nucleus. (D) Medial cerebellar
section. The extent of the graft
in the cerebellar ependyme is
delimited by plain arrows. Note
that the rostralmost portion of this ependyme is formed by chick cells (negative for the antibody, between open arrows). Note also numerous
quail granule cells throughout cerebellum. Grafted Purkinje cells (arrowheads) are present in caudal lobules but absent in lobules I-III. IV, VIII
and IX = lobules IV, VIII and IX. (E) Medial section illustrating the grafted cells in the ependyme of the tectal comissure (delimited by
arrowheads) and in the mesencephalic nucleus of the Vth nerve (between arrows). (F-I) Sections from case G860 bearing a type 4b graft. (F)
Detail of a medial section of the chimeric cerebellum. Note that, again, the quail cells are found in the caudal portion of the ependyme (between
plain arrows) while the rostralmost portion is formed by chick host cells (between open arrows). Consequently, few postmitotic cells are
observed in the rostral lobules I and II. (G) Detail of the tectal comissure. Note the small portion of the ependyme formed by quail cells
(arrowheads). (H) Detail of a lateral section passing through the nucleus isthmi, pars parvocellularis (Ipc) containing numerous quail cells in its
ventral part. (I) Detail of a more dorsal portion of the same section as illustrated in H. Note the small number of quail cells present in the rostral
optic tectum. These grafted tectal cells form three thin bands extending from the ventricle to the surface. Note the few quail cells within the
tectal ependyme (between arrows). Scale bars, B,C, 1 mm; D and F,H, 500 µm; E,G, 250 µm; I, 100 µm.
(see Introduction). Marin and Puelles (1995), using rhomben-
cephalic transplants between chick and quail embryos, have
reported that, in addition to rh1, rh2 also contributes to the
cerebellar primordium, giving rise to the most lateral
(auricular) portion of the adult avian cerebellum. A multi-neu-
romeric origin of the cerebellum cannot be excluded by our
results. However, as we have just discussed, the constriction
observed at stage HH10 does not represent the MHB boundary,
and it is not yet clear that it represents an interneuromeric
boundary. Further analysis of regulatory genes expressed at the
level of the MHB domain would perhaps reveal unknown cere-
bellar interneuromeric boundary(ies).

It is generally accepted that, within the MHB domain, the
isthmic territory is interposed between the cerebellar and mes-
encephalic domains. However, experiments to precisely
determine the localisation of the isthmic primordium in the
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early neural tube are lacking. In particular, it is not known
whether this territory is located within the Otx2-positive or 
-negative neuroepithelium. It is interesting to note that,
according to Vaage (1973), Puelles and Martinez de la Torre
(1987) and Marin and Puelles (1994), one of the classically
defined isthmic nucleus, the nucleus isthmi, pars magnocellu-
laris, has its origin within the mesencephalic neuroepithelium.
Based on our analysis performed at stage HH40, the nucleus
isthmi, pars parvocellularis and pars magnocellularis, seems to
arise from a territory located at stage HH10 between graft
borders ‘a’ and ‘b’. However, since this region has a heteroge-
neous Otx2 phenotype, it is difficult to determine whether the
nuclei isthmi, pars magnocellularis arises from the Otx2-positive
or -negative territory. More work is needed to determine defin-
itively the precise localisation of the isthmic primordia.

Despite the difficulties pertaining to this localisation, our
results have led us to consider the caudal Otx2 limit as the mes-
encephalic boundary. At stage HH18, this boundary also
coincides with the MHB constriction and with the ring of Wnt-
1-expressing cells. As suggested by the experiments of Bally-
Cuif et al. (1995), this Wnt-1-positive ring may represent a
clonal restriction boundary. Therefore at this stage, the caudal
Otx2 limit appears as a real interneuromeric boundary. Con-
versely, since at stage HH10 the Otx2 caudal limit coincides
neither with a limit of Wnt-1 expression nor with a constric-
tion, it is not possible to ascertain whether, at this stage, the
Otx2 caudal limit has already acquired all the characteristics of
an interneuromeric boundary.

Caudorostral morphogenetic movements in the
caudal mesencephalon
We have reported that the graft borders common to types 3 and
4 grafts (graft borders ‘a’, ‘a/b’ and ‘b’ in Fig. 8) undergo a
change in the orientation of their medial part, from initially
transversal to an oblique or even rostrocaudal orientation. All
the other graft borders: the rostral one in type 3, the caudal one
in type 4 and all graft borders in types 1 and 2 transplantations,
keep their transversal orientation. Furthermore, it has to be
noticed that the portion of the graft borders that is reoriented
at stage HH20 concerns only the portion located in the Otx2-
positive territory (see Fig. 8B). These observations indicate
that only the Otx2-positive cells located in the dorsomedial
mesencephalic vesicle, close to the Otx2 caudal limit, undergo
caudorostral morphogenetic movements between stages HH10
and HH20.

The significance of these morphogenetic movements is not yet
understood. However, our observations can be related to those
of Shimamura and Takeichi (1992) who reported the existence
of a local and transient patch of expression of E-cadherin in the
embryonic mouse caudal mesencephalon on both sides of the
dorsal midline, that is in the area where we have observed mor-
phogenetic movements. Shimamura et al. (1994) have suggested
that the Wnt-1 signalling molecule is involved, directly or indi-
rectly, in the regulation of this patch of E-cadherin expression.
Furthermore, Shimamura and Takeichi (1992) have described an
alteration of en gene expression pattern together with a slight
reduction of the lateral expansion of the mesencephalon on flat-
mounted cultured explant, when blocking E-cadherin activity
with a specific antibody. It is tempting to suggest that the E-
cadherin plays a role in the caudorostral morphogenetic
movements described here.
We express our gratitude to Dr Frankfurter for providing us with
the TuJ-1 anti-β-tubulin monoclonal antibody. We are indebted to Drs
C. Sotelo and L. Puelles for stimulating discussions during this work.
We thank F. Ezan and M.P. Morel for technical assistance, D. Le Cren
for the photography, M. Brown for language help and P. Gaspar and
L. Upton for their critical reading of the manuscript. The QCPN
hybridoma developed by B. M. Carlson and J. A. Carlson was
obtained from the Developmental Studies Hybridoma Bank main-
tained by the Department of Pharmacology and Molecular Sciences,
The Johns Hopkins University School of Medecine, Baltimore, MD
21205, and the Department of Biology, University of Iowa, Iowa City,
IA 52242, under contract NO1-HD-2-3144 from NICHD. S. M. was
supported by a pre-doctoral fellowship from the Ministère de la
Recherche et de l’Enseignement Supérieur.

REFERENCES

Acampora, D., Mazan, S., Lallemand, Y., Avantaggiato, V., Maury, M.,
Simeone, A. and Brûlet, P. (1995). Forebrain and hindbrain regions are
deleted in Otx2−/− mutants due to a defective anterior neurectoderm
specification during gastrulation. Development 121, 3279-3290. 

Alvarado-Mallart, R.-M. and Sotelo, C. (1984). Homotopic and heterotopic
transplantations of quail tectal primordia in chick embryos: organization of
the retino-tectal projections in the chimeric embryos. Dev. Biol. 103, 378-
398. 

Alvarez Otero, R., Sotelo, C. and Alvarado-Mallart, R.-M. (1993).
Chick/quail chimeras with partial cerebellar grafts: an analysis of the origin
and migration of cerebellar cells. J. Comp. Neurol. 333, 597-615. 

Ang, S. L., Jin, O., Rhinn, M., Daigle, N., Stevenson, L. and Rossant, J.
(1996). A targeted mouse Otx2 mutation leads to devere defects in
gastrulation and formation of axial mesoderm and to deletion of rostral brain.
Development 122, 243-252. 

Avantaggiato, V., Acampora, D., Tuorto, F. and Simeone, A. (1996).
Retinoic acid induced stage-specific repatterning of the rostral central
nervous system. Dev. Biol, in press. 

Bally-Cuif, L. (1994) Développement de la région met-mésencéphalique du
tube neural: rôle du gène Wnt-1. Thesis. Paris VI, Paris. 

Bally-Cuif, L. and Wassef, M. (1994). Ectopic induction and reorganization of
Wnt-1 expression in quail/chick chimeras. Development 120, 3379-3394. 

Bally-Cuif, L. and Wassef, M. (1995). Determination events in the nervous
system of the vertebrate embryo. Cur. Op. in Gen. Dev. 5, 450-458. 

Bally-Cuif, L., Cholley, B. and Wassef, M. (1995). Involvement of Wnt-1 in
the formation of the mes-metencephalic boundary. Mech. Dev. 53, 23-34. 

Bulfone, A., Puelles, L., Porteus, M. H., Frohman, M. A., Martin, G. R. and
Rubenstein, J. L. R. (1993). Spacially restricted expression of Dlx-1, Dlx-2
(Tes-1), Gbx-2, and Wnt-3 in the embryonic day 12.5 mouse forebrain
defines potential transverse and longitudinal segmental bounderies. J.
Neurosci. 13, 3155-3172. 

Chédotal, A., Pourquié, O. and Sotelo, C. (1995). Initial tract formation in the
brain of the chick embryo: selective expression of the BEN/SC1/DM-
GRASP cell adhesion molecule. Eur. J. Neurosci. 7, 198-212. 

Cohen, S. M. and Jürgens, G. (1991). Drosophila headlines. Trends Genet. 7,
267-272. 

Easter, S. S., Ross, L. S. and Frankfurter, A. (1993). Initial tract formation in
the mouse brain. J. Neurosci. 13, 285-299. 

Figdor, M. C. and Stern, C. D. (1993). Segmental organization of embryonic
diencephalon. Nature 363, 630-634. 

Finkelstein, R. and Perrimon, N. (1990). The orthodenticle gene is regulated
by bicoid and torso and specifies Drosophila head development. Nature 346,
485-488. 

Frantz, G. D., Welmann, J. M., Levin, M. E. and McConnell, S. K. (1994).
OTX1 and OTX2 define layers and regions in developing cerebral cortex and
cerebellum. Dev. Neurosci. 14, 5725-5740. 

Fraser, S., Keynes, R. and Lumsden, A. (1990). Segmentation in the chick
embryo hindbrain is defined by cell lineage restriction. Nature 344, 431-435. 

Goldberg, S. (1974). Studies on the mechanics of development of the visual
pathways in the chick embryos. Dev. Biol. 36, 24-43. 

Hallonet, M. E. R., Teillet, M-A. and Le Douarin, N. M. (1990). A new
approach to the development of the cerebellum provided by the quail-chick
marker system. Development 108, 19-31. 

Hallonet, M. E. R. and Le Douarin, N. M. (1993). Tracing neuroepithelial



3797Otx2 as a marker of the MHB boundary
cells in the mesencephalic and metencephalic alar plates during cerebellar
ontogeny in Quail-Chick chimaeras. Eur. J. Neurosci. 5, 1145-1155. 

Hamburger, V. and Hamilton, H. L. (1951). A series of normal stages in the
development of the chick embryo. J. Morphol. 88, 49-92. 

Herrup, K. and Wilczynski, S. L. (1982). Cerebellar cell degeneration in the
leaner mutant mouse. Neurosci. 7, 2185-2196. 

Hirth, F., Therianos, S., Loop, T., Gehring, W. J., Reichert, H. and
Furukubo-Tokunaga, K. (1995). Developmental defects in brain
segmentation caused by mutations of the homeobox genes orthodenticle and
empty spinacles in Drosophila. Neuron 15, 769-778. 

Le Douarin, N. M. (1969). Particularités du noyau interphasique chez la caille
japonaise (Coturnix coturnix japonica). Utilisation de ces particularités
comme marquage biologique dans les recherches. Bull. Biol. Fr. Belg. 103,
435-452. 

Marin, F. and Puelles, L. (1994). Patterning of the embryonic avian midbrain
after experimental inversions: a polarizing activity from the isthmus. Dev.
Biol. 163, 19-37. 

Marin, F. and Puelles, L. (1995). Morphological fate of rhombomere in
quail/chick chimeras : a segmental analysis of hindbrain nuclei. Eur. J.
Neurosci. 7, 1714-1738. 

Martinez, S. and Alvarado-Mallart, R.-M. (1989). Rostral cerebellum
originates from caudal portion of the so-called ‘mesencephalic’ vesicle: a
study using chick/quail chimeras. Eur. J. Neurosci. 1, 549-560. 

Martinez, S., Geijo, E., Sanchez-Vives, M. V., Puelles, L. and Gallego, R.
(1992). Reduced junctional permeability at interrhombomeric boundaries.
Development 116, 1069-1076. 

Martinez, S., Geijo, E., Sanchez-Vives, M., Puelles, L. and Gallego, R.
(1993). Diencephalic intersegmental boundaries in the chick: boundary cells
and junctional properties. Eur. J. Neurosci. Supplement 6, 112. 

Matsuo, I., Kuratani, S., Kimura, C, Takeda, N. and Aizawa, S. (1995).
Mouse Otx2 functions in the formation and patterning of rostral head. Genes
Dev. 9, 2646-2658. 

McGinnis, W. and Krumlauf, R. (1992). Homeobox genes and axial
patterning. Cell 68, 283-302. 

McMahon, A. P. and Bradley, A. (1990). The Wnt-1 (int-1) proto-oncogene is
required for development of a large region of the mouse brain. Cell 62, 1073-
1085. 

Millen, K. J., Hui, C.-C. and Joyner, A. L. (1995). A role for En-2 and other
murine homologues of Drosophila segment polarity genes in regulating
positional information in the developing cerebellum. Development 121,
3935-3945. 

Millet, S., Bloch-Gallego, E., Simeone, A. and Alvarado-Mallart, R.-M.
(1994). Dual expression of the Otx2 homeobox-containing gene during the
development of the chick brain. Eur. J. Neurosci. Supplement 7, 78. 

Moody, S. A., Quigg, M. S. and Frankfurter, A. (1989). Development of the
peripheral trigeminal system in the chick revealed by an isotype-specific anti-
β-tubulin monoclonal antibody. J. Comp. Neurol. 279, 567-580. 

Puelles, L. and Martinez-de-la-Torre, M. (1987). Autoradiographic and
Golgi study on the early development of n. isthmi principalis and adjacent
grisea in the chick embryo: a tridimentional view point. Anat. Embryol. 176,
19-34. 

Puelles, L. and Rubenstein, L. R. (1993). Expression patterns of homeobox
and other putative regulatory genes in the embryonic mouse forebrain
suggest a neuromeric organization. Trends Neurosci. 16, 472-478. 

Puelles, L., Marin, F., Martinez-de-la-Torre, M. and Martinez, S. (1995).
The midbrain-hindbrain junction: a model system for brain regionalization
through morphogenetic neuroepithelial interactions. In Towards Analysis of
Vertebrate Development (ed. P. Lonai), pp. Chur, Switzerland: Harwood
Publishers. 

Ross, M. E., Fletcher, C., Mason, C. A., Hatten, M. E. and Heintz, N.
(1990). Meander tail reveals a discute developmental unit in the mouse
cerebellum. Proc. Natl. Acad. Sci. USA 87, 4189-4192. 

Royet, J. and Finkelstein, R. (1995). Pattern formation in Drosophila head
development : the role of the orthodenticle homeobox gene. Development
121, 3561-3572. 

Rubenstein, J. L. R., Martinez, S., Shimamura, K. and Puelles, L. (1994).
The embryonic vertebrate forebrain: the prosomeric model. Science 266,
578-580. 

Senut, M. C. and Alvarado-Mallart, R.-M. (1987). Cytodifferentiation of
quail tectal primordium transplanted homotopically into the chick embryo.
Dev. Brain Res. 32, 187-205. 

Shepherd, I. T. and Taylor, J. S. H. (1995). Early development of efferent
projections from the chick tectum. J. Comp. Neurol. 354, 501-510. 

Shimamura, K. and Takeichi, M. (1992). Local and transient expression of E-
cadherin involved in mouse embryonic brain morphogenesis. Development
116, 1011-1019. 

Shimamura, K., Hirano, S., McMahon, A. P. and Takeichi, M. (1994). Wnt-
1-dependent regulation of local E-cadherin and αN-catenin expression in the
embryonic mouse brain. Development 120, 2225-2234. 

Simeone, A., Acampora, D., Massino, G., Stornaiuolo, A. and Boncinelli, E.
(1992). Nested expression domains of four homeobox genes in developing
rostral brain. Nature 358, 687-690. 

Simeone, A., Acampora, D., Mallamaci, A., Stornaiuolo, A., D’Apice, M-R,
Nigro, V. and Boncinelli, E. (1993). A vertebrate gene related to
orthodenticle contains a homeodomain of the bicoid class and demarcates
anterior neuroectoderm in the gastrulation mouse embryo. EMBO J. 12,
2735-2747. 

Sternberger, L. A., Hardy, P. H. Jr., Cuculis, J. J. and Meyer, H. G. (1970).
The unlabeled antibody method of immunohistochemistry. Preparation and
properties of soluble antigen complex and its use in identification of
spirochetes. J. Histochem. Cytochem. 18, 315-333. 

Thomas, K. R. and Capecchi, M. R. (1990). Targeted disruption of the murine
int-1 proto-oncogene resulting in severe abnormalities in midbrain and
cerebellar development. Nature 346, 847-850. 

Vaage, S. (1969). The segmentation of the primitive neural tube in chick
embryos (Gallus domesticus). A morphological histochemical and
autoradiographic investigation. In Advances in Anat., Embryol. and Cell
Biol. (ed. H. O. H. Brodal A. Ortmann G. R., Schiebler K. T. H. & Töndury
WG), pp. 5-21. Berlin: Springer-Verlag. 

Vaage, S. (1973). The Histogenesis of the Isthmic Nuclei in the Chick Embryos
(Gallus domesticus). Z. Anat. Entwickl.-Gesch. 142, 283-314. 

Wilkinson, D. G. (1992) In Situ Hybridization. A Practical Approach. Oxford:
IRL Press. 

Wilkinson, D. G. (1993). Molecular mechanisms of segmental patterning in
the vertebrate hindbrain and neural crest. BioEssays 15, 499-505. 

Wurst, W., Auerbach, A. B. and Joyner, A. L. (1994). Multiple
developmental defects in Engrailed-1 mutant mice: an early mid-hindbrain
deletion and patterning defects in forelimbs and sternum. Development 120,
2065-2075. 

(Accepted 4 September 1996)


