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Projection-Neurons That Send Axons Through
the Lumbar Spinal Cord of the Chick Embryo
Are Not Obviously Distributed in a Segmentally

Repetitive Pattern

G. Schlosser and K.W. Tosney
Biology Department, The University of Michigan, Ann Arbor

Earlier studies have shown that the formation of the
segmentally repetitive pattern of spinal nerves in avian
embryos depends upon the segmental arrangement of
the somites and does not reflect an intrinsic pattern of
the spinal cord. These studies could not, however, rule
out the possibility that some elements of the central
nervous system are intrinsically segmented. The ques-
tion remained, for instance, whether projection-neu-
rons are distributed in a segmentally repetitive pattern
within the spinal cord. To address this question,
horseradish peroxidase was injected into one or two
segments of the lumbar spinal cord of chick embryos,
thereby labeling projection-neurons that had ascend-
ing or descending axons passing through the injection
site. In all stages examined, the number of labeled
projection-neurons in the anterior and posterior halves
of each segment did not differ significantly. In addi-
tion, segmentally repetitive peaks or troughs in the
numbers of labeled projection-neurons were not de-
tected in the center of each segment. Three subpopu-
lations of projection-neurons, defined by their position
along the dorsal-ventral axis of the spinal cord, were
also not segmentally distributed by these criteria.
While these results do not rule out the possibility that
subpopulations of projection-neurons defined by den-
dritic morphology, functional class, or some other
parameter are segmentally arranged or that there is a
basic modular repetition of neural populations from
segment to segment, they do show that projection-
neurons as a class and subpopulations of these neu-
rons defined by their dorsal-ventral position are not
obviously distributed in a repetitive segmental pattern.

Key words: segmentation, metamerism, neural devel-
opment, pattern formation, long projection neurons

INTRODUCTION

The concept that the central nervous system may
be organized on a basic segmental plan is long standing
and is of interest both to developmental neurobiologists
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and to those who study evolution. Evidence that neurons
and targets may have a segmental identity and that this
may help to mediate the development of specific inner-
vation patterns {cf., Goodrich, 1906; Wigston and Sanes,
1982; Moody and Jacobson, 1983], while it may not
explain innervation of limb muscles [Keynes et al., 1987,
Lance-Jones, 1988; Tosney, 1988a], brings new enthusi-
asm to the search for intrinsic segmental differences in
the nervous system. However, the degree to which par-
ticular elements of the nervous system are arranged in a
segmental pattern, whether a particular spatial pattern
within the nervous system is intrinsic or imposed by other
tissues, and the functional importance of neural segmen-
tation remain in most cases unclear.

Large-scale features of the nervous system that are
segmentally arranged have been most studied and in these
cases the pattern appears extrinsically derived. For in-
stance, the spinal nerves and the trunk ganglia derive
their segmental pattern through direct interactions with
the adjacent somites [Lehmann, 1927; Detwiler, 1934;
Weston, 1963; Keynes and Stern, 1984; reviewed by
Tosney, 1988b]. The segmental arrangement of the neu-
romeres (bulges of the neural tube), long thought to
reflect an intrinsic segmental pattern, may simply reflect
the physical relations between the neural tube and the
supporting cranial somitomeres [Meier and Tam, 1982]
or somites [see Neal, 1918], particularly since the neu-
romeric bulges of the spinal cord arise in exact temporal
coincidence with flanking somites and disappear as so-
mites disintegrate [Vaage, 1969]. There is, in addition,
no segmental pattern of mitotic activity [Hamburger,
1948; Tucket et al., 1985] that could support a prolifera-
tion model like that proposed by Bergquist and Killén
{1954] for the intrinsic production of neuromeres.
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One essential question that remains to be resolved
is whether morphological or functional groups of central
neurons are arranged in a segmental pattern and, if so,
whether this pattern is intrinsic or imposed by other
tissues. A segmentally repetitive arrangement of individ-
ually recognizable types of neurons has been described
for Amphioxus [Bone, 1960] and a variety of “lower”
vertebrates, ranging from the lamprey [Whiting, 1948]
to zebrafish [Metcalfe et al., 1986; Eisen et al., 1986;
Westerfield et al., 1986] and Xenopus [Nordlander, 1984].
However, there is much less evidence for a segmental
organization of populations within the CNS of “higher”
vertebrates. For instance, the nuclei of Kolliker or Hoff-
mann’s nuclei that develop in the ventrolateral white
column of the spinal cord of reptiles and birds are ac-
tually a continuous column of neurons with thickenings
{more numerous cells) between the ventral nerve roots
[Kolliker, 1902; Huber, 1936]. Since these nuclei form
after the ventral roots, their apparent segmental pattern
may be merely a consequence of the segmental position
of axon outgrowth. The “microsegmentation” of alter-
nating ipsi- and contra-lateral projecting neurons that has
been described for the rat spinal cord [Altman and Bayer,
1984] is a regular and intrinsic repetitive pattern but the
repetitive units are much smaller than embryonic seg-
ments. The preganglionic sympathetic neurons are
grouped in irregularly spaced clusters that do not corre-
spond to segments [Morgan et al., 1986] and motoneu-
rons that innervate the limbs show no spatial
[Landmesser, 1978] or temporal [Lim and Keynes, 1986]
segmental pattern. However, motoneuron pools innervat-
ing muscles that are confined to a single somitic segment
may be serially repeated in successive segments [see
Hollyday and Hamburger, 1977; Tosney, 1988b]. If so,
then thoracic segments in which motoneurons primarily
innervate metamerically arranged muscles could com-
prise some sort of “modular units” along a segmental
plan. However, we do not have enough information about
the distribution of other populations along the longitudi-
nal axis of the spinal cord to begin to realistically assess
this possibility.

The present study addressed the issue of segmental
patterning in the central nervous system by asking
whether projection-neurons (neurons with long ascending
or descending axons) are segmentally organized within
the spinal cord of the chick embryo. We examined pro-
jection-neurons that had extended axons through lumbar
spinal cord regions, since these would include somata in
thoracic regions where there may be a basic metameric
organization, as well as in lumbosacral regions where
motoneuron pools are not arranged segmentally. We
found no segmentally repetitive pattern in the numbers of
projection-neurons when these are considered as a class
or when they are divided into subpopulations defined by

Are Projection-Neurons Segmentally Patterned? 411

their dorsal-ventral position within the cord from the
stages when these neurons first extend axons through the
stages when motor innervation is established.

MATERIALS AND METHODS

Chick (Gallus domesticus) embryos of stages 17 to
32 [Hamburger and Hamilton, 1951] were decapitated
and eviscerated in an oxygenated bath of Tyrode’s solu-
tion at room temperature and the cartilage covering the
ventral spinal cord was removed. A 10% solution of
horseradish peroxidase (HRP) in Tyrode’s solution was
pressure injected into one or two lumbar segments of the
spinal cord (see Table I). Following incubation for five

TABLE I. Embryos Used in This Study”

Embryo Injection

number Stage site N
GS 54 17 LS31( -
GS 55 17 LS31(M) -
GS 52 18 LS31(M) -
GS 53 19 LS31 (M) -
OR 114 20 alt. hemisegm. 8
GS 39 21 LS31 12
GS 40 21 LS31 1
OR 112 21 alt. hemisegm. 4
OR 113 21 alt. hemisegm. 3
OR 118 21 alt. hemisegm. 3
GS 35 23 LS31 4
OR 111 23 LS11,LS3r 7
OR 107 23+ LS11,LS3r 7
GS 8 24 LS3,LS3r 3
GS 37 24 LS31 12
OR 108 24 LSILLS3r 5
OR 84 24+ LS1LLS3r 7
OR 106 24+ LSII,LS3r 10
OR 109 24+ LSILLS3r 9
GS 34 25 LS31 7
OR 104 25 LS11L,LS3r 8
OR 110 25 LS1LLS3r 8
OR 116 25+ LS1{,LS3r 8
OR 100 26 LS1L,LS3r 14
GS 19 26 LS31 7
GS 10 27 LS31 17
GS 20 27 LS31 7
GS 21 27 LS31 18
GS 42 27 LS31 10
GS 43 27 LS31 4
GS 49 30 LS31 10
GS 50 30 LS31 12
GS 28 32 LS31 17

*Summary of the embryos used in this study. N: number of
hemisegments per embryo included in the analysis; LS 3: lumbosacral
segment 3; LS 1. lumbosacral segment 1; 1: left; r: right; alt.
hemisegm: injections were made in alternating left and right halves
of successive segments. The axial level of injection sites for stages 17
to 19 could not be determined with certainty, but was approximately
atlevel LS 3.
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hr in oxygenated Tyrode’s solution at 31 to 34°C, the
embryos were fixed overnight in 2.5% glutaraldehyde in
0.1 M cacodylate buffer, rinsed for 7 days in TRIS
buffer, and then processed with diaminobenzidine (DAB)
for visualization of HRP-containing cells. After rinsing
briefly in 0.2 M cacodylate buffer and postfixing over-
night in 2% osmium tetroxide in 0.1 M cacodylate buffer,
the embryos were dehydrated in ethanol and propylene
oxide and embedded in Epon-Araldite. The blocks were
polymerized at 60°C. Each embryo was serially sec-
tioned at 10 to 25 um (usuvally 15 pum) transverse to its
long axis on a Leitz rotary microtome. Each series of
sections extended from the tail up to the lower brachial
level of the embryo. For details of this procedure see
Tosney and Landmesser [1986].

The segments of the embryo are initially obvious
and can be defined by the distribution of the somites;
however, this criterion is inadequate later in development
when the transition between somites becomes less distinct
[see Tosney, 1988b]. Therefore, we defined the anterior
segment boundaries as beginning in the most anterior
section where the spinal nerve traversed somitic tissue
(Fig. 1B). This criterion is valid since spinal nerves form
only in the anterior portion of each somite [see Keynes
and Stern, 1984] and, after stage 19, ventral roots are
seen only in the anterior of each segment [Tosney, 1988b].
In addition, a criterion for segmental organization depen-
dent on a neural feature is preferable because it mini-
mizes complications due to developmental alterations in
somitic tissue that could theoretically shift the period or
phase of the neural and mesodermal segmental systems.
The boundaries of the left and right halves of each spinal
cord segment were assessed separately to minimize the
distorting effects of oblique sections. The distribution of
labeled projection-neurons and morphology of the spinal
cord was reconstructed at each stage by making camera
lucida tracings of serial sections (see Fig. 2A-F).

Since HRP injected into neural tissue is taken up
by axons at the injection site and distributed throughout
the entire neuron [Tosney and Landmesser, 1986], our
injections labeled the cell bodies of projection-neurons
that had sent ascending or descending axons through the
injection site. The somata of projection-neurons were
successfully labeled in 33 out of 55 embryos. The total
number of labeled cells per segment varied for two rea-
sons. First, the number of axons that take up the label at
the injection site appears to be random: some injections
labeled more projection-neurons than others and the pop-
ulation of projection-neurons that becomes labeled seems
to be a random sample of the total population present
[see Tosney and Landmesser, 1986]. Second, the number
of labeled projection-neurons decreased with distance
from the injection site, presumably because fewer neu-
rons with long projections are present but also because
the axonal transport of HRP to distant neurons may be
limited.

4n

4n+1
4n+2
4n+3

1B
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Fig. 1. A: Subpopulations of projection-neurons were cate-
gorized as dorsal (d), lateral (I), or ventral (v) according to
their position in the mantle zone, as illustrated in this camera
lucida tracing of a cross section through the lumbar level of
the spinal cord of a stage 27 chick embryo. mec, motor column.
B: Determination of segment boundaries and subdivision of
segments. At top, two spinal cord segments with flanking
somites (so) are schematized. The anterior segment boundary
(dashed ventral line) was defined as beginning in the most
anterior section where the spinal nerve (pictured as six lines)
traversed somitic tissue and all the sections between two seg-
ment boundaries were regarded as a single segment. Segments
were subdivided in two ways. To look for peaks or troughs in
the number of projection-neurons in the center of each seg-
ment, each hemisegment (left or right side of a segment) was
subdivided into exterior (e=el+e2) and interior (i) portions
of equal size (left). To look for peaks or troughs in the number
of projection neurons in the anterior of each segment, each
hemisegment was subdivided into an anterior (a) and posterior
(p) portion of equal size (right). The diagram at bottom illus-
trates serial sections through each segment. To assure that
each subdivision was of an equal size, one section had to be
discarded (indicated by X) whenever an odd number of sec-
tions (4+1 or 4n+3, where n=1-5) constituted one segment.
The exact mode of subdivision depended on the number of
sections and is illustrated for 8 (generally, 4n), 9 (4n+1), 10
(4+42), and 11 (4n+3) sections per segment.

We looked for two possible segmentally repetitive
patterns of distribution by subdividing each segment into
parts as shown in Figure 1B. Right and left halves (hem-
isegments) of the spinal cord were treated separately.
First, to determine whether projection-neurons were
preferentially located in the anterior or posterior part of
each segment, each hemisegment was divided into an
anterior and posterior portion of equal size and the num-
ber of labeled neurons in each half was counted. Second,
to determine whether the number of these neurons in-
creased or decreased in the center of each segment, each
hemisegment was divided into an exterior and interior
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Fig. 2. Overview of the early development of the spinal cord.
Dorsal is toward the top. All figures are composites of camera
lucida tracings of cross sections through the spinal cord at
lumbar levels 2 and 3. By stage 17 (A) the spinal cord is still
an undifferentiated tube of mitotically active neuroepithelium
(ne); roof plate (rp) and floor plate (fp) can be distinguished.
The central canal (cc) is a long dorsoventral slit. At stage 21

st 24

st 32
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(B) the motor column (mc) is distinct and the first detectable
projection-neurons constitute the mantle zone (mz) lateral to
the neuroepithelium. Projection-neurons are predominantly lo-
cated dorsolateral to the motor column at this stage and send
axons up and down the cord, establishing the ventral and
lateral funiculi (vf and If); few projection-neurons cross the

(Fig. 2 legend continues on next page)
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portion of equal size and the number of labeled neurons
in each half was counted. To assure an equal size of the
subdivisions in each case, one section was discarded
whenever an odd number of sections constituted one
segment. Hemisegments at or adjacent to the injection
site that obviously contained label in extracellular spaces
were excluded from the analysis because neurons other
than projection-neurons were also labeled. All labeled
somata of projection-neurons were counted in each sub-
division of the spinal cord along the longitudinal axis and
these were also categorized by their dorsal-ventral posi-
tion as shown in Figure 1A.

To obtain numbers that could be compared between
different hemisegments, the data were standardized and
expressed as a proportion: the number of labeled projec-
tion-neurons in each of the subdivisions was divided by
the total number of labeled projection-neurons in the
respective hemisegment. These proportions are slightly
distorted by discarding one section in each segment with
an odd number of sections but this tends to exaggerate
rather than diminish possible differences between the
subdivisions. The Wilcoxon signed rank test was used to
determine if there were statistically significant (P < 0.05)
differences in the proportions of labeled cells in anterior
versus posterior or interior versus exterior parts of the
hemisegments. Each embryo with more than eight useful
hemisegments was first analyzed individually in this
manner.

The neurons were examined at several stages, be-
ginning shortly after axonogenesis, to reveal any early
segmental pattern that might be obscured later in devel-
opment. To determine if a stage-dependent pattern was
present, all hemisegments were pooled by embryonic
stage and then analyzed as described above. For those
not familiar with Hamburger and Hamilton [1951] stag-
ing criteria, the approximate correspondence between
embryonic stages and days of incubation is as follows:
stage 17, 24 days; stage 19, 3 days; stage 21, 3% days;
stage 24, 4 days; stage 27, 5 days; stage 29, 6 days; and
stage 31, 7 days. The embryo hatches at 21 days.

(Fig. 2 legend continued)

ventral commissure (vc) to the contralateral side. The dorsal
funiculus (df) appears at stage 24 (C). By stage 27 (D) the
mantle zone has broadened, especially in the alar plate (dorsal)
and the white matter (df, If, and vf) has become more promi-
nent. The projection-neurons are predominantily oriented along
a line from the dorsolateral to ventromedial aspect of the spinal
cord. Further broadening of the alar plate at stage 30 (E) gives
the spinal cord a more rectangular outline. The dendritic trees
of the projection-neurons are more widely branched and the
grey matter exhibits little “spines” (s) where it borders the
white matter. Beginning at stage 30 the mitotic activity in the
neuroepithelium decreases and at stage 32 (F) the neuroepithe-
lium assumes the appearance of an ependymal zone lining the
reduced central canal and the roof plate has become more
elongated.

RESULTS

Overview of the Early Development of the
Spinal Cord

The development of projection-neurons during the
stages examined in this study is first briefly described
and integrated with previous information to provide a
framework for the analysis of their distribution pattern.
At stage 17 (Fig. 2A), the spinal cord is still an undiffer-
entiated neuroepithelium and HRP injected into the spinal
cord labels only neuroepithelial cells. During the period
of initial motor axon outgrowth, the first projection-
neurons [“arcuate cells,” Hamburger, 1948; “circumfer-
ential cells,” Holley, 1982] are born in the spinal cord
(stage 19), giving rise to the “mantle zone” lateral to the
dividing neuroepithelium [Ramon y Cajal, 1890; Ham-
burger, 1948; Holley, 1982]. We found that these first
projection-neurons are preferentially located dorsolateral
to the emerging motor column (Fig. 2B), confirming the
similar report of Shneiderman et al. [1986]. Axons as-
cend or descend from the somata for about one segment
in the spinal cord by stage 20 and establish the ventral
and lateral funiculus of the white matter. Some projec-
tion-neurons project through the ventral commissure as
early as stage 20 [much earlier than reported by Holley,
1982] and ascend or descend on the contralateral side but
these contralateral projections do not become prominent
until stage 27 (see Figs. 3-6).

By stage 24 (Fig. 2C) the dorsal funiculus of the
white matter is visible and ascending fibers from the
lumbosacral region have reached the brachial level [see

Figs. 3-6. The number of projection neurons in each subdi-
vision of a segment in four representative embryos at different
stages of development are shown. In each figure, A shows the
number of labeled projection-neurons in the posterior (black
columns) and anterior (grey columns) subdivisions of each
segment and B shows the number of labeled projection-neu-
rons in the exterior (black column) and interior (grey column)
subdivisions of each segment. Positive counts represent the
left and negative counts the right side of the cord. The left
hemisegments indicated by an X in each figure contained the
injection site and were discarded.

Fig. 3. Stage-21 embryo (GS 39 in Table I); each graph
extends from lumbosacral (LS) segment 4 (at left) to thoracic
(T) segment 4 (at right).

Fig. 4. Stage-24 embryo (GS 37); each graph extends from
LS6 (at left) to T7 (at right).

Fig. 5. Stage-27 embryo (GS 10); each graph extends from
LS6 (at left) to T5 (at right).

Fig. 6. Stage-30 embryo (GS 50); each graph extends from
LS6 (at left) to T6 (at right).
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also Shneiderman et al., 1986] and can mediate proprio-
spinal integration of movements between fore and hind
limbs. The ascending interconnection of lumbosacral and
brachial levels precedes their descending interconnection
[see also Oppenheim, 1975] and is established prior to
the closure of the intrasegmental reflex arc in stage 31
[Windle and Orr, 1934; Nornes et al., 1980a]. The de-
velopment of the basal plate precedes the development of
the alar plate of the spinal cord (Fig. 2B-E), reflecting
the different temporal pattern of mitoses ventrally and
dorsally: the peak of mitotic activity in the basal plate
(ventral) is at stage 20, whereas the mitotic activity of
the alar plate (dorsal) reaches its maximum as late as
stage 29 [Hamburger, 1948].

By stage 27 (Fig. 2D) the mantle zone has increased
enormously in size and has become prominent in the alar
plate as well. Labeled projection-neurons are predomi-
nantly oriented along a line from the dorsolateral to
ventromedial aspect of the spinal cord and many send
axons through the ventral commissure to the contralateral
side. According to earlier studies [Windle and Orr, 1934;
Nornes et al., 1980b] the ventral and lateral white col-
umns harbor mainly contralateral ascending fibers at this
stage, whereas ipsilateral projections become predomi-
nant later. In the embryos examined in this study, how-
ever, ipsilateral projections were predominant at all stages
analyzed (see Figs. 5 and 6).

By stage 30 (Fig. 2E) the grey matter of the alar
plate has broadened [due to a peak of mitotic activity in
the alar plate at stage 29; Hamburger, 1948], whereas
the neuroepithelium has regressed further, especially in
the basal plate. The predominant alignment of the projec-
tion-neurons along a dorsolateral to ventromedial line
that was clearly visible in earlier stages is no longer
obvious. Instead, projection-neurons appear to be ori-
ented in various directions and their dendritic trees are
more widely branched. This richer branching of the pro-
jection-neurons and an increased sprouting of unmyelin-
ated collaterals from ascending and descending axons
into the grey matter may lead to the formation of the
“spines” of grey matter that we first see at stage 30.
Mitotic activity starts to decline in the alar plate at stage
30, ending at stage 35 [Hamburger, 1948]. By stage 32
(Fig. 2F) the roof plate has increased in length and the
neuroepithelium has become narrower and appears as an
ependymal zone lining the reduced central canal.

Distribution of Labeled Projection-Neurons

The distribution of labeled projection-neurons along
the longitudinal axis for four representative embryos of
stages 21, 24, 27, and 30 is shown in Figures 3-6. The
distribution is similar in the other embryos examined.
Two histograms were plotted for each embryo: the first
(A in Figs. 3-6) shows the distribution in the anterior
versus posterior portions of each segment; the second (B

in Figs. 3-6) shows the distribution in the exterior versus
interior portions of each segment. With increasing dis-
tance from the injection site the number of projection-
neurons that are labeled generally decreases. In some
cases, there is another maximum of labeled projection-
neurons two to four segments away from the injection
site (e.g., Figs. 5 and 6) but this appears to be random
since the position of the peaks is not consistent from
embryo to embryo. Since there were no obvious differ-
ences between the ipsilateral and contralateral sides of
the spinal cord in the segmental distribution of labeled
projection-neurons, these were treated together.

Consistent differences in the number of labeled
projection-neurons between anterior and posterior subdi-
visions on the one hand and between exterior and interior
subdivisions on the other hand are not obvious in any of
the four embryos shown in Figures 3-6. In particular,
there is no obvious difference between thoracic and lum-
bosacral segments. A statistical analysis of all embryos
examined with more than eight useful hemisegments re-
veals no statistically significant differences (P< 0.05)
between the proportions of labeled cells in the anterior
versus posterior or in exterior versus interior parts of the
segments.

When hemisegments were grouped by stage, seg-
mental differences were again not obvious. For instance,
the means of anterior and of exterior proportions are
close to 0.5 for each stage examined (Fig. 7) indicating
that labeled projection-neurons are distributed equally in
the anterior and posterior portions as well as in the
exterior and interior portions of the hemisegments. There
is no significant difference (P <0.05) in their distribution
in any of the embryonic stages with one exception: the
differences between the exterior versus interior parts of
hemisegments for stage 30 are insignificant only at
P<0.032.

It is possible that different subpopulations of pro-
jection-neurons are segmentally distributed but have
complementary patterns of distribution that cancel each
other out when counts are pooled. To examine this pos-
sibility, three subpopulations of projection-neurons, de-
fined by their position along the dorsoventral axis of the
cord as in Figure 1A, were assessed separately. For each
subpopulation the number of anterior or posterior, and
exterior or interior divisions of hemisegments was
counted in which labeled neurons were present. For ex-
ample, ventral projection-neurons were found in the an-
terior division of 140 hemisegments and in the posterior
division of 138 hemisegments (out of 242, see Table I).
As shown in Figure 8A—C, there is no striking difference
between the pattern of distribution of dorsal, lateral, and
ventral classes of projection-neurons. The fluctuations
are larger for the dorsal category (Fig. 8A) because
fewer interneurons were labeled in the dorsal position in
most of the embryonic stages. This underrepresentation



may be due to the delayed development of the alar plate
compared to the basal plate of the spinal cord or to the
fact that the HRP was generally injected into the ventral
spinal cord. None of these three categories showed pref-
erential localization in anterior versus posterior or exte-
rior versus interior parts of the hemisegments: the number
of hemisegments with labeled projection-neurons in their
anterior part is about the same as the number of hemiseg-
ments with labeled cells in their posterior part for each
category. The same is true for exterior and interior parts
of the hemisegments. There were also no obvious differ-
ences between the various stages (not shown). Thus, the
results reported here give no indication that projection-
neurons as a population or that subpopulations defined
by their position along the dorsal-ventral axis have a
segmentally repetitive pattern of distribution.

DISCUSSION

There are a number of segmentally repetitive pat-
terns that can be envisioned in the central nervous sys-
tem. One morphologically obvious pattern would be a
periodic variation in the numbers of somata in a popula-
tion. We looked for consistently higher or lower numbers
of projection-neurons in the anterior portion or in the
central portion of each segment and found no indication
of a reiterative distribution from the time when projection
neurons are first born (stage 19) past the time when motor
axons have reached their targets (stage 27). The sole
exception, the significant difference between external
versus internal portions of segments at stage 30, is un-
likely to be important, since the difference is transitory.
The absence of a segmentally repetitive pattern during
early stages suggests that there is no pattern in the “birth”
of projection-neurons, such that projection-neurons are
born first in anterior parts of the segments and later in
posterior parts or vice versa, as has been found for the
zebrafish [see Myers et al., 1987]. If such a temporal
pattern were present, we would expect to find a segmen-
tal distribution of projection-neurons in at least some of
the stages examined before stage 30, during the period
when the majority of these neurons are born [see Ham-
burger, 1948] and we did not. This indicates that, if there
is a segmental pattern of “birthdays” of projection-neu-
rons, it is subtle or based on subclasses of these neurons.
Moreover, since a segmental pattern was not detected at
stages after motor axons have ramified within their limb
targets [e.g., at stage 32; see Tosney and Landmesser,
1985a,b]. motor axons are unlikely to exert retrograde
influences on the projection-neurons, rearranging them
into a secondary segmental pattern.

These results demonstrate that there is no obvious
repetitive pattern of segmentation with respect to the
class of neurons that send long projection axons through
the lurnbar spinal cord or with respect to subpopulations
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of these neurons that are defined by their dorsal-ventral
position within the cord. Our study does not, however,
rule out the possibility that there may be other subpopu-
lations of projection-neurons, defined for example by the
morphology of their dendritic trees or an identifiable
position along the dorsoventral and mediolateral axes in
the cord, that are distributed in a segmental fashion, or
that there is some other repetitive pattern that is not
coincident with segmental units defined by spinal nerve
position, or that subpopulations may form modular units
that are repeated in each segment. It is also important to
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Fig. 7. The means of the proportions of (A) anterior projec-
tion-neurons per hemisegment and (B) exterior projection-
neurons per hemisegment shown for each embryonic stage
(indicated on the x axis). The positive standard deviations are
indicated by vertical bars. These are large because values often
fluctuated widely with 0% in some and 100% in other hemi-
segments. The number of hemisegments analyzed per stage is
8 (stage 20), 23 (stage 21), 18 (stage 23), 46 (stage 24), 31
(stage 25), 21 (stage 26), 56 (stage 27), 22 (stage 30), and 17
(stage 32). Data are not available for stages indicated by X.
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point out that a repetitive morphological pattern is not

180 v the only possible way in which segmentation could be
d expressed. For instance, some property (e.g., a molecu-
160 ¢ lar cell-surface label) could vary from one segment to the
140 4 next in a discontinuous fashion, thereby specifying seg-
v . - . .
€ ment identity. If this were the case in the nervous system,
£ 1201% neural somata would not necessarily be segmentally dis-
§ tributed along the longitudinal axis but neurons from
€ 1007¢ different segments would be expected to have segment-
2 80 specific surface labels. Further studies are required to
S clarify whether there are segmental labels in the devel-
E 60 + oping embryo and what, if any, role these play in the
E development of the vertebrate nervous system.
c 40 +
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