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Abstract

 

We have examined the role of the signalling molecule, retinoic acid, in the process of neurulation and the

subsequent growth and differentiation of the central nervous system using quail embryos that have developed

in the absence of retinoic acid. Such retinoic acid-free embryos undergo abnormal neural tube formation in

terms of its shape and structure, but the embryos do not display spina bifida or exencephaly. The neural tubes

have a wider floor plate, a thicker roof plate and a different dorsoventral shape. Phalloidin staining and

electron microscopy revealed alterations in the actin filaments and the junctional complexes of the cell layer lining

the lumen. Initially the neural tubes proliferated at the same rate as normal, but later the proliferation rate

declined drastically and neuronal differentiation was highly deficient. There were very few motoneurons extend-

ing neurites into the periphery, and within the neural tube axon trajectories were chaotic. These results reveal

several functions for retinoic acid in the morphogenesis and growth of the neural tube, many of which can be

explained by defective notochord signalling, but they do not suggest that this molecule plays a role in neural tube

closure.

 

Key words

 

neural tube; neurulation; quail embryo; retinoic acid; retinoids.

 

Introduction

 

Neurulation and the subsequent growth and pattern-

ing of the neural tube is an immensely complex process.

During neurulation the flat neural plate undergoes

mediolateral narrowing and rostrocaudal lengthening

as the neural folds elevate and fuse in the dorsal mid-

line to form the neural tube. Bending in the transverse

axis of the neural plate occurs at two locations, the

ventral midline (median hinge point) and the dorsolateral

hinge point on either side of the midline (Schoenwolf

& Smith, 1990; Smith & Schoenwolf, 1997). The neural

tube thus formed is initially a single layer of pseu-

dostatified epithelium which then proliferates rapidly

and differentiation of neurons takes place laterally in

the mantle layer. Patterning of the growing neural

tube occurs in both the rostrocaudal axis and the

dorsoventral axis under the influence of extracellular

morphogens such as fibroblast growth factors, retinoic

acid, Wnts, sonic hedgehog and bone morphogenetic

proteins (Lee & Jessell, 1999; Jessell, 2000; Briscoe &

Ericson, 2001; Helms & Johnson, 2003).

Failure to complete closure of the neural tube at

the rostral or caudal end leads to anencephaly and spina

bifida (Copp et al. 1990). Together these abnormalities

comprise neural tube defects (NTDs), which, being the

second most common congenital defect in humans, are

clinically very important. An understanding of the aetiol-

ogy of NTDs may lead to a decrease in their incidence.

Indeed, great success has been achieved in reducing

the incidence of NTDs by the administration of folic

acid, one of the B complex of vitamins (MRC Vitamin

Study Research Group, 1991; Czeizel & Dudas, 1992).

Another dietary component, vitamin A, and its

biologically active metabolite retinoic acid (RA), is also

thought to be involved in neurulation and subsequent

neural tube patterning. This might be expected because

the developing neural tube is the part of the embryo

that contains the highest levels of endogenous RA
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(Maden et al. 1998b). A role for RA in rostrocaudal pat-

terning of the nervous system has been well established

(review in Maden, 2002) and in dorsoventral pattern-

ing we have recently provided evidence that RA sets

the dorsal, interneuron and ventral neuron boundaries

within the rostral spinal cord (Wilson et al. 2003). Here

we investigate in what way RA is involved in neurula-

tion, shaping and growth of the neural tube by exam-

ining the morphology of the quail neural tube that has

developed in the absence of RA.

RA is a well-know teratogen when administered to

embryos and one of its many effects is to induce NTDs

including spina bifida, exencephaly and anencephaly

in several different species (Shenefelt, 1972; Yasuda

et al. 1986; Tibbles & Wiley, 1988). A variety of cellular

effects have been suggested as being responsible for

the appearance of spina bifida following RA adminis-

tration. These include vascular damage, malformation

of the notochord, distortion of the neural folds, cell

death in the neural tube, delayed posterior neuropore

closure and cell death in the tail gut endoderm and

mesenchyme (Tibbles & Wiley, 1988; Kapron-Bras &

Trasler, 1988a,b; Alles & Sulik, 1990; Padmanabhan,

1998). However, because these teratogenic effects are

generated at excessive, non-physiological levels of RA,

they may not tell us about an endogenous role for RA

in neural tube formation.

Evidence in favour of such a role comes from experi-

ments involving the retinoic acid receptors (RARs), the

nuclear transcription factors through which RA acts

in the nucleus, and the RA-synthesizing enzymes. Thus

 

RAR

 

γ

 

 is expressed in the open neural tube and 

 

RAR

 

β

 

and 

 

RAR

 

α

 

 are expressed in the closed neural tube

(Ruberte et al. 1991; Smith & Eichele, 1991; Smith, 1994;

Chen et al. 1995). There are high levels of exencephaly

in 

 

RAR

 

α

 

/

 

γ

 

 double null mouse mutants (Lohnes et al.

1994) and 

 

RAR

 

γ

 

–/– mutant embryos are resistant to

spina bifida, exencephaly and anencephaly caused by

RA (Lohnes et al. 1993; Iulianella & Lohnes, 1997). The

 

Cyp26A1

 

–/– mutant embryos mimic the effects of excess

RA by exhibiting exencephaly and spina bifida (Abu-

Abed et al. 2001; Sakai et al. 2001) and this phenotype

is rescued in the 

 

Cyp26A1/RAR

 

γ

 

 double mutant (Abu-

Abed et al. 2003). The 

 

Raldh2

 

–/– mutant mouse embryos

that have lost the major RA-synthesizing enzyme also

exhibit spina bifida (Niederreither et al. 1999).

In the curly tail mouse mutant, which is used as a

model of human NTDs, the incidence of spina bifida is

reduced by the administration of low does of RA at

a specific time in development (Seller & Perkins, 1982),

an effect which is though to involve the straightening

of the tail bud, thereby decreasing the length of the

posterior neuropore and normalizing posterior neuro-

pore closure (Chen et al. 1994). In this mutant the spina

bifida itself is though to involve the down-regulation

of 

 

RAR

 

γ

 

 and 

 

RAR

 

β

 

 transcripts in the posterior neuro-

pore and hindgut (Chen et al. 1995).

Here we investigate the role of RA in neurulation

and subsequent morphogenesis of the neural tube

by examining its structure and subsequent growth in

RA-deficient quail embryos. These embryos are derived

from adult birds fed a vitamin-A-deficient diet and

there are no detectable retinoids either in the yolk

or in the embryo itself (Dong & Zile, 1995). We find that

despite a disruption in the formation of the notochord

there is no spina bifida or exencepahy in these embryos.

The neural tube that completes neurulation success-

fully has, however, a highly abnormal structure – the

floor plate is wider, the roof plate is thicker, the dis-

tribution of junctional complexes is dorsoventrally

reversed and the neural tube fails to expand owing to

a sharp decline in cell division. RA is thus required for

generating the correct anatomy of the spinal cord and

for its subsequent proliferative expansion, but not for

its closure.

 

Materials and methods

 

Quail embryos

 

Normal Japanese quail (

 

Coturnix coturnix

 

) embryos

were obtained from a local farm stock. RA-free embryos

were produced at King’s College from a stock of adults

fed on a defined retinoid-free diet to which 10 mg kg

 

−

 

1

 

all-

 

trans

 

-RA had been added. Eggs were incubated

in a humidified incubator at 37 

 

°

 

C until the required

stage. Embryos were collected in phosphate-buffered

saline (PBS), staged according to the Hamburger and

Hamilton chick stage series (Hamburger & Hamilton,

1951) then fixed and stored in 4% paraformaldehyde

(PFA) for further analysis.

 

In situ

 

 hybridization

 

Wholemount 

 

in situ

 

 hybridization was performed

according to standard protocols (Wilkinson, 1992) using

digoxygenin-labelled probes colour reacted with BMP

purple to give a purple colour reaction.
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Electron microscopy

 

Embryos were collected in PBS and fixed overnight

at 4 

 

°

 

C in 2.5% (v/v) glutaraldehyde fixative. Embryos

were post-fixed in osmium tetroxide fixative with Mil-

lonigs buffer (Sigma) for 90 min at 4 

 

°

 

C and dehydrated

through to 100% ethanol and then placed in propylene

oxide (Sigma) for 10 min. Embryos were then put into

a resin (TAAB Premix Medium Resin Kit)/propylene

oxide mixture of 50% of each for 90 min before being

placed into 100% resin for 6 h. Five drops of resin was

pipetted into each coffin mould and the embryo

carefully placed and orientated to the desired cutting

edge. The mould was then left to polymerize for 24 h.

Resin blocks were cut on a Leica Ultra-cut machine

to semithin thickness (0.75–2 

 

µ

 

m) and stained with

toludine blue (Sigma) to enable selection of the region

to be viewed with the transmission electron microscope

(TEM). Ultrathin sections were then cut of the selected

viewing area and picked up on to a 200-mesh Guilder

grid with a support film Pioloform. Grids were then

stained with uranyl acetate (Sigma) and lead citrate

(Sigma) and viewed on a Hitachi H7600 TEM.

 

Phalloidin staining

 

Fixed embryos were washed thoroughly in PBS-Triton

(PBST) seven times for 1 h each at room temperature

before addition of Alexa Fluor 568 phalloidin (Molecular

Probes) in PBST at a concentration of 6.6 n

 

M

 

. Embryos

were left overnight in dark conditions at 4 

 

°

 

C. This

step was followed by three 60-min washes in PBST

prior to washing in PBS for 5 min and then fixing in

4% PFA. Embryos were then embedded in 20% gelatin,

sectioned and visualized using an Olympus confocal

microscope.

 

Proliferation

 

Paraffin-wax-embedded tissue sections were processed

and mounted on glass slides. A rabbit polyclonal anti-

body to the phosphorylated serine 10 residue of histone

H3 (anti-phospho-H3) was used to label proliferating

cells. The characterization of this antibody is described

by Clayton et al. (2000) and it is used as a marker of

cells preparing to enter mitosis. The antibody was used

at a concentration of 1 : 8000 followed by a Vector

ABC Elite kit (Vector Laboratories) to visualize the

immunoreactivity.

 

Apoptosis

 

TdT-mediated dUTP Nick End Labelling (TUNEL) stain-

ing was performed using the ApopTag Peroxidase 

 

In

Situ

 

 Apoptosis Detection Kit (Intergen) on paraffin-

embedded tissue. Briefly, tissue was embedded and

sectioned in wax. Tissue sections were deparaffinized

and pretreated using proteinase K (20 

 

µ

 

g mL

 

−

 

1

 

). Endog-

enous peroxidase activity was quenched by washing

in 0.3% hydrogen peroxidase and the sections were

then placed in equilibration buffer before addition

of working-strength TdT enzyme. Stop/wash buffer was

applied after 1 h and anti-DIG conjugate added before

colour was developed using peroxidase substrate. Speci-

mens were dehydrated and mounted in XAM.

 

Neurofilament wholemount staining

 

Fixed embryos were washed three times for 1 h in 1%

PBST and then blocked using 0.3% hydrogen peroxide/

PBST overnight at 4 

 

°

 

C. This step was followed by

three 1-h washes prior to addition of the primary

neurofilament monoclonal antibody (concentration

of 1 : 5000; RMO270, Zymed Laboratories). The primary

antibody mix consisted of 10% goat serum (Sigma) in

PBST. Embryos were left incubating at 4 

 

°

 

C for 3–5 days

before undergoing thorough washing with PBST for

several 1-h washes. This was followed by the addition

of secondary antibody, anti-mouse IgG peroxidase con-

jugate (Sigma) (dilution 1 : 200) with 10% goat serum

in PBST for 2 days at 4 

 

°

 

C. This was followed by two

5-min washes and three 1-h washes in PBST. Prior to

developing the colour reaction, embryos were equilibr-

ated with 1 mg mL

 

−

 

1

 

 diaminobenzidine (DAB) (Sigma)

with PBST solution for 1 h and then transferred to

the colour reaction consisting of 1 

 

µ

 

L 30% hydrogen

peroxide/250 

 

µ

 

L DAB-PBST. Both of these steps require

dark conditions. After specific staining was attained,

embryos were washed in PBS, fixed and stored in 4%

PFA. Selected embryos were embedded in 20% gelatin

and sectioned.

 

Results

 

External morphology

 

RA-free embryos show a range of embryonic defects

by stage 20. These include abnormally small somites,

disrupted heart looping, defective vitelline veins and
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hypoplastic limb buds (Heine et al. 1985; Dersch & Zile,

1993; Maden et al. 2000). Within the nervous system

the posterior hindbrain fails to develop (Gale et al.

1999), and the neural crest cells undergo apoptosis

and only extend a few neurites into the periphery from

the CNS (Maden et al. 1996). Morpholgocially, however,

the CNS looks reasonably normal except for a failure

of the cervical flexure in the RA-free embryo, resulting

in the embryo remaining in a straighter position than is

normal together with the fact that it is significantly

shorter (Fig. 1A,B). Most surprising is the complete

absence of spina bifida or exencephaly and all trans-

verse sections revealed complete closure of the neural

tube (see below). No spina bifida or exencephaly

occurred even though there was a highly abnormal

notochord: instead of being a straight rod, the noto-

chord in the RA-free embryos became zig-zagged in

both the dorsoventral axis and the mediolateral axis.

This abnormality could be readily observed in sections

or when embryos had been processed for 

 

in situ

 

 hybrid-

ization with a probe such as 

 

shh

 

, which highlights the

notochord (Fig. 1C,D).

 

Microscopic morphology

 

Semithin transverse sections were taken at forelimb

levels and stained with toludine blue. This revealed

obvious differences between the normal and RA-free

phenotype. In the normal embryo, neuroepithelial cells

are radially aligned and their nuclei are located at

characteristic medio-lateral positions within the neural

tube depending on their stage of the cell cycle (Sauer,

1935, 1936). There is a clear distinction between the

densely packed proliferating cells of the ventricular

zone and the more loosely arranged post-mitotic cells

of the differentiating mantle zone that are interspersed

with intercellular spaces (Fig. 1E). In the RA-free embryos,

however, there are fewer cells, interspersed with many

more prominent intercellular spaces in both the

ventricular zone and the mantle zone (Fig. 1F), and

this irregular arrangement of cells makes it difficult

to distinguish between the two zones of the cord. The

overall decrease in cell number and mitoses in the

ventricular zone (see below) makes the RA-free cord

considerably smaller.

One of the most noticeable observations from these

sections is the abnormal shape of the RA-free neural

tube. In the normal embryo, the spinal cord shape is

such that it tapers very slightly in the ventral half and

Fig. 1 (A,B) Unstained whole embryos at stage 17 normal (A) and 
RA-free (B). The RA-free embryos are significantly smaller and as 
the posterior hindbrain cervical flexure is missing the embryos are 
also straighter. (C,D) Sections of shh wholemount in situ hybrid-
izations to show the abnormal zig-zag shape of the notochord. 
A sagittal section is shown in C with the notochord marked with 
an arrowhead and a horizontal section shown in D. (E,F) Semithin 
(2 µm) transverse sections of stage 18 normal (E) and RA-free (F) 
spinal cords at the level of the forelimbs. In the normal embryo 
dividing cells of the ventricular zone (vz) and differentiating cells 
of the mantle zone (mz) are clearly distinguished and the ventral 
floor plate (between the red lines) is quite narrow. By contrast, 
the RA-free cord has many more intercellular spaces with no real 
distinction between the ventricular and mantle zones, the lumenal 
space is expanded ventrally, the floor plate is wider (between the 
red lines) and there is an overall decrease in size. The roof plate 
is also thicker (see Fig. 2). Bars in A,B = 1 mm; bars in E,F = 50 µm.
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in the intermediate region the left and right halves of

the cord are closely associated so that the lumen has

disappeared. There are two enlargements of the lumen

at the dorsal and ventral poles where the roof plate

and the floor plate can be readily located (Fig. 1E). The

RA-free embryo, however, exhibits a striking medio-

lateral broadening of the ventral half of the neural

tube in comparison with the dorsal domain (Fig. 1F), a

phenotype that is opposite to that observed with the

ventral narrowing in the normal embryo. The lumen

in the RA-free spinal cord is laterally expanded in the

ventral half adjacent to the floor plate and considerably

narrower in the dorsal region compared with the nor-

mal. The expansion of the ventral lumen is accompa-

nied by a widening of the floor plate region (Fig. 1F).

The roof plate, by contrast, is narrower and thicker (see

below).

 

Electron microscopy

 

In the normal ventral spinal cord electron microscopy

reveals the presence of cell junctional complexes at

the apical surface of the cells lining the lumen of the

floor plate (Fig. 2A,B). In the RA-free ventral spinal

cord (Fig. 2C,D) there is a considerable decrease in

the number of cell junctional complexes in this region

as well as individual complexes being less well stained,

perhaps weaker. This same decrease in electron density

was apparent in the lumenal cytoplasm, perhaps re-

flecting a change in the actin organization (see Actin

localization below). These cellular effects could be

responsible, in part, for the ventro-lateral expansion

of the floor plate as visualized here in the widening of

the floor plate lumenal surface (Fig. 2C,D). Also, there is

a reduction in the number of microvilli projecting into

the central canal of the spinal cord in comparison with

the normal embryo (Fig. 2B vs. Fig. 2D).

The dorsal region of the neural tube in the normal

embryo showed that the roof plate consists of a region

two cell layers thick with fewer microvilli projections

into the central canal than in the normal floor plate

region (Fig. 2E–G). In addition, there are far fewer cell

junction complexes present (Fig. 2G). By contrast, the

RA-free embryo exhibited a much deeper cell layer

stretching 5–6 cells thick in the roof plate and the

actual shape of the roof plate lumen was significantly

constricted compared with the normal (Fig. 2H–J). This

was accompanied by an increase in cell junction com-

plexes and microvilli projections at the apical edge of

Fig. 2 Transmission electron micrographs of the normal and 
RA-free quail spinal cord at the forelimb level. (A,B) The floor 
plate region of the normal spinal cord showing numerous 
microvilli (mv) projecting into the lumen and many cell 
junctional complexes at the apical surfaces of the cells lining 
the lumen (white arrows). (C,D) The floor plate region of the 
RA-free spinal cord showing a much wider lumenal surface 
and a decrease in the number of microvilli and junctional 
complexes. (E,F,G) The roof plate region of the normal spinal 
cord, which is about two cells in height with few microvilli and 
junctional complexes at the lumenal surface. (H,I,J) The roof 
plate region of the RA-free spinal cord showing an increased 
height (arrowed line) accompanied by a very narrow lumen 
with an increased number of microvilli and junctional 
complexes present at the lumenal surfaces of the ependymal 
cells. Bars in A,C = 2 mm; bars in B,D,G,J = 500 nm; bars in 
E,H = 5 µm; bars in F,I = 1 µm.
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the neuroepithelial cells, the complete opposite of the

arrangement seen in the ventral cord.

 

Actin localization

 

Actin microfilaments in the neuroepithelia of the

developing spinal cord have been shown to play a

role in the process of neurulation (Nagele & Lee, 1980;

Schoenwolf et al. 1988; Ybot-Gonzalez & Copp, 1999)

and so it was of interest to study actin localization in the

RA-free neural tube, particularly in light of the changes

in junctional complexes noted above. Phalloidin staining

followed by confocal microscopy was used to investigate

this aspect of normal and RA-free neural tubes.

In the normal embryo phalloidin was observed at

the lumenal surface of the cells lining the neural canal

(Fig. 3A,C,E) as well as in the neuroepithelial cells in

the mantle zone of the dorsal neural tube, and less

intensely in the ventral mantle zone (Fig. 3A). In the

RA-free embryo there was a significant decrease in the

intensity of cell labelling both at the lumenal surface

and in the mantle zone (Fig. 3B,D,F), suggesting a strong

reduction in the number of actin microfilaments.

 

Proliferation and apoptosis

 

To investigate why there are fewer cells in the spinal

cord of the RA-free embryo we asked whether this

was due to a decrease in proliferation or an increase in

apoptotic cell death.

Mitotic counts were performed using anti-phospho-

H3, an antibody that recognizes phosphorylated his-

tone protein in those cells in the late G2/early mitotic

phase of cell division, on embryos in the early stages of

neural development (stages 8 and 10) when the initial

stages of dorsoventral (DV) patterning and neurulation

are occurring, and also at later stages (stages 14 and 18)

when neuronal differentiation takes place. Two embryos

at each stage and ten consecutive sections from each

embryo were counted at the level of the anterior spinal

cord.

At stage 8 dividing cells were detected in similar

numbers in the ventricular zone of the normal and RA-

free neural tubes (Figs 4A,B and 5). The same was true

at stage10 (Figs 4C,D and 5) and there was a significant

drop in proliferation between stages 8 and 10 (

 

P

 

 <

0.05). At stage 14 mitoses have started to rise again

in normal neural tubes and for the first time there was

a significant difference between normal and RA-free

embryos (

 

P

 

 < 0.005) (Fig. 5). In stage 18 normal embryos

there was a near doubling of mitoses in the ventricular

zone (Figs 4E and 5) whereas mitoses declined even

further in the RA-free embryos (Figs 4F and 5). This

indicates that the level of cell division in the RA-free

spinal cord is initially the same as normal and does not

decline until the stages of neural differentiation.

TUNEL staining was used to investigate the level of

apoptosis at stage 18 of development when prolifera-

tion is declining, using wax sections taken through the

Fig. 3 Fluorescent (red) phalloidin antibody staining in 
transverse sections at the forelimb level of normal (A,C,E) and 
RA-free (B,D,F) stage 18 quail embryos. (A,C,E) Localization of 
phalloidin to the apical domain of all the neuroepithelial cells 
lining the lumen is strongly present in the normal embryo 
(arrowheads in C) as well a staining in the mantle zone of 
the neural tube (mz in A) and focal localizations (E). (B,D,F) 
The RA-free embryo exhibits a decrease in phalloidin 
localization most visible in the apical domain of the cells 
lining the lumen (arrowheads in D) especially in the cells of the 
floor plate region (arrowheads in F). Focal localizations of 
phalloidin also stain far less intensely. Bars in A,B = 25 µm; 
bars in C–F = 10 µm.
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Fig. 4 Cell proliferation (A–F) and 
apoptosis (G,H) in the normal and 
RA-free quail embryo spinal cord. Cell 
proliferation is assessed by an anti-
phosphohistone H3 antibody, which 
marks the nuclei brown. (A,B) Sections 
of a stage 8 normal (A) and RA-free (B) 
embryo at the presumptive anterior 
spinal cord level. Equivalent levels of 
proliferation are apparent. (C,D) Sections 
of a stage 10 normal (C) and RA-free 
(D) embryo at the presumptive anterior 
spinal cord level. Equivalent levels of 
proliferation are apparent. (E,F) Sections 
of a stage 18 normal (E) and RA-free (F) 
embryo at the level of the forelimb. In 
E the proliferating cells are concentrated 
at the ventricular surface, but in F the 
numbers of proliferating cells are vastly 
reduced. (G,H) Absence of any apoptotic 
cells in a normal (G) and RA-free (H) 
stage 18 spinal cord at the forelimb 
level as assessed by TUNEL staining. 
(I) Control section of developing rat 
mammary gland run at the same time 
as G and H to show that apoptotic cells 
can readily be detected by this method 
when they are present. (J,K) Sections of 
wholemount neurofilament stained 
stage 18 embryos. The normal embryo 
(J) shows strong staining in the mantle 
zone and in the motor neurons (mn). 
The RA-free embryo (K) shows a decrease 
in staining with no real mantle zone, 
fewer motor neurons and completely 
chaotic axonal projections. Some motor 
neurons seem to be displaced into the 
floor plate with axons growing towards 
the lumen rather than out into the 
periphery (red arrow) and other axons 
wander dorsally (black arrowheads).

Fig. 5 Graph showing cell proliferation counts (% mitoses) 
in the normal (blue bars) and RA-free neural tube (red bars) 
at four stages of development. Ten counts were taken 
from duplicate embryos at each stage. Error bars represent 
± standard error of the means. Significant differences in 
proliferation between normal and RA-free neural tubes begin 
at stage 14 (**P < 0.005 in comparison with normal at the 
same stage) and increase greatly at stage 18 (***P < 0.0001 
in comparison with normal at the same stage).
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forelimb level of the spinal cord. Cell counts of apop-

totic cells were based on the analysis of ten consecutive

sections in five normal and five RA-free embryos. In

the normal embryo a very low level of apoptosis was

observed (Fig. 4G) with a total of eight apoptotic cells.

Similarly in the RA-free embryos a total of only ten

apoptotic cells were detected (Fig. 4H). Control slides

of developing rat mammary gland confirmed that apop-

tosis could be detected by this method (Fig. 4I). Thus it

seems that the decrease in cell number in the RA-free

neural tube is due to a decrease in proliferation, not an

increase in apoptosis.

 

Neuronal differentiation

 

Finally we investigated whether the decline in cell

number in the neural tube led to a decline in the

number of differentiating cells using neurofilament

staining. At stage 18 neurofilament immunoreactivity

was observed in the mantle zone containing post-

mitotic neuronal cells and in the axons of the motor

neurons and dorsal root ganglia (Fig. 4J). Neurofila-

ment staining in the RA-free embryo reveals a major

disorganization in the neuronal arrangement in the

spinal cord. The axonal growth and direction of the

majority of neuronal groups from the mantle zone

exhibit irregular axonal projections (Fig. 4K, black

arrowheads), including motorneurons (MNs) that

show decreased projection from the ventral spinal cord

into the mesenchymal periphery and instead appear to

be growing medially towards the central canal (Fig. 4K,

red arrow). There is also some cell displacement such

as motoneurons in the floor plate region (Fig. 4K, red

arrow). The RA-free embryos also display a decrease in

the overall number of differentiating neurons in the

interneuronal regions of both the dorsal and the ventral

mantle zone. These results suggest that neurons are still

able to differentiate in the RA-free spinal cord, but that

this process occurs at greatly reduced levels, and that the

arrangement and projections of differentiated neurons

becomes highly disrupted in the absence of RA.

 

Discussion

 

The results described above suggest that in the absence

of RA several aspects of the morphological organiza-

tion and cellular behaviour of the developing spinal

cord are affected. Firstly, the morphological appear-

ance of the RA-free spinal cord is abnormal in terms of

its general shape, the shape of the lumen and in the

spatial arrangement of the cell populations of the floor

plate and the roof plate. Secondly, there is an altera-

tion in the arrangement of cell junctional complexes of

the cells lining the lumen, particularly in the floor plate

and roof plate regions, and phalloidin demonstrated

a decrease in the localization of actin microfilaments

in these cells. Thirdly, levels of cell proliferation in the

early RA-free embryo are normal, but have dramati-

cally decreased by stage 18, whereas apoptotic cell

death as detected through TUNEL staining was not

altered. Finally, detection of differentiated neurons

using a neurofilament antibody showed that there is

a general decrease in the number of differentiated

neurons as well as disrupted and irregular projection of

axons. These alterations are associated with an abnor-

mal notochord that becomes zig-zagged in the absence

of RA. Surprisingly, what is not altered in the RA-free

embryo is closure of the neural tube as there was no

spina bifida or exencephaly.

 

Neurulation and the median hinge point

 

A major step in neurulation is the formation of the

median hinge point (MHP), which is initiated through

furrowing along the central neural groove in the neu-

ral plate. Furrowing in the MHP is driven by changes in

the ventral neuroepithelial cells whereby they become

wedge shaped (Schoenwolf & Franks, 1984; Schoenwolf,

1985; Smith et al. 1994) and an inductive signal coming

from the underlying notochord whose cells share a

common lineage with the floor plate cells (van Straaten

et al. 1988; Smith & Schoenwolf, 1989; Placzek et al.

1990; Ybot-Gonzalez & Copp, 1999; Colas & Schoenwolf,

2001; Ybot-Gonzalez et al. 2002). However, the molec-

ular nature of this interaction remains unclear, with

recent studies showing that the signalling molecule

 

Shh

 

, which is expressed in the notochord and cells of

the floor plate, is neither necessary nor sufficient for

the induction of midline bending in mouse (Ybot-

Gonzalez et al. 2002). Thus the formation of the MHP

is likely to be regulated by another notochordal factor.

However, embryos in which floor plate development

has been suppressed as a result of notochord suppres-

sion (Smith & Schoenwolf, 1989; Davidson et al. 1999)

or which do not have a floor plate owing to gene

knockouts including null mutants for 

 

HNF3-

 

β

 

 and 

 

Shh

 

(Ang & Rossant, 1994; Weinstein et al. 1994; Chiang

et al. 1996) do not exhibit spinal neural tube tube
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closure defects. These findings suggest the existence of

a ‘default mechanism’ of neurulation that ensures

successful neural tube closure even in the absence of

a notochord and MHP (Ybot-Gonzalez et al. 2002). So

perhaps it is to be expected that the abnormally shaped

notochord seen here in RA-free embryos had no effect

on neural tube closure.

However, the induction and shaping of the MHP cells

and the bending and closure of the neural groove do

ultimately affect the cross-sectional shape of the neural

tube and its contained lumen (Colas & Schoenwolf,

2001). Thus in the RA-free spinal cord the broadened

ventral lumenal space and wider floor plate region

observed may be due to an increase in the production

of floor plate cells. Indeed, in other experiments (Wilson

et al. 2003) we have observed an increase in the exp-

ression of 

 

Shh

 

 in the RA-free neural tube, suggesting

a potential over-production of floor plate cells. Alter-

natively, a wider floor plate could be achieved by a

decrease in the presence of actin microfilaments re-

sulting in a larger apical cell surface, as was indeed

observed in the RA-free embryos using phalloidin stain-

ing. This suggests a causal relationship between actin

apical constriction and the shaping and folding of neu-

ral cells. In support of this, recent studies have shown

that actin is involved in the formation of the MHP, the

adhesion of the dorsal neural folds and the shape of

the lumen, because cytochalasin-D adminstration disturbs

these processes (van Straaten et al. 2002). Thus lack of

RA could result in a decreased synthesis of actin within

cells, which could cause the observed structural changes.

 

Proliferation and differentiation

 

It was clear that in the RA-free neural tube the rate

of proliferation was equivalent to normal during the

early specification phase, but subsequently, betweeen

stages 14 and 18, proliferation declined dramatically. A

very low level of apoptosis was present in both normal

and RA-free embryos and therefore proliferation

rather than an increase in apoptosis was responsible

for the decline in cell number. This absence of apopto-

sis in the neural tube contrasts with other areas of the

RA-free embryos that exhibit dramatic levevls of apop-

tosis such as the lateral halves of the somites (Maden

et al. 2000). The result of a decreased cell number in

the spinal cord was that the neat radial distribution of

cells into ventricular and mantle layers, as seen in the

normal embryo, was untidy and jumbled in the RA-

free cord and was interspersed by large intercellular

gaps. This observation confirms previous studies in rat

embryos that were deprived of retinoids by dietary

means during a selected gestational window and then

developed several CNS defects including reduced

proliferation and differentiating neuronal population

size, an underdeveloped hindbrain, and a neural tube

that was reduced in size and cellularity (Dickman

et al. 1997).

RA has a positive effect on cell proliferation in many

types of cultured cells so we might expect that the

lack of RA would result in decreased proliferation.

Certainly, RA increases the expression of several cyclins

(e.g. Crowe et al. 2003), but another possible mode of

action in the neural tube is via the Wnts. Two proposed

effectors of mitosis in the developing spinal cord are

WNT1 and WNT3a proteins (Megason & McMahon,

2002) that are co-expressed at the dorsal midline of

the developing neural tube (Hollyday et al. 1995). WNT1

and 3a are believed to function in a mitogen gradient

fashion to organize cell growth and differentiation

in the dorsal spinal cord as well as patterning some

of the cell types in the dorsal neural tube (Megason

& McMahon, 2002; Muroyama et al. 2002). In other

experiments (Wilson et al. unpubl. obs.) we have shown

that there is a decrease in the dorsal expression of

these genes in the RA-free neural tube. This could lead

to a decrease in the mitogenic effect of the Wnts in

the spinal cord resulting in a decrease in cell number.

The use of neurofilament antibody staining in the

spinal cord showed that neurons do differentiate in

the neural tube, but that there is a drastic decrease in

the numbers of differentiated neurons in the mantle

zone. This accords with the well-established role of RA

in promoting neuronal differentiation both 

 

in vitro

 

(Maden, 2001) and 

 

in vivo

 

 (Franco et al. 1999; Sharpe &

Goldstone, 2000a,b). Additionally, the few neurons that

do express neurofilament proteins within the spinal

cord have chaotic and highly abnormal trajectories.

Perhaps RA also serves to guide axons by chemotaxis

(Maden et al. 1998a) or RA could be involved in the

control of expression of chemotactic or chemorepulsive

molecules expressed within the neural tube such as

netrin or the sempahorins.

 

The notochord: a primary role in these defects?

 

It is noteworthy that all of the alterations seen in

the neural tube: widened floor plate, change in cell
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shape, decreased proliferation, fewer neurons, decreased

motoneuron differentiation and lack of correct axon

guidance, are all functions of the action of the noto-

chord on the neural tube. Thus the notochord induces

the wedge shape of the MHP cells (van Straaten et al.

1985; Smith & Schoenwolf, 1989), it induces prolifera-

tion of the neural tube (van Straaten et al. 1989;

van Straaten & Hekking, 1991; Placzek et al. 1993) and

notochordless embryos have smaller neural tubes, it

induces motoneuron differentiation via the produc-

tion of Sonic hedgehog (Ericson et al. 1997) and the

induced floor plate directs the trajectories of commis-

sural and motor axons via the secretion of netrin-1

(Colamarino & Tessier-Lavigne, 1995).

Thus deficient signalling from the notochord could

have generated the observed RA-free phenotypes and

the notochord was structurally abnormal in that it took

on a zig-zagged shape (Fig. 1C). The classical molecule

with which the notochord is said to perform these

functions is Sonic hedgehog. But in other experiments

(Wilson et al. unpubl. obs.) we have observed not a

decrease but an increase in 

 

Shh

 

 expression in the RA-

free neural tube. This rather paradoxical result implies

either that there is another completely different induc-

ing molecule originating in the notochord or that the

increased expression of 

 

Shh

 

 leads to a down-regulation

of 

 

Shh

 

 target genes perhaps via the transcriptional

repressor 

 

Gli3

 

 (Wang et al. 2000). These interesting

possibilities centred on the notochord will have to be

answered in future experimentation on this valuable

model system.
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