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R-Cadherin Expression during Nucleus Formation in Chicken

Forebrain Neuromeres

Susanne |. |l. Gdnzler and Christoph Redies

Department of Biochemistry, Max Planck Institute for Developmental Biology, D-72072 Tubingen, Germany

The primordial neuroepithelium of the vertebrate forebrait
consists of transverse and longitudinal morphogenetic
compartments (“neuromeres’). During development, neu-
rons born in the ventricular zone of each neuromere mi-
grate outward to the mantle zone. Here, neuroblasts grad-
ually accumulate and aggregate either into sheets (“lami-
nae”) or into roundish structures (‘“nuclei’). As brain ar-
chitecture matures, sets of nuclei and laminae derived from
several neuromeres become connected by fiber tracts to
form functional circuits. We show by immunostaining and
in situ hybridization techniques that, in the E3—E5 chicken
embryo, the cell adhesion molecule R-cadherin is ex-
pressed in several stripes and patches in the forebrain neu-
roepithelium. This expression pattern reflects, at least in
part, the neuromeric organization of the forebrain. For ex-
ample, in both the ventral and dorsal thalamus, R-cadherin
expression has a sharp border at the respective caudal
neuromere boundary. Moreover, focusing on the mid-hy-
pothalamic region, we demonstrate that a subset of post-
mitotic neuroblasts in the ventricular zone express R-cad-
herin during their migration to the mantle zone, where they
aggregate into particular nuclei. In the mantle zone, R-cad-
herin—expressing neuroblasts accumulate in parallel with
neuroblasts expressing another cadherin, N-cadherin. The
two types of cells segregate from each other to form ad-
jacent nuclei. Some of the R- and the N-cadherin—positive
nuclei form parts of particular functional circuits in the ma-
ture brain. In conclusion, our results suggest that cadhe-
rins play a role in the formation of brain nuclei and in the
developmental transformation from neuromeric to func-
tional organization in the vertebrate forebrain.

[Key words: pattern formation, segmentation, brain nu-
cleus, calcium-dependent cell-cell adhesion, neuroblast
migration, neural differentiation]

The primordial epithelium of the vertebrate neural tube is tran-
siently partitioned into numerous transverse and longitudinal do-
mains (‘‘neuromeres”) (von Baer, 1828; Palmgren, 1921; Ren-
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dahl, 1924; Vaage, 1969; Kuhlenbeck, 1973; Puelles et al., 1987;
Puelles and Rubenstein, 1993) that represent independent mor-
phogenetic fields (Bergquist and Killén, 1953ab, 1954; Keyser,
1972; Puelles et al., 1987). The boundaries between neuromeres
often coincide with primordial fiber tracts and restrict cell lin-
eage and migration. Generally, they coincide with the borders
of expression of gene regulatory proteins (reviewed in Lumsden,
1990, 1993; Figdor and Stern, 1993; Krumlauf et al., 1993; Puel-
les and Rubenstein, 1993; Wilson et al., 1993).

During development, a percentage of cells born in the prolif-
erative (ventricular) zone of each neuromere become postmitotic
and migrate as neuroblasts outward into the mantle zone (Sauer,
1935; Fujita, 1964; Morest, 1970) in two or three sustained
waves of migration (Bergquist, 1957). In the mantle zone, neu-
roblasts either accumulate in sheets (‘‘laminae’), for example,
in the cerebellar and cerebral cortices, or they aggregate into
roundish structures (‘‘nuclei’”), for example, in the diencephalon
(Palmgren, 1921; Rendahl, 1924; Kuhlenbeck, 1937; Rose,
1942; Keyser, 1972; Altman and Bayer, 1978). Particular nuclei
and laminae derived from several neuromeres become selective-
ly connected to each other by fiber tracts, sometimes over con-
siderable distances, to form functional systems and circuits.

While the molecular and developmental processes leading to
the development of laminated gray matter structures and fiber
tracts have been under intense investigation (for reviews, see
Rakic, 1972; Hatten, 1990, 1993; Goodman and Shatz, 1993;
Rakic et al., 1994), little is known about the mechanisms and
molecules regulating the formation of nuclei in the vertebrate
CNS.

We have recently demonstrated that two cell-cell adhesion
molecules, N- and R-cadherin (Hatta et al., 1988; Inuzuka et al.,
1991), are expressed by particular di- and mesencephalic nuclei
and fiber tracts in the developing chicken brain (Redies et al.,
1993). Cadherins are cell surface molecules that regulate mor-
phogenesis in a Ca?*-dependent manner in a variety of tissues
(reviewed in Takeichi, 1988; Ranscht, 1991; Geiger and Ayalon,
1992; Pouliot, 1992; Grunwald, 1993). Numerous in vitro ex-
periments and in vivo observations show that cadherins can me-
diate the aggregation and sorting of cells (Nose and Takeichi,
1986; Hatta et al., 1987; Nagafuchi et al., 1987; Nose et al.,
1988; Miyatani et al., 1989; Inuzuka et al., 1991). Based on
these findings, we postulated that N- and R-cadherin might also
regulate the formation and segregation of developing nuclei in
the embryonic brain (Redies et al., 1993). The present study
provides support for this hypothesis. By focusing on the ex-
pression of R-cadherin in the forebrain of the chicken embryo,
we demonstrate that, at early stages of development (E3-E5),
R-cadherin is expressed in several forebrain neuromeres in a
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Figure 1. Transverse sections through the hypothalamus of a chicken embryo of 5 d incubation (E5). A, Section stained with nuclear dye Hoechst
33258. The ventricular zone is characterized by a high density of cellular nuclei. In the mantle zone, cellular nuclei are spaced farther apart. B,
Section immunostained for R-cadherin. C, Nomarski optical image of a section hybridized in situ with digoxigenin-labeled antisense RNA probe



stripe-like or patchy fashion. Most of these regions later give
rise to R-cadherin—positive nuclei and fiber tracts (Redies et al.,
1993; Arndt and Redies, unpublished observations). In one par-
ticular forebrain region, the mid-hypothalamic region (Kuenzel
and van Tienhoven, 1982), we studied R-cadherin—expressing
neuroblasts during their migration and aggregation into partic-
ular nuclei in detail.

This work has been published in preliminary form (Redies
and Ginzler, 1994).

Materials and Methods

Animals and antibodies. Fertilized Hisex chicken eggs (Gallus domes-
ticus) were incubated at 37°C and 65% humidity in a forced-draft in-
cubator. Embryos were staged according to Hamburger and Hamilton
(1951). Embryos of 2-8 d incubation (E2-E8) were used. The stages
were E2 (HH19), E3.5 (HH21), E4 (HH24), E4.5 (HH26), E5 (HH27),
E6 (HH29), E7 (HH31), and E8 (HH34).

For immunohistochemistry, the following antibodies were used: mouse
monoclonal antibody RCD-2 against chicken R-cadherin (Redies et al.,
1992); mouse monoclonal antibody 29B8 against the 160 kDa subunit of
chicken neurofilament (Hatta et al., 1987) (generous gift of H. Fujisawa);
mouse monoclonal antibody RS, which is directed against a vimentin-
associated protein in radial glia (Driger et al., 1984; Vanselow et al.,
1989) (generous gift of U. Driger); a mouse monoclonal antibody against
bromodeoxyuridine (BrdU) (Bioscience Products, Switzerland); and a
rabbit polyclonal antibody against Ng-CAM/8D9/G4 (Grumet and Edel-
man, 1984; Rathjen et al., 1987; Grumet, 1992; Lemmon and McLoon,
1986) obtained as described previously (de la Rosa et al., 1990) (generous
gift of E. de la Rosa). Commercially available secondary antibodies ap-
propriately labeled with FITC, Cy3, or biotin (Jackson ImmunoResearch
Laboratories) were used to detect primary antibodies. Biotinylated sec-
ondary antibodies were visualized with FITC-labeled streptavidin (Jack-
son ImmunoResearch Laboratories). For whole-mount immunostaining,
the antibody RCD-2 was detected with biotinylated secondary antibody,
followed by avidine and biotinylated horseradish peroxidase complex
(ABC Elite kit, Vector Laboratories).

Whole-mount immunostaining. For whole-mount immunostaining,
heads of E3, E4, E5, E6, and E7 embryos were fixed in 4% formal-
dehyde/HBSS for 1-2 hr on ice. To improve accessibility of brain tissue
for antibodies, heads were cut into halves along the mid-sagittal plane.
Specimens were immersed in methanol for 15 min at room temperature
(RT) and then in —20°C methanol for 45 min. For rehydration, heads
were sequentially incubated in 75% methanol, 50% methanol, and 25%
methanol (v/v) in phosphate-buffered saline, pH 7.4, supplemented with
0.05% (v/v) Tween-20, 1% (v/v) DMSO, 1 mm CaCl,, and 1 mm MgCl,
(PBT) for 15 min each at RT. After a 15 min wash in PBT, unspecific
binding of antibody was diminished by incubating the heads in PBT
containing 5% horse serum (blocking solution) for 2 hr at RT. Heads
were then incubated overnight on ice with the RCD-2 antibody diluted
in blocking solution. Following five washes in PBT over a period of 6—
8 hr on ice, heads were incubated with the biotinylated secondary an-
tibody against mouse immunoglobulin supplied in the ABC Elite kit
(Vector Laboratories) for 4-6 hr at RT. Heads were then again washed
in PBT as above. ABC reagent was prepared according to the instruc-
tions supplied by the manufacturer and heads were incubated in the
ABC reagent for 2 hr at RT. After extensive washes in PBT and, finally,
in phosphate-buffered saline (PBS) alone, heads were incubated for 1
hr at RT with substrate solution [0.025% (w/v) diaminobenzidine and
0.04% (w/v) NiCl, in PBS] at RT. To start the enzymatic reaction, per-
oxide was added to this solution at a final concentration of 0.01%. After
enough reaction product had accumulated, the reaction was stopped in
water. Heads were viewed and photographed under a binocular micro-
scope. Controls were processed in the same way but there was no in-
cubation with first antibody.

Immunohistochemical procedures. Immunohistochemical procedures
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were described previously (Redies et al., 1992, 1993). Briefly, heads
from E2-E8 embryos were fixed in 4% formaldehyde dissolved in
Hanks’ balanced salt solution supplemented with 1 mm Ca?* and 1 mm
Mg?** (HBSS) for 1-2 hr, incubated in a graded series of sucrose solu-
tions [12% (w/v), 15%, 18% sucrose in HBSS] for 30-60 min each,
embedded in Tissue Tek (Miles), and frozen in liquid nitrogen. Cryostat
sections of 8 um thickness were mounted and dried on coated glass
slides. After postfixation in 4% formaldehyde/HBSS and washing in
Tris-buffered saline (pH 7.6) supplemented with 1 mm Ca2* (TBS/Ca?*),
membranes were permeabilized in methanol at —20°C and washed
again in TBS/Ca**. Unspecific binding sites for antibody were blocked
by 5% skim milk in TBS/Ca?* with 0.3% Triton X-100 (blocking so-
lution) for 20 min. The sections were incubated with the first antibodies
appropriately diluted in blocking solution for 1 hr. After washing in
TBS/Ca*, secondary antibodies were applied to the sections for 30 min.

For double-label immunohistochemistry with the antibodies RCD-2
and RS, sections were first immunostained with the antibody RCD-2 as
described above but without methanol treatment. After postfixation in
2% formaldehyde/0.025% glutaraldehyde in PBS at 4°C for 5 min, sec-
tions were sequentially incubated with antibody RS, biotinylated sec-
ondary antibodies, and FITC-labeled streptavidin.

Sections were counterstained in Hoechst 33258 (Sigma) for 5 min to
visualize nuclei, washed in TBS, and embedded in a solution of 90%
glycerol and 10% TBS/Ca?* supplemented by phenylenediamine to pre-
vent photobleaching. Fluorescence was visualized with an epifiuoresc-
ence microscope (Zeiss Axioplan, Germany) to which a CCD camera
(Photometrix) was attached, or with a laser confocal microscope (Bio-
Rad). For analysis of double-labeled sections, computer-based image
analysis systems were used to generate pseudocolored overlays of the
fluorescence images in some instances. Adjacent sections were stained
with thionin to detect Niss] substance for neuroanatomical orientation,
as described previously (Redies et al., 1993).

The expression pattern of R-cadherin was studied in detail by ob-
taining a complete series of 8-um-thick consecutive sections through
the diencephalon of E3, E3.5, E4, and ES chicken embryos. Sections
were spaced 80 wm apart. For anatomical orientation, adjacent sections
were immunostained with the antibody against neurofilament to dem-
onstrate fiber tracts or they were Nissl stained. The R-cadherin—positive
regions were marked on photographs of adjacent Nissl stains and then
transferred onto scanning electron micrographs of the ventricular sur-
face of brains at corresponding developmental stages.

Scanning electron micrographs were prepared using standard meth-
ods. Heads were cut along the mid-sagittal plane and sequentially fixed
in solutions containing 4% formaldehyde/5% glutaraldehyde, 1% OsO,,
and 1% uranylacetate (w/v), respectively. After dehydration in graded
ethanol, specimens were critical-point dried, shadowed with gold pal-
ladium, and viewed and photographed under a Hitachi S800 scanning
electron microscope. The alignment of the serial Nissl stains and the
scanning electron micrographs was based on prominent anatomical
landmarks, taking into account shrinking artifacts (10-20%) due to fix-
ation.

Bromodeoxyuridine (BrdU) experiment. To demonstrate BrdU incor-
poration by proliferating cells in S phase, shell-less cultures of chicken
embryos were obtained as described by Auerbach et al. (1974) and
modified by Thanos and Bonhoeffer (1983). Briefly, the entire content
of E3 eggs was transferred to humidified, 20 X 100 mm petri dishes
(Greiner, Germany) and incubated for 1 d at 37°C. BrdU (2-5 pl of a
50 mm solution in HBSS) (Sigma, Germany) was injected into the tectal
ventricle of the embryos. The embryos were fixed 1 hr later. Sections
obtained as described above were double-immunostained with antibod-
ies against R-cadherin and BrdU. After R-cadherin immunostaining (see
Immunohistochemical procedures, above), the sections were postfixed
in 4% formaldehyde/HBSS at 4°C for 30 min, washed in TBS, and
incubated in 2 N HCI at 37°C for 30 min to denature the DNA. After
the sections were washed in 0.1 M tetraborate buffer (pH 8.5) (TBB),
the unspecific antibody binding sites were blocked in 5% skim
milk/TBB supplemented with 0.3% Triton X-100. The sections were

for R-cadherin. R-cadherin mRNA expression was visualized with peroxidase-labeled antibodies against digoxigenin. The approximate level at
which these sections were obtained is indicated by the two opposing long arrows in Figure 2A. In B and C, note the distinct areas of R-cadherin
expression in the ventricular zone and in the mantle zone. A and B show the same section, while C shows an adjacent section. ¢, caudal; R2-R6,
R-cadherin—positive regions cotresponding to the stripes and patches shown in Figure 2; r, rostral; sa, anterior intracephalic sulcus; si, lateral

infundibular sulcus (Kuhlenbeck, 1937). Scale bar, 0.1 mm.
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then incubated at 37°C for 1 hr with the BrdU antibody appropriately
diluted in the blocking solution. After washing in TBS, the slides were
incubated with secondary antibody at RT for 30 min, washed in TBS,
and embedded and viewed as described above.

Acetylcholinesterase (AChE) histochemistry. To visualize postmitotic
neuroblasts, AChE activity was detected by a modified Karnovsky-
Roots technique (Karnovsky and Roots, 1964; Layer, 1983). R-cadherin
immunostaining and AChE histochemistry were combined on the same
sections. After immunostaining for R-cadherin (see above), the sections
were postfixed in 4% formaldehyde/HBSS for 30 min at 4°C. Following
sequential washing in TBS and 0.1 M Tris maleate buffer (pH 6.0), the
sections were incubated for 2—4 hr at 37°C in a solution of 2.56 mm
acetylthiocholine, 5 mm sodium citrate, 3 mm CuSO,, 0.5 mm
K,Fe(CN),, and 0.1 mm tetraisopropylpyrophosphoramide (iso-OMPA)
(Serva, Germany) in 0.1 M Tris maleate buffer (pH 6.0) to inhibit bu-
tyrylcholinesterase. After washing in TBS, the slides were embedded
as described above.

In situ hybridization. Procedures were performed as described by
Redies et al. (1993). The pBluescript (Stratagene) DNA vectors pRcad
and Z10T6/BS, which were used as templates to produce the RNA
probes, were kindly provided by M. Takeichi. The pRcad and Z10T6/BS
vectors contain the full-length cDNA for chicken R-cadherin and N-cad-
herin, respectively. After linearization of the template DNAs with the
appropriate restriction enzymes, the sense and antisense digoxigenin-
labeled RNA probes were synthesized by T3 and T7 polymerase using
a commercially available kit (Boehringer Mannheim, Germany). The
labeled full-length RNAs were alkaline hydrolyzed into 100-300 bp
fragments.

Complete series of 8-um-thick consecutive transverse cryostat sec-
tions through the diencephalon of E3.5, E4, and ES chicken embryos
were obtained and treated as described before (Redies et al., 1993).
Sections were spaced 80 pwm apart. For permeabilization, sections were
treated with proteinase K and, to saturate unspecific RNA binding sites,
with acetic anhydrate. The sections were hybridized with sense and
antisense digoxigenin-labeled RNA probes overnight at 50°C. The sec-
tions were then washed in 5X SSC at 55°C for 10 min and in 50%
formamide/2X SSC at 55°C for | hr. After digestion of single-stranded
RNA by RNase A treatment, the sections were washed in 50% formam-
ide/2X SSC at 55°C for 40 min, in 2X SSC at 55°C for 30 min, and
in 0.1X SSC at RT for 30 min. Digoxigenin was detected immunolog-
ically with anti-digoxigenin alkaline phosphatase—conjugated Fab frag-
ments and alkaline phosphatase was reacted with substrate following
the instructions supplied by the manufacturer of the kit (Bochringer
Mannheim, Germany). Sections were dehydrated in an ascending eth-
anol series (70%, 95%, 100%), defattened in xylenes, embedded in En-
tellan (Merck, Germany), and viewed under a transmission light micro-
scope (Zeiss Axioplan, Germany).

Results

Expression of R-cadherin in the diencephalon of an E5
chicken embryo

Figure 1 shows representative immunostaining and in sifru hy-
bridization results for a transverse section through the hypo-
thalamus of a chicken of 5 d incubation (ES). Expression of
R-cadherin mRNA and protein is restricted to several areas of
the ventricular and mantle zone. These areas are distributed
throughout the brain. We therefore studied the overall expression
pattern in more detail by whole-mount immunostaining. Figure
2 shows results for an E5 brain cut in half in the mid-sagittal
plane and viewed from the ventricular side. The entire brain
(Fig. 2A) as well as enlargements of individual brain regions

(Fig. 2B-E) are shown. In a caudal-to-rostral' sequence, the fol-
lowing regions of R-cadherin expression can be seen. In the
isthmic region (is) at or close to the transition between mes- and
metencephalon, there is a stripe of R-cadherin expression (area
R10) (Fig. 2A,E). The tectum (tect) contains R-cadherin—positive
cells that are dispersed throughout its deeper layers, in particular
at the base of the tectum (area R9 in Fig. 2A4). In the pretectal
area (pt), scattered R-cadherin—positive cells are observed at a
later developmental stage (E8) (data not shown). In the dorso-
caudal part of the dorsal thalamus (dt), a triangle of R-cadherin
expression is seen (area R8 in Fig. 2A,B). The epithalamus,
which is partially occluded in Figure 1A, also expresses R-cad-
herin. The ventral thalamus (vt) expresses high amounts of
R-cadherin in its entirety (area R7) (Fig. 2A4,B). This area of
expression is contiguous with another stripe (area R3) extending
from the thalamic/hypothalamic border ventrally toward the op-
tic stalk, which is indicated by an asterisk in Figure 2, A and C.
Stripe R3 comprises the anterior hypothalamic (ah) and posterior
preoptic regions (pop) of the hypothalamus (Fig. 2A4,C) and ex-
tends into the telencephalon (tel) (Fig. 2D). The entire stripe R3
has a sharp rostral boundary of expression. Caudally, expression
gradually diminishes in the hypothalamus (ht). In the ventral
thalamus, the caudal boundary of expression of area R7 is rel-
atively 'sharp and coincides with a morphologically distinct
structure, the zona limitans intrathalamica (arrowheads in Fig.
2A,B) (see below).

Besides area R3, there are several other areas of R-cadherin
expression in the hypothalamus (Fig. 2C). Like area R3, these
areas are elongated. Areas R4 and R5 have an orientation rough-
ly orthogonal to the zona limitans while the orientation of area
R6 is similar to that of the zona limitans. Area R4 is relatively
thin and its dorsal part merges with area R3. Area R5 forms part
of the hypothalamic cell cord (hcc) (Kuhlenbeck, 1937). Area
R6 comprises the posterior entopeduncular (pep) area of the hy-
pothalamus (compare with the transverse section displayed in
Fig. 1B). This stripe is partially contiguous with area R5. Rostral
to area R3, two additional patches of expression (areas R1 and
R2) are situated at the transition between diencephalon and tel-
encephalon.

Differential expression of R-cadherin in the ependymal,
ventricular, and mantle zones of the E3—E5 diencephalon

To analyze the onset of R-cadherin expression in the different
layers of the diencephalic wall, we obtained several series of
consecutive, immunostained sections through the chicken dien-
cephalon at different stages of development (E2-ES) (see Fig.

! For general anatomical orientation, the following terminology is used to de-
fine the axes of the E3—E7 chicken brain: rostrai-caudal, from the anterior pole
of the telencephalon to the posterior pole of the tectum; ventral-dorsal, from
the optic stalk to the epiphysis. These terms do not refer to the longitudinal
axis of the vertebrate brain as defined by Kuhlenbeck (1973) or by Puelles and
Rubenstein (1993).

-

Figure 2.

Whole-mount preparation of an E5 chicken brain immunostained for R-cadherin and viewed from the ventricular surface. Dark purple

reaction product indicates R-cadherin expression. Panels show an overview of the preparation (A), the thalamic area (B), the hypothalamic area
(C), the transition between di- and telencephalon viewed from a rostral direction (D), and the transition between mes- and metencephalon (E). The
arrowheads in A and B point to the zona limitans intrathalamica. The asterisks in A and C indicate the position of the optic stalk. The two opposing
long arrows in A indicate the approximate level at which the transverse sections shown in Figure 1 were cut. ah, anterior hypothalamus; df, dorsal
thalamus; 4b, hindbrain; Acc, hypothalamic cell cord; Az, hypothalamus; is, isthmic area; pep, posterior entopeduncular area; pop, posterior preoptic
area; pt, pretectal area; RI-R10, R-cadherin—positive regions; tect, tectum; tel, telencephalon; vz, ventral thalamus. Scale bars: A, 0.5 mm; B-F, 0.2

mm.
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Table 1. Immunostaining results for R-cadherin in the diencephalon of the embryonic chicken brain of 3-5 d incubation (E3-E5) (stages

19-27)
Stage 19 Stage 21 Stage 24 Stage 27
Region Anatomical location (E3) (E3.5) (E4) (ES)
R1 Transition between diencephalon — M e, M e, VM
and telencephalon
R2 Anterior preoptic region e — E, V e, VM
R3 Posterior preoptic region — e E, V E,VVM
R4 Anterior hypothalamus — — M M
R5 Inferior hypothalamus M e, M e, V M e, VM
(hypothalamic cell cord)
R6 Superior hypothalamus o — v E, VM
(posterior entopeduncular area)
R7 Ventral thalamus — — E, M E, VM
RS Dorsal thalamus — — E E, VM

e and E, weak and strong expression, respectively, in the ependymal zone; M, R-cadherin—expressing cells in the mantle zone; V, R-cadherin—expressing cells in

the ventricular zone.

1B for an example). For those stages that clearly showed R-cad-
herin—positive regions (E3.5-E5), the immunostaining results
were transferred onto scanning electron microscopic images of
the diencephalic ventricular surface at corresponding stages of
development (data not shown). The time of appearance and the
location of the different patches of R-cadherin expression in the
diencephalon between E3 and ES are summarized in Table 1.

Before E2.5, there is no or very faint expression of R-cadherin
only in the ependymal zone of the forebrain. At E3-E3.5, weak
to moderate expression of R-cadherin is seen in relatively large
and diffuse areas of the ependymal and ventricular zone and in
two narrow stripes consisting of cells in the mantle zone. The
different R-cadherin—positive areas gradually appear between E3
and ES. Between ES5 and E8, R-cadherin expression in some of
the stripes diminishes or even disappears. In other regions, ex-
pression persists, especially in newly formed nuclei (Redies et
al., 1993; Arndt and Redies, unpublished observations). In gen-
eral, R-cadherin—positive cells appear in the mantle zone and
expression persists for at least a few days in almost all regions.
In some regions, R-cadherin is also expressed in the ependymal
and ventricular zones. This ventricular expression either pre-
cedes or overlaps with the expression in the mantle zone. Not
listed are regions in which R-cadherin expression occurs after
ES, for example, the pretectal area.

Boundaries of R-cadherin expression

Some R-cadherin—positive areas are delineated by sharp bound-
aries of expression (see, e.g., areas R3, R7, and R8 in Fig. 2).
In some cases, these expression boundaries coincide with ana-
tomical landmarks. For example, R-cadherin expression in the
ventral thalamus stops at the zona limitans intrathalamica (ar-
rowheads in Fig. 2A,B; 7zl in Fig. 3A-D), which represents the
border between the ventral and dorsal thalamus (vt and dt, re-
spectively, in Figs. 24,B; 3A-D). The zona limitans is a cell-
sparse area and contains the primordial mammillothalamic tract.
It forms a visible bulge on the ventricular surface of E4 and ES
embryos. Figure 3A shows that, at E4, the ventricular zone ex-
presses R-cadherin at the position of the zona limitans intra-
thalamica. Moreover, R-cadherin—expressing cells in the mantle
layer are present in the ventral thalamus up to the zona limitans
intrathalamica but are absent on the other side of this boundary
(in the dorsal thalamus). At a later stage (E6), the decrease in

R-cadherin expression at the zona limitans intrathalamica is even
more striking (Fig. 3C). It is noteworthy that, at this stage, the
boundary of R-cadherin expression does not coincide with the
depth of the medial diencephalic sulcus (Kuhlenbeck, 1937) (sm
in Fig. 3C) but slightly extends beyond it. The decrease in
R-cadherin expression at the border between the dorsal thalamus
and the pretectal area is also prominent at ES (dt and pt in Figs.
2A,B; 3E) and E6 (data not shown), although this decrease is
not as sharp as that between the ventral and the dorsal thalamus.

R-cadherin expression in the mid-hypothalamic region

To determine which type of cell expresses R-cadherin and to
study the origin and fate of the R-cadherin—expressing cells, we
concentrated on the development of a particular region of the
hypothalamus, the mid-hypothalamic (tuberal) region (Kuenzel
and van Tienhoven, 1982). Figure 4 shows R-cadherin expres-
sion in this region during early development of the ventricular
wall from E3 to ES. The sections were cut transversely through
the hypothalamic cell cord (hcc) and the posterior entopedun-
cular area (pep) (Kuhlenbeck, 1937). The nuclear stains (right
panels) reveal the features characteristic for the development of
this structure: the ventricular zone consists of densely packed
(proliferating) cells and remains relatively constant in thickness
from E3 to ES. In contrast, at E3, the mantle zone is composed
of only a few cells scattered between the ventricular zone and
the pial surface of the neural tube. The mantle zone, which is
characterized by more sparsely distributed nuclei, gradually in-
creases in thickness during development (Fig. 4B,D,F,H,K). This
increase is due to the accumulation of postmitotic neuroblasts
having migrated from the ventricular zone into the mantle zone
(Sauer, 1935; Fujita, 1964).

Ventricular zone. In the ventricular zone of the mid-hypotha-
lamic region shown in Figure 4, R-cadherin is expressed by
bipolar cells at all developmental stages (E3-E5). These R-cad-
herin—expressing cells are first seen approximately at the begin-
ning of mantle zone formation (E3) and they are most prominent
and numerous between E4 and ES5. In later development, their
number and staining intensity decrease. For further investigation
of this cell type, we focused on developmental stage E4—4.5. At
this stage, less than about 5% of all celis in the ventricular zone
express R-cadherin (Fig. 5A4). The distribution of the cell bodies
of these cells shows a steady increase from the ventricular lining
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Figure 3. Transverse sections through the diencephalon of an E4 (4, B), an E6 (C, D), and an E5 chicken embryo (£, F). Immunostains for
R-cadherin (A, C, E) and nuclear stains (B, D, F) are from the same sections, respectively. The arrowheads in A-D point to the zona limitans
intrathalamica. The arrowhead in F marks the dorsal thalamic sulcus, which lies slightly caudal of the boundary between the dorsal thalamic and
the pretectal neuromere (Rendahl, 1924; Puelles and Rubenstein, 1993). ¢, caudal; dr, dorsal thalamus; pe, posterior commissure; pt, pretectal area;
r, rostral; sm, medial diencephalic sulcus; v, ventral thalamus; z/, zona limitans intrathalamica. Scale bars, 0.2 mm (B for A and B; D for C and

D; F for E and F).

toward the mantle zone (see Fig. 7). Not only the cell bodies
but also their processes express R-cadherin. Usually, one process
of each cell extends to the ventricular surface, where it forms
an end-foot in the ependymal lining, while the other process
reaches the mantle zone (see, e.g., cells in area R5 in Fig. 1B,
Figs. 5A, 84).

To determine whether the bipolar R-cadherin—expressing cells
are radial glia, double immunostaining with antibodies against a
radial glia marker (R5) (Drdger et al., 1984; Vanselow et al.,

1989) and R-cadherin was performed. Figures 5B and 6, A and
B, demonstrate that the R-cadherin—expressing cells do not stain
with the RS antibody. Interestingly, the processes of the radial
glia and of the R-cadherin—expressing cells were occasionally
seen to be closely aligned with each other (small arrows in Fig.
5C).

In another region, the posterior preoptic area (pop) (area R3
in Figs. 1B, 2C), the R-cadherin staining pattern in the ventric-
ular zone is more dense and single cells expressing this molecule






cannot be discerned. In this area, most R-cadherin—expressing
processes coexpress R5 {data not shown). These R-cadherin—
expressing cells have processes that extend from the ependymal
layer to the pial surface of the brain, and they most likely rep-
resent radial glia.

We next injected bromodeoxyuridine (BrdU) into the ventric-
ular system of E4 embryos to mark cells in the S phase, that is,
proliferating cells. Double-label immunohistochemistry with an-
tibodies against BrdU and R-cadherin showed that, in the ven-
tricular zone of areas R5 and R6, only very few R-cadherin—-
expressing cells incorporate BrdU (Fig. 5E). A quantitative anal-
ysis of several brains showed that, of the R-cadherin—expressing
cells, only 1.7% (2.0 SD, n = 5) incorporated BrdU during the
1 hr before fixation, while, of all cells in the ventricular zone,
15.5% (1.6 SD, n = 4) incorporated BrdU (arrows in Fig. SF).

As a marker for postmitotic neuroblasts (Miki and Mizoguti,
1982; Mizoguti and Miki, 1985; Layer and Sporns, 1987), ace-
tylcholinesterase (AChE) activity was histochemically visualized
by a modified Karnovsky-Roots method (Karnovsky and Roots,
1964; Layer, 1983). Sections were double-stained for AChE ac-
tivity and R-cadherin expression. In most regions, AChE activity
is restricted to the mantle zone. However, in regions where
R-cadherin—expressing cells are found in the ventricular zone,
ACHhHE activity extends into this zone (arrowheads in Fig. 84,B).
Most of the R-cadherin-expressing cells in the ventricular zone
show AChE activity (arrowheads in Fig. 8C,D). AChE-positive
cells are also found in adjacent ventricular regions where R-cad-
herin expression is absent.

To examine whether the R-cadherin—positive cells express an-
other marker for postmitotic neuroblasts, the Ng-CAM/8D9/G4
protein (Grumet and Edelman, 1984; Thiery et al., 1985; Rathjen
et al., 1987; Weikert et al., 1990; Grumet, 1992; Lemmon and
McLoon, 1986), double-label immunohistochemistry was car-
ried out. Results showed that most, if not all, R-cadherin—ex-
pressing cells in the ventricular zone coexpress G4 (arrowheads
in Figs. 5D, 6C,D). However, there are also cells in the ventric-
ular zone that express G4 but not R-cadherin (arrows in Figs.
5D, 6C,D). These cells have a morphology similar to the R-cad-
herin—expressing cells.

Mantle zone. In the mantle zone of areas R5 and R6, cells
expressing R-cadherin are found (Fig. 4, left panels). While, at
E3, only a few R-cadherin—expressing cells can be seen (Fig.
4A), their number increases as the mantle zone becomes greater
in thickness from E3 to E5 (Fig. 4C,E,G,I). Before E4.5, the
R-cadherin—expressing cells in the mantle zone form one con-
tiguous mass. Starting at E4.5, they organize into two clusters
with the more rostral one lying in the inferior hypothalamus
(hypothalamic cell cord) (hcc in Figs. 2C, 4I) and the more
caudal one in the superior hypothalamus (posterior entopedun-
cular area) (pep in Figs. 2C, 4I) (Kuhlenbeck, 1937).2 These

2 The more rostral cluster of R-cadherin—expressing cells (RS in Figs. 1B, 24,C)
appears to give rise to the ventromedial hypothalamic nucleus (Kuenzel and
van Tienhoven, 1982); the more caudal cluster (R6 in Fig. 24,C) most likely
represents the primordial nucleus of the ansa lenticularis (Karten and Dubbel-
dam, 1973).
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R-cadherin—positive regions are surrounded by R-cadherin—neg-
ative regions (Fig. 4I). In some areas, R-cadherin—expressing
neurite fascicles can be seen in areas devoid of nuclei (arrow-
heads in Fig. 4G,I).

Emergence of N-cadherin—positive regions adjacent to
R-cadherin—positive regions in the mantle zone

At later developmental stages (around E11), N-cadherin—ex-
pressing nuclei are also present in the chicken hypothalamus
(Redies et al., 1993). We therefore compared the expression of
R-cadherin with that of N-cadherin in this area. Since N-cadhe-
rin protein is rather ubiquitously expressed by most cells and
their processes extend throughout the diencephalic wall, we vi-
sualized cell bodies expressing N-cadherin in the mantle zone
by in situ hybridization with digoxigenin-labeled RNA probes.
On adjacent sections, R-cadherin mRNA was detected.

Results show that, at the beginning of mantle zone formation
(E3.5), R-cadherin—positive and N-cadherin—positive regions
(arrows in Fig. 94,B) largely overlap. At E4, these regions over-
lap only partially, with the R-cadherin—positive region (arrow-
head in Fig. 9C,D) being located more rostrally and the N-cad-
herin—positive region (arrow in Fig. 9C,D) more caudally. At
ES5, two R-cadherin—positive and two N-cadherin—positive
regions have emerged. In the posterior entopeduncular area, the
R-cadherin—positive region (arrowheads in Fig. 9E, F) lies cau-
dally and directly adjacent to the N-cadherin—positive region (ar-
rows in Fig. 9E,F) while, in the hypothalamic cell cord (hce),
the R- and N-cadherin—positive regions form part of two adja-
cent layers of the mantle zone.?

Discussion

During development, the vertebrate CNS undergoes a transfor-
mation from a relatively uniform neuroepithelial structure into a
highly complex but ordered tissue architecture comprising func-
tionally specialized regions connected by fiber tracts. In this
work, we studied the expression of the cell-cell adhesion mol-
ecule R-cadherin during the early stages of this transformation
during which brain nuclei are formed by neuroblasts born in the
different morphogenetic domains (‘‘neuromeres”) of the fore-
brain neuroepithelium.

Cadherins are glycoproteins that mediate cell-cell adhesion
by a calcium-dependent mechanism in a variety of organs (Tak-
eichi, 1988, 1991; Ranscht, 1991). Molecular and in vitro in-
vestigations have shown that cadherins have the following prop-
erties that are potentially important for the developmental pro-
cess outlined above. (1) Cadherins mediate the aggregation.of
cells by a homophilic adhesion mechanism; that is, cells ex-
pressing the same cadherin selectively adhere to each other (Na-
gafuchi et al., 1987; Miyatani et al., 1989). (2) At least a dozen
different cadherins are expressed in the developing vertebrate
brain (Takeichi et al., 1990; Ranscht, 1991; Suzuki et al., 1991;
Sano et al., 1993). (3) Cells expressing different cadherins seg-

3 The two clusters of N-cadherin—expressing cells appear to give rise to parts
of the lateral hypothalamic nucleus (Kuenzel and van Tienhoven, 1982).

Figure 4. R-cadherin immunostains (4, C, E, G, I) and nuclear stains (B, D, F, H, K) on transverse sections through the developing hypothalamus
of E3-ES5 chicken. The developmental stages are indicated on the upper right corner of the left panels. The arrowheads in G and I point at
R-cadherin—positive neurite fascicles in regions devoid of cell bodies. ¢, caudal; E, embryonic day; hee, hypothalamic cell cord; mz, mantle zone;
pep, posterior entopeduncular area; r, rostral; vz, ventricular zone. Scale bars: A and C, 0.02 mm (A for A and B; C for C and D); E, 0.05 mm for

E and F; I, 0.15 mm for G-K.
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Figure 5. Characterization of the R-cadherin-expressing cells in the ventricular zone of the E4 chicken embryo. All panels show pseudocolor-
coded double-label immunostaining on the same sections. The arrowheads in all panels point at cell bodies of R-cadherin—expressing cells. A,
Immunostain against R-cadherin (red) and nuclear stain (blue). B and C, Immunostain against R-cadherin (red) and RS, a marker for radial glia
(green). Gray-scaled micrographs of the original pair of immunostaining results are shown in Figure 6, A and B. C shows a detail of B at higher
magnification. The two large arrows in B and C mark the same pair of cells. The small arrows in C point at two closely aligned processes of a
radial glial cell and an R-cadherin-expressing cell, respectively. D, Immunostain against R-cadherin (red) and Ng-CAM/8DY9%/G4, a marker for
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Figure 6. Characterization of the R-cadherin-expressing cells in the ventricular zone of the E4 chicken embryo. This figure shows the original
pairs of gray-scaled micrographs displayed as pseudocolored overlays in Figure 5, B and D. A and B, and C and D represent double-label
immunostains of the same sections, respectively. The arrowheads in all panels point at cell bodies of R-cadherin-expressing cells. A and B,
Immunostain against R-cadherin (4) and RS, a marker for radial glia (B). The two arrows mark the same pair of cells as those marked in Figure
5, B and C. C and D, Immunostain against R-cadherin (C) and Ng-CAM/8D9/G4, a marker for neuroblasts (D). The arrows mark cell bodies of
Ng-CAM/8D9/G4-expressing cells that do not express R-cadherin. mz, mantle zone; vz, ventricular zone. Scale bars, 0.02 mm (A for A and B; C
for C and D).

regate from each other to form separate aggregates (Nose et al.,
1988; Miyatani et al., 1989; Inuzuka et al., 1991).

forebrain (von Baer, 1828; Palmgren, 1921; Rendahl, 1924; Be-
rgquist and Killén, 1953a,b, 1954; Keyser, 1972; Kuhlenbeck,
1973; Puelles et al., 1987; Bulfone et al., 1993; Figdor and Stern,

R-cadherin expression in forebrain neuromeres of the chicken 1993: Puelles and Rubenstein, 1993). For example, R-cadherin

embryo

R-cadherin is expressed in several stripes and patches in the
embryonic chicken brain (Figs. 1, 2; Table 1). The anatomical
location of the R-cadherin—positive regions can be related, at
least in part, to the neuromeric organization of the vertebrate

—

is expressed in the entire ventral thalamic (vt) neuromere (area
R7 in Fig. 2A,B) with a sharp boundary of expression at the
zona limitans intrathalamica (zl), which forms the boundary to
the adjacent neuromere, the dorsal thalamus (dt) (Figs. 2A,B;
3A,C). In the dorsal thalamus, R-cadherin is expressed in the

neuroblasts (green). Gray-scaled micrographs of the original pair of immunostaining results are shown in Figure 6, C and D. Note that the
R-cadherin—expressing cells coexpress Ng-CAM/8D9/G4. The arrows mark cell bodies of Ng-CAM/8D9/G4—expressing cells that do not express
R-cadherin. E, Immunostain against R-cadherin (red) and BrdU (green). The arrows point at nuclei that have incorporated BrdU. Note that the
R-cadherin-expressing cells are BrdU negative. mz, mantle zone; vz, ventricular zone. Scale bars: A, B, D, and E, 0.02 mm; C, 0.01 mm.
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Figure 7. Histogram showing the distribution of R-cadherin—positive
cell bodies in the ventricular zone of the E4-E4.5 mid-hypothalamic
region. The number of R-cadherin—expressing cells is plotted as a func-
tion of the distance of their cell bodies from the ventricular surface
(ependymal lining). This distance is expressed as percentage of the ven-
tricular zone thickness. The mantle zone begins at 100% distance from
the ventricular surface. The number of R-cadherin—positive cell bodies
increases as the mantle zone is approached.

dorsocaudal region (area R8 in Fig. 2A,B). At stage ES, R-cadhe-
rin expression increases in intensity in a gradient-like fashion up
to the location of the boundary to the adjacent pretectal neurom-
ere (pt), where expression shows a steep decline (Figs. 24,B;
3E). Note that there is also a stripe of expression in the isthmic
area (R10), which represents the boundary between the mes- and
metencephalon.

The neuromere boundaries in the hypothalamus are less well
defined in the chicken. According to most investigations, there
are several longitudinal as well as transverse neuromeric domains
in the vertebrate hypothalamus resulting in a mosaic-like pattern
of neuromeres (Palmgren, 1921; Rendahl, 1924; Bergquist and
Killén, 1953a,b, 1954; Keyser, 1972; Kuhlenbeck, 1973; Puelles
et al., 1987; Bulfone et al., 1993; Figdor and Stern, 1993; Puelles
and Rubenstein, 1993). The position of some of the R-cadherin—
positive stripes in the chicken hypothalamus may be related to
the location of the longitudinal domains in the neuromeric model
by Puelles and Rubenstein (1993). For example, areas R3, R4,
and RS run approximately parallel to the longitudinal axis of the
vertebrate brain, which, according to Puelles and Rubenstein, fol-
lows the curvature of the neural tube and terminates posterior to
the optic stalk entry. Note that areas R3 and R7 share a sharp
boundary of R-cadherin expression on one side, which may cor-
respond to a neuromere boundary (Fig. 24,C).

Some of the neuromere boundaries mentioned above restrict lin-
eage and migration of neuroepithelial cells (Figdor and Stern,
1993). Assuming that migrating neuroepithelial cells express the
same cadherin as their surroundings, the homophilic binding me-
diated by, for example, R-cadherin may restrict the migration of
R-cadherin—expressing neuroblasts across borders of its expression.

R-cadherin expression extends across several of the forebrain
sulci to terminate in the immediate vicinity of the sulci, for ex-
ample, in the case of the anterior intraencephalic sulcus (sa in Fig.
1A,B) or of the medial diencephalic sulcus (sm in Fig. 3C,D)
(Kuhlenbeck, 1937). In several other tissues, the differential ex-
pression of cadherins in epithelia coincides with specific morpho-
genetic changes and cell movements (reviewed in Takeichi, 1988,

1991). The expression of R-cadherin across some of the sulci may
therefore play a direct morphogenetic role in the formation or
stabilization of the sulci. In this context, it has been argued that
the sulci themselves do not represent neuromere boundaries
(Northcutt and Butler, 1993; Puelles and Rubenstein, 1993).

R-cadherin is expressed by postmitotic neuroblasts in the
ventricular zone

According to several studies (Bergquist, 1932, 1953; Keyser,
1972; Puelles et al., 1987), the diencephalic neuromeres represent
independent morphogenetic fields where neuroblasts are gener-
ated. Focusing on the mid-hypothalamic (tuberal) region (areas
RS and R6 in Fig. 24,C) (Kuenzel and van Tienhoven, 1982), we
studied the expression of R-cadherin on the single-cell level in
the E3-E5 embryo. The following results suggest that R-cadherin
is expressed by postmitotic migrating neuroblasts in the ventric-
ular zone in this area. (1) The vast majority of R-cadherin—ex-
pressing cells in the ventricular zone coexpress the neuroblast
marker Ng-CAM/8D9/G4 (Figs. 5D, 6C,D) (Grumet and Edel-
man, 1984; Thiery et al., 1985; Rathjen et al., 1987; Weikert et
al., 1990; Grumet, 1992; Lemmon and McLoon, 1986) and show
varying degrees of AChE activity (Fig. 8) (Miki and Mizoguti,
1982; Mizoguti and Miki, 1985; Layer and Sporns, 1987), which
is also a neuroblast marker. (2) The frequency of the R-cadherin—
expressing cell bodies increases as the mantle zone is approached
(Fig. 7). (3) Only a very small percentage of R-cadherin—express-
ing cells undergo cell division (Fig. 2E). (4) R-cadherin—express-
ing cells and radial glia are two distinct cell populations (Figs.
5B, 6A,B).

In several respects, the R-cadherin—expressing ventricular
cells resemble neuroblasts migrating along radial glial processes
in layered structures of the brain, such as in developing mam-
malian cortex and cerebellum (Hatten 1990, 1993; Rakic et al.,
1994). Both types of cells are bipolar with one process extending
inward to the ependymal layer (where it often forms an end-
foot) and the other process leading outward into the mantle zone
(Figs. 41, 8A) (Morest, 1970; Rakic, 1972). In addition, the pro-
cesses of some R-cadherin—expressing cells are in close contact
with radial glial processes (Fig. 5C). Whether this contact is
direct, as shown by electron microscopy for cell migration in
cortical structures (Rakic, 1972), remains to be investigated. The
ubiquitous expression of N-cadherin by cells in the ventricular
zone (Fig. 9B,D), where the cell bodies of radial glia are located,
indicates that radial glia in this region might express N-cadherin,
as has been observed for other brain regions (Redies et al.,
1993). The (relatively weak) heterophilic binding between N-
and R-cadherin (Inuzuka et al., 1991; Matsunami et al., 1993;
Redies and Takeichi, 1993a) may play a role in the migration
of R-cadherin—expressing neuroblasts on the radial glial pro-
cesses.

R- and N-cadherin—expressing cells in the mantle zone
segregate and aggregate into separate diencephalic nuclei

R-cadherin is expressed by differentiating neuroblasts not only
during their outward migration in the ventricular zone, but also
in the mantle zone during brain nucleus formation (Figs. 4, 9).
In parallel to the R-cadherin—expressing cells, N-cadherin—ex-
pressing neuroblasts accumulate in the mantle zone with a sim-
ilar time course and frequency (Fig. 9). In the mid-hypothalamic
region, R- and N-cadherin—expressing cells are among the first
neuroblasts to reach the mantle zone at E3-E3.5 (Figs. 4A,B;
9A,B). At E3.5, the two populations overlap. As the mantle zone



The Journal of Neuroscience, June 1995, 15(6) 4169

Figure 8. Double-staining for R-cadherin (A, C) and acetylcholinesterase (AChE) activity (B, D). The dark precipitate in B and D represents AChE
activity. Arrowheads in A and B mark the region where R-cadherin—expressing cells are seen in the ventricular zone. Note that, in this region, AChE
activity also extends into the ventricular zone (arrowheads in A and B). A few of the cells displaying AChE activity express R-cadherin (arrowheads
in C and D). ¢, caudal; mz, mantle zone; r, rostral; vz, ventricular zone. Scale bars, 0.02 mm (B for A and B; D for C and D).

increases in thickness, more and more R- and N-cadherin—ex-
pressing neuroblasts accumulate. Between E3 and E4, these cells
are restricted to one particular area that seems to split into two
areas between E4 and E5 (areas R5 and R6 in Fig. 2A,C). In
addition, at ES, the R- and N-cadherin—expressing cells have
almost entirely segregated to form two pairs of neuroblast clus-
ters. These in vivo observations have direct in vitro correlates.
Cell culture aggregation studies demonstrated that, when mixed,
N- and R-cadherin—expressing cells can adhere to each other by
a (weaker) heterophilic binding mechanism but, as aggregation
proceeds, the two populations sort out to form separate clusters

due to the (stronger) homophilic binding between the cells of
each type (Inuzuka et al., 1991; Matsunami et al., 1993).

Cadherin-mediated formation of nuclei and the transition
between neuromeric and functional organization in the
vertebrate brain

In other brain regions, the expression of R- and N-cadherin is
also restricted to particular developing nuclei in the vertebrate
embryo (Redies and Takeichi, 1993b; Redies et al., 1993). Since
cadherins mediate cellcell adhesion by a homophilic mecha-
nism, our present observations support the hypothesis that cad-
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Figure 9. Nomarski optical images of sections hybridized in siru with digoxigenin-labeled antisense RNA probe for R-cadherin (A, C, E) and
N-cadherin mRNA (B, D, F). Transverse sections through the hypothalamus of different developmental stages (E3.5, E4, and E4.5) are shown; the
developmental stages are indicated on the upper right corner of the left panels. For R- and N-cadherin in situ hybridization adjacent sections were
used. N- and R-cadherin mRNA is visualized by a dark precipitate. The arrows in A and B point at R- and N-cadherin—positive cell bodies,
respectively, in the developing mantle zone. In C—F, arrows mark the N-cadherin—positive regions, and arrowheads the R-cadherin—positive regions.
¢, caudal; E, embryonic day; hcc, hypothalamic cell cord; mz, mantle zone; pep, posterior entopeduncular area; r, rostral; vz, ventricular zone. Scale

bars, 0.05 mm (D for A-D; F for E and F).

herins play a role in the aggregation of neuroblasts during the
formation of brain nuclei (Redies et al., 1993). It remains to be
determined whether other cadherins (Takeichi et al.,, 1990;
Ranscht, 1991; Suzuki et al., 1991; Sano et al., 1993), or non-
cadherin adhesion molecules, are also expressed in particular
developing brain nuclei. In this context, it is of interest that some
of the G4-positive neuroblasts of the ventricular zone do not
express R-cadherin (arrows in Figs. 5D, 6C,D). These neuro-
blasts could conceivably express other cadherins, for example,
E-cadherin, which is also expressed by ventricular cells (Shi-
mamura and Takeichi, 1992).

In the mature chicken brain, most of the R- and N-cadherin—
positive brain nuclei originating in the different neuromeres are

connected to each other by fiber tracts to form parts of particular
functional systems and neural circuits (Redies et al., 1993; Arndt
and Redies, unpublished observations). The generation of neu-
roblasts in the different neuromeres and their aggregation into
particular brain nuclei represent a crucial step in the morpho-
genetic transition from the early neuromeric to the late func-
tional organization of the vertebrate brain. The present study
identifies R-cadherin as one of the candidate molecules regulat-
ing this transition.
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