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Summary

The early development of interneurons in the chick
embryo spinal cord was studied using a monoclonal
antibody against a neuron-specific /J-tubulin isoform.
Early developing interneurons were divided into two cell
groups on the basis of their location and the pattern of
growth of their axons. One group is composed of cells
that establish a primitive longitudinal pathway (PL-
cells), whereas the other group contains cells constitut-
ing a circumferential pathway (C-cells). The onset of
axonal development in both cell groups occurs at stage
(st.) 15 (embryonic day, (E), 2) in the brachial segments,
which is prior to axonogenesis of motoneurons. PL-cells
develop in the region between the floor plate and the
motoneuron nucleus. Their axons are the first neuronal
processes ('pioneer axons') to arrive in the ventrolateral
marginal zone and they project both rostrally and
caudally to establish a primitive longitudinal association
pathway at the ventrolateral surface of the neural tube.
This pathway is formed before axons of C-cells arrive in
the ventrolateral region. The first C-cells are initially
located in the most dorsal portion of the neural tube,
whereas later appearing C-cells are also located in both
intermediate and ventral regions of the neural tube. The
axons of C-cells project ventrally, without fasciculating,

along the lateral border of the neural tube. Some of their
axons enter the ipsilateral ventrolateral longitudinal
pathway at st. 17. We often observed apparent contacts
and interactions between preexisting axons of PL-cells
and newly arriving axons of C-cells. The axons of
commissural C-cells first enter the floor plate at st. 17
and cross the midline at st. 18. Axons of C cells begin to
join the contralateral ventrolateral longitudinal pathway
at st. 18+ to st. 19. In the floor plate region, contacts
between growth cones and axons were often observed.
However, axons in the floor plate at these stages were not
fasciculated.

These observations establish the timing and pattern of
growth of axons from two specific populations of early
developing interneurons in the chick spinal cord. Ad-
ditionally, we have identified an early and apparently
previously undescribed 'pioneer' pathway that consti-
tutes the first longitudinal pathway in the chick spinal
cord.

Key words: ontogeny, immunocytochemistry, process
outgrowth, pathway formation, axonal growth pattern,
propriospinal, spinal cord, avian.

Introduction

Previous studies, including two reports from our labora-
tory, have shown that intersegmental projection neur-
ons constitute one of the earliest developing pathways
in the chick spinal cord (Ram6n y Cajal, 1929; Windle
and Orr, 1934; Hollyday and Hamburger, 1977; Holley,
1982; Okado and Oppenheim, 1985; Holley and Silver,
1987; Holley, 1987; Oppenheim etal. 1988). The cells of
origin of these intersegmental neurons are located in
the lateral margin of the neural tube and their axons

project ventrally forming the circumferential pathway.
In the ipsilateral ventrolateral region of the neural tube,
some of these fibers change their direction of growth
from circumferential to longitudinal, whereas others
first cross the midline (commissural) and then also
change the direction of growth from circumferential to
longitudinal. The formation of this early longitudinal
pathway occurs prior to that of the descending supraspi-
nal system (Okado and Oppenheim, 1985; Oppenheim
et al. 1988). Considering the easy accessibility of the
chick spinal cord for experimental analysis, we believe
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that this relatively simple interneuronal system provides
an excellent model for the experimental analysis of
axonal guidance mechanisms in the central nervous
system of higher vertebrates.

Recently, Holley and Silver (1987), and Holly (1987)
have examined the detailed projection pattern of axons
of the C-cell system in the brachial segments of the
chick embryo at stages 16, 17 (E 2.5) and 19 (E 3-3.5)
using electron microscopy. They found that axons of the
circumferential pathway grow ventrally in a non-fasci-
culative fashion along the lateral margin of the neural
tube. They also reported the presence of unidentified
longitudinal fibers in the vicinity of the ventral root at
stage 17 (Holley and Silver, 1987). However, they
neither examined stages prior to stage 16, nor did they
study axonal projections in the ventral region of the
neural tube. Accordingly, one of the major goals of the
present study was to examine the origin of these early
longitudinal fibers. A related goal was to determine the
spatial-temporal relationship between this early path-
way and axons arising from cells of the circumferential
pathway. For this purpose, we utilized a monospecific
antibody against a neuron-specific /3-tubulin isoform,
c/34 (Frankfurter et al. 1986fl,6; Sullivan et al. 1986; Lee
et al. 1987) with whole mount preparations of the chick
spinal cord. It is known that this antibody can label
neuronal cells during or immediately after the final cell
division (Moody et al. 1989).

Materials and methods

Fertilized eggs were obtained from Hubbard farm (States-
ville, NC). The primary monoclonal antibody (TuJl) was a
generous gift from Dr A. Frankfurter at University of Virginia
(Charlottesville, Virginia). Biotinylated secondary antibody
and avidin-biotin-horseradish peroxidase complex were ob-
tained from Vector.

The eggs were incubated in the laboratory (38°C, 60%
humidity) until they reached the desired stage (stage 13-22).
Embryos were removed from the shell, placed in a Petri dish
containing phosphate-buffered saline (PBS) and carefullly
staged through a dissecting microscope using the Hamburger-
Hamilton (1951) morphological stage series. Following
staging, whole embryos were placed in fixative (4% parafor-
maldehyde in 0.1 M phosphate buffer). In older embryos, the
roof plate was opened to facilitate the penetration of anti-
bodies. Two to five hours later, the neural tube was removed
and placed in PBS. In some cases (stages 17-22), prior to
fixation, the neural tube was removed, opened like a 'book'
by cutting the roof plate and placed with fixative between two
glass slides. Following thorough washing with PBS, the
primary antibody (TuJl) was applied at a dilution of 1:100 for
18 to 36 h in the refrigerator (4°C). After washing with PBS,
the neural tube was immersed in biotinylated anti-mouse IgG
antibody diluted at 1:200 for 3h at room temperature.
Solutions of primary and secondary antibodies contained
0.1 % triton-XlOO. The avidin-biotin-horseradish peroxidase
complex was applied for 1-2 h. The neural tube was processed
for peroxidase histochemistry using diaminobenzidine
(Sigma) as the chromogen. The 'opened' neural tube prep-
arations were either dehydrated through a graded ethanol
series and mounted with Entellan (Merck) or directly
mounted with glycerol-gelatin (Sigma). In other whole mount

neural tube preparations, the specimens were mounted with
glycerin between two glass slides, observed and photo-
graphed. Following photography, these preparations were
then dehydrated and embedded in epoxy resin. Twenty to
30 /im thick plastic sections were cut either horizontally,
sagittally or transversally using a rotary microtome with a
steel knife (Tosney and Landmesser, 1986). The sections were
coversliped with Entellan. Because of the thickness of both
sections and whole mount preparations, in many cases photo-
graphs were taken at several different focal planes and
photomontages were made.

Results

Although observations were made from brachial, tho-
racic and lumber segments of the neural tube, for
convenience of presentation we will focus primarily on
the brachial cord. Other regions were identical to the
brachial in the pattern of growth of both PL- and
C-cells; only the timing was different. A rostral-caudal
gradient of development was found in that the develop-
ment of the brachial segments of neural tube, for
example, occurred 6-8 h earlier than that of the lumbar
segments. Even within the same region of neural tube
(e.g. lumbar) a rostro-caudal gradient of development
was observed.

The first /3-tubulin immuno-positive cells were
detected at stage (st.) 14 in brachial segments and at st.
16 in lumbar segments. Two different cell groups were
identified based on their location in the neural tube and
the direction of axonal growth at later stages. Cells of
the first group (the primitive longitudinal pathway: PL-
cells) were located adjacent to the floor plate. They
were radially oriented, bipolar immature neurons that
made contact with the ventricular lumen by their
internal processes (Fig. 1A). Cells of the other group
(the circumferential pathway: C-cells) were located in
the most dorsal region of the neural tube. They were
also radially oriented, bipolar immature neurons
(Fig. IB).

At the subsequent stages (st. 15 in the brachial and st.
17 in the lumbar segments), many primitive neurons at
various stages of development were seen in the ventral
region (Fig. 2). The cells were transformed from primi-
tive bipolar neurons to monopolar neurons by losing
their internal (medial) processes and by extension of
axons from their distal (lateral) side. Most of the cell
bodies of this group had migrated laterally to the
ventrolateral region of the neural tube by the end of this
stage. Their axons grew either rostrally or caudally in
the ventrolateral region of the neural tube (Fig. 2B, D,
E). Axons arising from cells that had not yet migrated
to the ventrolateral region grew laterally at first then
turned caudally or rostrally (Fig. 2A). Large, apparent
lamellipodial type growth cones were observed that
were flattened or extended mediolaterally (Fig. 2A,B,
C). However, because immunocytochemical labelling
of axons with /3-tubulin may not visualize either filo-
podia or peripheral portions of growth cones (Forscher
and Smith, 1988), the actual size of the growth cones
may be even larger than they appear in these prep-
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Fig. 1. Photographs of transverse sections of brachial neural tube of a st. 14 embryo. Note the presence of /3-tubulin-positive
cells (arrows) in the ventral (A) and dorsal regions (B). nc, notochord. Scale bar=20^m for A and B.

arations. In the dorsal region, it was also found that the
C-cells began to lose their internal process and to
extend axons ventrally along the lateral surface of the
neural tube (Fig. 2E).

Fig. 3 shows the pattern of axonal growth along the
lateral surface of the brachial neural tube at st. 16.
Axons of the two neuronal groups, C-cells and PL-cells,
grew ventrally and longitudinally, respectively, and
their lengths were almost identical. It was often ob-
served that axons of PL-cells grew first in one direction
for a short distance, but then made a U-turn and grew in
a different direction (Fig. 3 inset). To determine
whether or not there is a preferential direction (rostral
vs caudal) for axonal growth of this cell group, the
number of axons growing rostrally and caudally were
counted in the brachial (st. 16, 4 cases) and lumbar (st.
18, 4 cases) segments. This analysis revealed that there
was no significant directional preference in the brachial
region (45:45) but that there was a small but significant
preference for rostrally directed growth in the lumbar
region (78:50, P<0.05 Chi-square). At this same stage,
the axons of the /3-tubulin-positive cells constituting the
circumferential pathway first began to appear in the
intermediate and ventral regions along the lateral
surface of the neural tube. Their axons also grew
ventrally and by the end of this stage some of them had
arrived at the region where the axons of PL-cells were

located. Presumptive motor neurons also began to
express /J-tubulin immuno-positivity at this stage. They
appeared as radially oriented bipolar young neurons or
spindle-shaped unipolar neurons and were located dor-
sally to the PL-cells. Later in this stage, some axons
from the motoneurons began to project out of the
neural tube (Fig. 3 arrows).

At st. 17 in the brachial segments and st. 19 in the
lumbar segments, the number of cells contributing to
the circumferential pathway increased, but the axons
continued to be non-fasciculated (Fig. 4A). Some axons
of this group had already made a right-angle turn to
enter the ventrolateral longitudinal pathway
(Fig. 4A-D), whereas others grew beyond this longi-
tudinal pathway and entered the floor plate (Fig. 4A).
However, only a few fibers crossed the midline at this
time. We often observed axons of the circumferential
pathway fasciculating or becoming closely associating
with pre-existing longitudinal fibers (Fig. 4B,C). How-
ever, we have also observed that the axons of the
circumferential pathway seem to be able to enter the
longitudinal pathway without contacting axons of PL-
cells (Fig. 4D). At this stage, the ventrolateral longi-
tudinal pathway consists of axons arising from both PL-
and C-cells. The axons in his pathway are partially
fasciculated and are mainly located ventral to the outlet
of motor neuron axons (Fig. 4A).
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Fig. 2. Photographs and photomontages of young neurons observed in horizontal sections through the ventral portion of
lumbar neural tube of st. 17 embryos (A-D) and in a whole mount preparation of brachial neural tube of a st. 15 embryo
(E). The midline is indicated by large arrowheads (A-D). Rostral is towards the top in A-D and towards the left in E.
Scale bar=20//m in A-E. (A) Bipolar primitive neuron (upper) and monopolar neuron (lower) of PL-cells. Note that the
cell body of the monopolar neuron is still located close to the midline. The axon of this cell grows laterally then turns
caudally. A large growth cone is seen at the tip of the axon (arrow). (B) A monopolar neuron (upper) and a migrating
primitive neuron (lower) of PL-cells. The cell body of the monopolar neuron has already migrated to the ventrolateral
region of the neural tube. The axon with the large growth cone (arrow) is growing caudally. The migrating neuron has a
large process on the distal side (arrowheads). A meshwork of microtubules can be seen in the process. (C) A presumptive
monopolar PL-neuron. (D) A monopolar PL-neuron beginning to extend an axon rostrally. (E) A monopolar C-neuron
(upper) extending an axon ventrally along the lateral surface of the neural tube and a monopolar PL-neuron (lower)
extending an axon rostrally. Dorsal is to the top. nc, notochord.

Fig. 5 shows the projection pattern of axons of the
commissural neurons in the ventral region of the
brachial neural tube, including the floor plate region, at
st. 18 to st. 21 (E3-3.5). The numbers of axons traveling
in both this region and in the ventral funiculus increased
rapidly during these stages. The axons first cross the
midline at st. 18 and arrive at the contralateral ventro-
lateral longitudinal fascicules at late st. 18 to st. 19
(Fig. 5A,B). The majority of axons advanced across the
floor plate by a relatively straight growth pattern with
only slight sinuous growth and upon arriving at the
contralateral ventrolateral longitudinal pathway, they
projected either rostrally or caudally following right-
angle or more gradual turns (Fig. 5C,D). However, we
have also often observed some axons that advanced
obliquely in the floor plate or that made turns before

reaching the ventrolateral longitudinal pathway and
then grew in parallel with it for a short distance
(Fig. 5A, B). Most of the growth cones of the first axons
entering the floor plate region grew without contacting
other axons or growth cones (Fig. 5A). As the number
of axons crossing the floor plate region increased, we
often observed that later arriving growth cones made
contact with other growth cones or with other axons
that were growing either in the same direction or in the
opposite direction (Fig. 5B). However, in spite of these
contacts, the axons did not appear to fasciculate with
each other over long distances. We have also sometimes
observed regions in the ventral commissure containing
greater numbers of axons separated by regions with
fewer axons at st. 19 to st. 20 (Fig. 5B, C). At later
stages these apparent groupings of axons were obscured
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Fig. 3. Photomontage of a whole mount preparation of
brachial neural tube of a stage 16 embryo showing the
growth pattern of axons of both C-cells and PL-cells. Right
side is ventral and top is rostral. Scale bar= 100 j/m.
Arrowheads indicate cells of the circumferential pathway
that are located in the intermediate and ventral regions
along the lateral margin of the neural tube. Arrows indicate
the axons of motoneuron that project out of the neural tube
via ventral roots. Asterisks indicate cells of the
circumferential pathway located in dorsal regions of the
neural tube. Inset shows an axon in a different embryo that
makes a U-turn (arrowheads), nc, notochord.

by the greatly increased numbers of later growing fibers
(Fig.5D).

Longitudinal fibers were first observed in the dorsal
funiculus at st. 20. Fibers in the lateral funiculus were
not found until close to the end of the observation
period (st. 21-22 in the brachial segments, not shown).

Discussion

In the present study, we have utilized immunocyto-
chemical labelling of neurons and axons with a mono-
clonal antibody against a /3-tubulin isoform, c/34, which
is neuron specific in the chick (Frankfurter et al.
I986a,b; Sullivan etal. 1986; Lee et al. 1987), in order to
examine the early development of spinal cord inter-
neurons in the chick embryo. It was shown previously
that the /5-tubulin antigen recognized by this antibody in
both the central and peripheral nervous system appears
either during or shortly after the terminal mitotic
division (Moody et al. 1989). In the present study, we
have been able to detect neuronal cells with this
antibody beginning at very early stages (Figs 1, 2),
thereby further demonstrating the usefulness of this
probe for studying the early development of neuronal
cells and their processes. Furthermore, by using a
whole mount preparation of the neural tube, we were
able to obtain much more comprehensive and detailed
information about the temporal-spatial relationships
between axons of specific groups of developing neur-
ons. One possible technical limitation of this approach
is that we cannot exclude the possibility that there are
some neuronal cells that begin to differentiate as
neurons but do not exhibit c/34. However, we would
argue that based on the following four lines of evidence
this is rather unlikely. (1) c/34 expression appears to be
involved in early steps of neuronal differentiation that
are shared by divergent neuronal systems. For instance,
the early expression of c/34 has been used as a marker
for the initial development of trigeminal motor neurons
and trigeminal ganglion neurons which are derived
from different sources, placodes and neural crest
(Moody et al. 1989). (2) The initiation of axonal growth
observed by us with c/34 is supported by results obtained
from conventional electron microscopy using serial thin
sectioning (Holley, 1987). (3) The location of e x -
positive cells at st. 16 is consistent with the location of
the earliest post-mitotic cells as revealed by tritiated
thymidine autoradiography (Langman and Haden,
1970). (4) We have observed that double staining with
c/34 and another neuronal marker, Ng-CAM, indicates
that Ng-CAM-positive neuronal cells are always c/34
positive, whereas c/34-positive cells are sometimes Ng-
CAM negative at the earliest stages of differentiation
(Shiga et al. in submission). Although none of these
arguments taken separately are compelling, together
they support our contention that c/34 is a reliable
marker for virtually all early differentiating central and
peripheral neurons in the chick embryo. Another tech-
nical limitation is that this antibody probably does not
visualize the most peripheral portions, including the
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Fig. 4. Photographs and photomontages of whole mount preparations of brachial neural tubes of stage 17 embryos. Scale
bars are 100/<m for A and 20,«m for B-D. (A) Lower magnification photograph of an "opened' whole mount preparation
showing the growth pattern of axons of both C-cells and PL-cells. The whole dorsoventral extent of the right side, the floor
plate region and the ventral portion of the left side can be seen. The midline is indicated by a dashed line. Rostral is to the
top. Arrows indicate an axon from a C-cell passing beyond the ventrolateral longitudinal pathway into the floor plate.
Arrowheads indicate PL-cells. (B-D) Higher magnification photographs showing the relationship between axons of C-cells
and axons of PL-cells. Arrowheads indicate the axons of C-cells that are turning and entering the ventrolateral longitudinal
pathway. Arrows indicate the axons of PL-cells.

filopodia of growth cones, regions that are known to
contain little if any tubulin molecules (Forscher and
Smith, 1988). This limitation prevents us from deter-
mining more precisely the relationship between the
growth cone and surrounding structures. However,
ultrastructural studies currently in progress are provid-
ing more detailed information on growth cone interac-
tion in this system.

Time schedule of early development of interneurons in
the spinal cord
Fig. 6 provides a summary of the events of early
development of spinal interneurons revealed by this

study. Pathway formation in brachial segments pre-
cedes that of the lumbar segments by 6 to 8h (also see
Holley, 1982). This difference coincides with the
reported differences in the birth dates of motoneurons
in these regions as revealed by tritiated thymidine
autoradiography (Hollyday and Hamburger, 1977). For
convenience, the discussion below will focus only on
events in the brachial segments.

We have demonstrated here that the earliest e x -
positive cells are formed in the ventral and dorsal
portions of the neural tube as early as st. 14 (Figs 1, 6A)
and that these were primarily composed of radially
oriented primitive neurons. At the next stage, these
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Fig. 5. Photomontages of ventral aspects of whole mount preparations of brachial neural tubes of stage 18 (A), stage 19-
(B), stage 20- (C) and stage 21- (D) embryos. Lateral borders of the floor plate are indicated by dashed lines, vf, ventral
funiculus. vr, ventral root. Scale bar= 50jun for A-D. Arrows in A and B indicate axons which grow obliquely or turn
longitudinally before they arrive at the contralateral ventrolateral marginal zone. Arrowheads in B indicate apparent contact
between growth cones or growth cones and other axons. Note that there are loose groupings of axons at st. 19 and 20 (B and
C) with regions containing greater numbers of axons separated by regions with fewer axons (asterisks). Double arrowheads
in C and D indicate artifactual wrinkles in the preparations.
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Fig. 6. Schematic diagrams summarizing the development of the circumferential and longitudinal pathways in the chick
brachial neural tube. Development of motoneurons is omitted but the level of the ventral root is indicated by arrows. The
midline is indicated by the broken lines. Ventral is to the left. Cells of the primitive longitudinal pathway are cross-hatched.

cells migrate laterally losing their contact with the
lumen of the ventricle and begin to extend axons
(Figs 2, 6B). The axons of the cells in the dorsal region
(C-cells) grow ventrally along the lateral surface of the
neural tube to form the circumferential pathway. By
contrast, the axons of the cells in the ventral region (PL-
cells) grow laterally then project rostrally or caudally,
forming the primitive longitudinal pathway in the ven-
trolateral region of the neural tube. This pathway
begins to form prior to the arrival of axons in the
circumferential pathway (Figs 2, 6B). At the next stage
(st. 16), additional cells of the circumferential pathway,
located in the intermediate and ventral portion of the

lateral margin of the neural tube, begin to extend axons
(Figs 3, 6C). Motor neurons also begin to express a e x -
positive reaction at this stage. Later in this stage, some
axons of the C-cells (mainly axons originating from
those cells in the intermediate or ventrolateral margin
of the neural tube) arrive at the ventrolateral region of
the neural tube where the primitive longitudinal path-
way has formed. At the same time, axons of some
motoneurons begin to grow out of the neural tube
(Fig. 3). At stage 17, some axons of C-cells begin to
turn to join the ipsilateral ventrolateral longitudinal
pathway, whereas others first begin to enter the floor
plate (Figs4A, 6D). These latter fibers cross the
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midline at st. 18 and begin to enter the contralateral
ventrolateral longitudinal pathway at late st. 18 to st. 19
(Figs 5, 6E,F).

The circumferential pathway
The development of circumferential pathway neurons
in the spinal cord has been described in several previous
studies in the rat (Windle and Baxter, 1936), mouse
(Holley, 1982; Wentworth, 1984), cat (Windle, 1931),
human (Windle and Fitzgerald, 1937), sheep (Barron,
1944), and chick (Ram6n y Cajal, 1929; Windle and
Orr, 1934; Holley, 1982; Holley and Silver, 1987;
Holley, 1987). According to the recent detailed studies
by Holley and Silver (1987), and Holley (1987) on the
chick, the cells of origin of this pathway are distributed
along the lateral surface of both the dorsal and ventral
portions of the neural tube. The axons of these cells
were reported to grow ventrally in a non-fasciculated
fashion. Our results are in general agreement with
those of Holley and Silver (1987) and Holley (1987).
However, by observing earlier stages and by using the
/3-tubulin antibody, we have been able to more clearly
establish the time of onset and the pattern of projection
in this pathway.

Using tritiated thymidine autoradiography, Hollyday
and Hamburger (1977) demonstrated that there are
some neurons that are born earlier than motoneurons
and that are located in several different regions of the
gray matter of the spinal cord at later stages. They
concluded that the cells located at the base of the dorsal
horn and at the lateral margin of the gray matter are the
same neurons that were first described by Ram6n y
Cajal (1929) in the chick embryo and which are the first
postmitotic neurons in the spinal cord. Our data pro-
vide additional support for the identity of these early
developing interneurons.

The primitive longitudinal pathway
One of the most interesting observations of this study is
our discovery of another early developing interneuron
system, i.e. the primitive longitudinal pathway (PL-
cells). As far as we know, this system has not been
described previously either in the chick or in mammals.
The reason for this oversight may be attributed to the
location and small number of cells involved in this
pathway. Because in the ventrolateral region of the
neural tube the development of large numbers of
motoneurons begins only slightly later than the cells of
this primitive longitudinal pathway, the cells of this
system may have been included as motoneurons in
observations made from transverse sections of the
neural tube. Indeed, we initially had some difficulty in
distinguishing these cells from motoneurons in trans-
verse sections. However, they can be easily dis-
tinguished from motoneurons by their orientation and
by the direction of axonal growth when observed in
whole mount preparations or in horizontal sections
(Figs 2, 3).

Another reason why this system has not been de-
scribed in the mammals may be owing to species
differences between birds and mammals. It has been

pointed out previously that there are, in fact, differ-
ences in the development of spinal pathways between
mammals and birds (Windle and Orr, 1934; Windle and
Baxter, 1936; Windle and Austin, 1936). Perhaps this
pathway is not present in mammals.

Early developing longitudinal pathway systems have
also been described in the spinal cord of frogs (Roberts
and Clarke, 1982; Nordlander, 1984, 1989; Jacobson
and Huang, 1985) and fish (Kuwada, 1986). Roberts
and Clarke (1982) categorized spinal neurons of Xeno-
pus laevis into nine groups based on their location,
laterality and direction of axonal projections, and
physiological function. They identified four groups that
form longitudinal pathways: Rohon-Beard interneur-
ons, descending interneurons, ascending interneurons
and dorsolateral ascending neurons. Similar early path-
ways have been described in fish (Kuwada, 1986). The
pathways described by us in the chick probably corre-
spond to one or more of the early pathways described in
fish and frogs.

As noted above, Holley and Silver (1987) reported
the presence of longitudinal axons at the level of the
ventral rootlet of the brachial spinal cord in st. 17 chick
embryos, although they were unable to identify the cells
of origin. According to our results, at st. 17 a few axons
of the circumferential pathway have already joined the
primitive ventrolateral longitudinal pathway. There-
fore, the axons observed by Holley and Silver could
belong to either the primitive longitudinal pathway or
to the circumferential pathway.

Identification of the cells of origin of the primitive
longitudinal pathway in later stages is not yet clear. In a
previous study, we categorized intersegmental projec-
tion neurons into five groups according to their lo-
cation, morphology and projections (Oppenheim et al.
1988). Judging from their location in relation to moto-
neurons, the cell groups previously designated as ven-
tral-medial or ventral horn intersegmental neurons are
the most likely candidates for the cells of origin of the
primitive longitudinal pathway at later stages. This
suggestion is supported by the observation that there
are interneurons with early birthdates in these regions
(Hollyday and Hamburger, 1977). Although these cells
are known to have primarily commissural axons with
some ipsilateral collateral branches (Hollyday and
Hamburger, 1977; Oppenheim et al. 1988), the possi-
bility that there are also some cells with only ipsilateral
projecting axons in this region seems likely. Ram6n y
Cajal (1929) described similar large cells with axons,
which enter the ipsilateral ventral marginal zones in the
ventral horn in a E7 chick embryo. Therefore, we
consider it likely that some of the cells in the ventral-
medial or ventral horn intersegmental populations are
the cells whose axons constitute the longitudinal path-
way. Alternatively, the cells of this system may develop
commissural collateral branches at later stages. It is also
possible that cell death occurs in this system at later
stages. Recently, transient projections of pioneer neur-
ons have been reported in the vertebrate (McConnell et
al. 1989), and invertebrate nervous system (Bate et al.
1981; Goodman et al. 1981; Loer et al. 1983; Stewart et
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al. 1987; Klose and Bentley, 1989). These pioneer
neurons have been observed to die or lose their initial
projection after the adult patterns of axonal projections
are established. We are currently examining the chick
spinal cord at later stages (st. 20-25) in an attempt to
identify dying cells in the ventrolateral region of the
spinal cord that may be the cells of origin of the early
longitudinal pathway. Although we have found some
dying cells in this region at st. 20 (Homma and
Oppenheim, unpublished observation), the identifi-
cation of these as the cells of the primitive longitudinal
pathway has not yet been firmly established.

Projection pattern of axons and mechanisms of axonal
guidance
The two early developing interneuron systems de-
scribed here appear to be 'pioneer neurons', in that
their axons delineate the first pathways taken by other
later developing axonal systems. Accordingly, it will be
of considerable interest to examine the mechanisms
that guide these axons along stereotyped pathways to
their targets and to determine the role these axons may
play in the guidance of axons of later developing
systems.

Holley and Silver (1987) examined the projection
pattern of axons of C-cells in the lateral surface region
of the chick spinal cord, using serial parasagittal thin
sections, and found that the axons grow ventrally in a
non-fasciculative fashion. Based on their observations,
they excluded the possible role of the basal lamina,
mechanical guidance, pioneering axons, and guidepost
cells as cues in the guidance of early C-cell axons. They,
instead, favored a gradient mechanism, whereby
chemotactic, differentially adhesive substrates or elec-
tromagnetic gradients in the dorso-ventral plane serve
as cues for ventrally directed projections. In a com-
panion paper, Holley (1987) proposed that the differen-
tial adhesivity of neuroepithelial cells and axons may
play a role in guiding the axons ventrally. Katz and
Lasek (1985), using computer simulation techniques,
showed that by making certain assumptions, including
differential adhesivity among axons and non-neuronal
cells, initial polarity, internal constraints of axonal
turning and axonal density, one can simulate the
pattern of axonal growth of C-cells in vivo. Evidence in
favor of chemotaxis or chemotropism by diffusible
factors has been reported by Tessier-Lavigine et al.
(1988). They provide evidence indicating that the ven-
tral portion of the neural tube of the rat, including the
floor plate, secretes a chemotropic factor(s) that guides
the axons of commissural neurons toward the floor
plate. Following various kinds of experimental manipu-
lations of the chick embryo spinal cord in vivo, we have
also observed that the floor plate region appears to
exert a chemotropic-like effect on the projection of
C-cell axons. For instance, following 180° rotation of
three segments of thoracic neural tube around the
dorso-ventral axis, it was observed that the axons of
C-cells located in the vicinity of the junction between
the graft and the unrotated segments grew in a
U-shaped pathway turning across the junction and

advancing towards the adjacent floor plate, which,
however, was in an ectopic position for these cells. That
is, the presence of an ectopic floor plate appeared to act
as an attractant causing the nearby C-cells to alter their
direction of growth (Yaginuma and Oppenheim,
unpublished observation).

In the present study, we have examined the projec-
tion pattern of pioneer axons of the circumferential
pathway in the ventral region of the neural tube,
including the floor plate region. There are two funda-
mental questions regarding the cues that these axons
follow as they navigate this pathway. (1) What mechan-
isms are resposible for determining that the axons of
commissural neurons from the two sides, which are
identical except for laterality, grow in opposite direc-
tions and cross the midline to reach the contralateral
ventral longitudinal pathway? (2) Why do commissural
axons ignore the ipsilateral ventral longitudinal path-
way which probably provides cues identical to those of
the contralateral side? One possible answer to these
questions is provided by studies on the development of
commissural axons in the rat spinal cord by Dodd et al.
(1988). They found that the axonal cell surface glyco-
protein, TAG-1, is expressed on axonal segments of
commissural neurons in the spinal cord grey matter but
is reduced or absent in longitudinal fiber tracts. By
contrast, they found that the LI glycoprotein is ex-
pressed predominantly in longitudinal fiber tracts. On
the basis of these observations, Dodd et al. (1988)
suggested that the spatio-temporal regulation of mem-
brane glycoproteins may be involved in the projection
pattern of the axons, especially in switching them from
a non-fasciculative, circumferential pathway to a fasci-
culative, longitudinal one. They also suggested that the
floor plate cells may play a role in this transition, based
on the observation that the transformation of mem-
brane glycoproteins occurs during the passage of axons
across the floor plate (Dodd and Jessell, 1988; Dodd et
al. 1988). Although this is a plausible scenario for the
projection of C-cell axons in the rat embryo, it is
unlikely that it applies to the chick embryo. We have
observed that C-cells and their axons express the avian
LI homolog, Ng-CAM, all along their ipsilateral path-
ways toward the floor plate, as well as in the longitudi-
nal pathway (Shiga etal., in submission). Therefore, in
the chick, Ll/Ng-CAM is not likely to be responsible
for altering the projections from circumferential to
longitudinal.

We have observed that in the floor plate, axons
continue to grow in a non-fasciculative fashion, similar
to their earlier dorsal-to-ventral pattern of growth in the
lateral margin of the neural tube (Fig. 5). However, by
observing anterogradely labelled (HRP) C-cell axons in
the floor plate with electron microscopy, it appears that
the guidance mechanisms in this region are different
from those in the lateral margins of the neural tube
outside the floor plate. We have found that in the floor
plate region, the growth cones exhibit a different
morphology than in other regions. Furthermore, most
of the growth cones in the floor plate contact the
basement membrane through filopodia or by the main
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body of the growth cone, and the axons are separated
from each other by processes of the floor plate cells
(Yaginuma etal. 1989 and unpublished observation). At
a slightly later stage (st. 19), presumptive contacts
between axons and growth cones were often seen in the
floor plate (Fig. 5C) and axons tended to become
loosely grouped together. Although the axons do not
actually fasciculate with each other, we observed zones
with more axons alternating with zones with fewer
axons distributed along the rostrocaudal axis (Fig. 5B,
C). This grouping of axons may indicate that pioneer
axons are guiding the growth cones of later projecting
axons by contact guidance.

The direction of axonal projections in the primitive
longitudinal pathway is both rostral and caudal. The
choice of direction does not seem to be determined by
the polarity of original outgrowth from the cell but
rather by cues provided by the environment surround-
ing the growing axons. We have often observed axons
that extended in one direction but which then made a
U-turn to grow in another direction. No preferential
direction of growth was found in the brachial segments,
but a slight rostral preference was found in the lumbar
segments. The significance of this difference is un-
known.

The axons of the C-cells first encounter the axons of
the PL-cells at the ventrolateral region of the neural
tube at st. 16+ to St. 17 and some fibers then turn at this
point to join the longitudinal pathway. Although we
have not yet been able to demonstrate a direct causal
interaction between these two pathways, it seems likely
that the pre-existing longitudinal axons may provide
critical cues that initiate the directional choice of the
axons of C-cells. Contacts between growth cones of
C-cell axons and the pre-existing longitudinal fibers and
fasciculation of circumferential axons into the longitudi-
nal pathway have been reported for older embryos (st.
19) by Holley and Silver (1987). In related studies on
insects, it has been shown that provisional contacts
between growth cones and longitudinal axons via filo-
podia and selective fasciculation play an important role
in the guidance of axons of G and C neurons when they
switch their growth from commissural to longitudinal
(Goodman et al. 1982; Raper et al. 1983a,b; Bastiani et
al. 1984; Raper et al. 1984). Similar observations in fish
embryos also supports the role of early developing
longitudinal axons in the guidance of later appearing
axons (Kuwada, 1986). We are presently examining
axons from normal and experimentally manipulated
chick embryos in the electron microscope in an attempt
to substantiate the role of the primitive longitudinal
pathway in altering the directional growth of the axons
of C-cells from a circumferential to a longitudinal
pathway.

We thank Dr A. Frankfurter for his gift of the TuJl
antibody, Dr S. Moody for her help and advice, and Ralf
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