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the developing chick spinal cord has also been noted by
Layer et al. (1988) for acetylcholinesterase expression in
developing motor neurons, and by Schlosser and
Tosney (1988) for projection neurons that send axons
longitudinally within the lumbar spinal cord (see also
Oppenheim et al. 1988; Yaginuma et al. 1990). Previous
anatomical studies of the adult higher vertebrate spinal
cord have not reported any periodic neuronal arrange-
ments, with the exception of certain groups of cells
associated with the preganglionic autonomic motor
columns. The marginal (Hoffman’s) nuclei, first
recorded by Gaskell (1885) in the alligator, have since
been described in birds and mammals as well as reptiles
(von Kolliker, 1902; Huber, 1936; Nieuwenhuys, 1964;
Anderson et al. 1964). The cells of these nuclei appear
after the extension of the first motor axons from the
ventral neural tube, and aggregate preferentially in
regions of the ventro-lateral white matter between the
emerging ventral roots. There is no cell-free zone
between one cluster and the next, however, and it
seems likely that such segmentation could be secondary
to that of the motor axons, determined in turn by
segmentation in the mesoderm (Keynes and Stern,
1984).

Another group of cells with a periodic arrangement
in the adult is the ‘zone intermédiaire a cellules
intercalées’ described in a variety of mammals by
Laruelle (1937) and named the ‘nucleus intercalatus
spinalis’ by Petras and Cummings (1972) in a study of
the rhesus monkey. This consists of a series of
transverse bands of cells, which extend across the spinal
cord in the region of the central canal, appearing to
unite the intermedio-lateral (preganglionic sympath-
etic) cell columns on right and left sides of the spinal
cord. Petras and Cummings (1972) note how the
metameric arrangement of these neurons is ‘a strikingly
consistent characteristic’. In the cat, periodic clusters of
neurons have also been described within the interme-
dio-lateral cell column itself (Oldfield and McLachlan,
1981; Morgan et al. 1986). In both cases, however, the
A-P repeat length is less than that of the spinal nerves,
and is not precisely regular. It may be related to the
‘microsegmentation’ of alternating ipsi- and contralat-
eral projecting neurons, described by Altman and
Bayer (1984) in the developing rat spinal cord. As
suggested by the name, the A-P length of each
‘microsegment’ is less than that of the myelomeres and
somites; the periodicity is also variable, and may arise
from irregular fasciculation of axon bundles, in much
the same way that each developing ventral and dorsal
root subdivides into (irregularly sized) axon fascicles
(Keynes and Stern, unpublished observations).

The absence of clear segmental patterns of neuronal
development in the higher vertebrate spinal cord
contrasts with the spinal cords of cephalochordates,
agnathans and gnathostome fishes, for which there are
several such descriptions. Bone (1960) described
segmental arrangements of interneurons and motor
neurons in the nerve cord of the adult Amphioxus.
Whiting (1948) described a class of large interneurons in
the larval brook lamprey matching the periodicity in the

adjacent mesoderm (one neuron per myotome).
Finally, both the primary motor neurons and certain
intrinsic interneurons in the developing zebrafish spinal
cord are segmentally organised (Myers, 1985; Eisen et
al. 1986; Westerfield er al. 1986; Myers er al. 1986;
Hanneman et al. 1988; Hanneman and Westerfield,
1989; Kuwada and Bernhardt, 1990), as they may be in
other teleosts (Fetcho, 1987). In the zebrafish there are
three primary motor neurons per myotome; each triad
occupies a distinct position in relation to the myotome,
and the three neurons bear defined positional relations
both with respect to one another along the A-P axis
and to the myotomes on which they arborise (Eisen er
al. 1986). As noted above, we find no evidence for the
existence of segmental primary motor neurons during
chick development, and the same holds for the
amphibian spinal cord (Coghill, 1913; Youngstrom,
1940; Silver, 1942; Blight, 1978; Forehand and Farel,
1982; Roberts and Clarke, 1982). The possibility
remains, however, that in amphibians segmentation of
motor neurons does exist very early in development,
but becomes obscured as a result of the relative
displacement of the myotomes (Westerfield and Eisen,
1985; Nordlander, 1986).

In the absence of segmental patterns of neuronal
differentiation, mechanisms must nevertheless exist to
specify broad regions along the A-P axis of the spinal
cord. For example, groups of neurons such as the limb
motor columns, autonomic motor columns and Clarke’s
column span A-P distances of several somites/
myelomeres and, within these groupings, cells at
different A—P positions have distinct target preferences
(Lance-Jones and Landmesser, 1981; Purves et al. 1981;
Wigston and Sanes, 1982). It seems possible that,
during the course of vertebrate evolution, intrinsic
spinal cord segmentation was lost in subservience to
paraxial mesodermal segmentation, as higher motor
centres exerted increasing control over spinal neuro-
muscular circuits. In parallel, regional specification of
the spinal cord perhaps acquired mechanisms operating
over multiples of the primitive segmentation period.
The presence within the developing mouse spinal cord
of A-P boundaries of expression of certain homeobox
genes raises the possibility that these genes may be
involved in such specification. It is interesting to
speculate that the A—P boundaries of these multiseg-
mental regions may correspond to ancestral segmental
boundaries.

This work was supported by grants from the Medical
Research Council. TML was supported by Churchill College
and an ORS award, and KFJ was in receipt of a studentship
from the Anatomical Society. We are grateful to Julian Lewis
for comments on the manuscript, to John Bashford for help
with photography and to Jeremy Skepper for help with
electron microscopy.

References

Apawms, J. C. (1981). Heavy metal intensification of DAB-based
HRP reaction product. J. Histochem. Cytochem. 29, 775.



AxaM, M. (1989). Hox and HOM: homologous gene clusters in
insects and vertebrates. Cell 57, 347-349.

ALTMAN, J. AND BAYER, S. A. (1984). The development of the rat
spinal cord. Adv. Anat. Embryol. Cell Biol. 85, 1-166.

ANDERSON, F. D., MeEaDows, [. AND CHAMBERS, M. M. (1964).
The nucleus marginalis of the mammalian spinal cord. J. comp.
Neurol. 123, 97-100.

BLiGHT, A. R. (1978). Golgi-staining of ‘primary’ and ‘secondary’
motoneurons in the developing spinal cord of an amphibian.

J. comp. Neurol. 180, 679-690.

BoNE, Q. (1960). The central nervous system in Amphioxus. J,
comp. Neurol. 115, 27-64. .
BRONNER-FRASER, M. (1986). Analysis of the early stages of trunk
neural crest migration in avian embryos using monoclonal

antibody. Devl Biol. 115, 44-55.

CogHILL, G. E. (1913). The primary ventral roots and somatic
motor column of Amblystoma. J. comp. Neurol. 23, 121-143.

CocHILL, G. E. (1933). Correlated anatomical and physiological
studies of the growth of the nervous system of amphibia.

J. comp. Neurol. 57, 327-358.

Coruiss, C. E. aND RoBertsoN, G. C. (1963). The pattern of
mitotic density in the early chick neural epithelium. J. exp.
Zool. 153, 125-140.

Davies, J. A., Cook, G. M. W., STerN, C. D. anp KEYNES, R. J.
(1990). Isolation from chick somites of a glycoprotein fraction
that causes collapse of dorsal root ganglion growth cones.
Neuron 4, 11-20.

DETWILER, S. R. (1934). An experimental study of spinal nerve
segmentation in Amblystoma with reference to the
plurisegmental contribution to the brachial plexus. J. exp. Zool.
67, 395-441.

Eisen, J. S., Myers, P. Z. AND WESTERFIELD, M. (1986). Pathway
selection by growth cones of identified motoneurones in live
zebra fish embryos. Nature 320, 269-271.

ELspaLE, T. aND Davipson, D. (1986). Somitogenesis in the frog.
In Somites in Developing Embryos (ed. R. Bellairs, D. A. Ede
and J. W. Lash), pp. 119-134. New York: Plenum Press.

Ezerman, E. B., GLover, J. C. anD ForeHanD, C. J. (1990).
Segmental organization of thoracic preganglionic neurons in
chick and rat embryos. Abstr. Soc. Neurosci. 16, 331.

FercHo, J. R. (1987). A review of the organization and evolution
of motoneurons innervating the axial musculature of vertebrates.
Brain Res. Rev. 12, 243-280.

ForeHAND, C. J. aND FareL, P. B. (1982). Spinal cord
development in anuran larvae: 1. Primary and secondary
neurons. J. comp. Neurol. 209, 386-394.

Frasker, S. E., KEYNES, R. J. aND LUMSDEN, A. (1990).

" Segmentation in the chick embryo hindbrain is defined by cell
lineage restrictions. Nature 344, 431-435.

GaskeLL, W. H. (1885). On a segmental group of ganglion cells in
the spinal cord of the alligator. J. Physiol. 7, 19.

HAMBURGER, V. (1948). The mitotic patterns in the spinal cord of
the chick embryo and their relation to histogenetic processes.

J. comp. Neurol. 88, 221-284.

HAMBURGER, V. aND HamiLToN, H. L. (1951). A series of normal
stages in the development of the chick embryo. J. Morph. 88,
49-92.

HaNNEMAN, E., TREVARROW, B., METcAaLFE, W. K., KIMMEL, C. B.
AND WESTERFIELD, M. (1988). Segmental pattern of development
of the hindbrain and spinal cord of the zebrafish embryo.
Development 103, 49-58.

HANNEMAN, E. AND WESTERFIELD, M. (1989). Early expression of
acetylcholinesterase activity in functionally distinct neurons of
the zebrafish. J. comp. Neurol. 284, 350-361.

Hirano, S. anD Fusk, S. (1989). Observations on the early
development of the dorsal root ganglia and ventral root in quail
embryos. Dev. Brain Res. 50, 265-268.

HorLanp, P. W. H. anD HoGan, B. L. M. (1988). Expression of
homeobox genes during mouse development: a review. Genes
Dev. 2, 773-782.

HuBeR, J. F. (1936). Nerve roots and nuclear groups in the spinal
cord of the pigeon. J. comp. Neurol. 65, 43-90.

JounsToN, J. B. (1916). Notes on the neuromeres of the brain and
spinal cord. Anat. Rec. 10, 209-210.

Spinal cord segmentation 237

KALLEN, B. (1952). Notes on the proliferation processes in
neuromeres in the vertebrate embryos. Acta Soc. Med. upsalien.
57, 111-118.

KALLEN, B. (1953). On the significance of the neuromeres and
similar structures in vertebrate embryos. J. Embryol. exp.
Morph. 1, 387-392.

KALLEN, B. (1962). Mitotic patterning in the central nervous
system of chick embryos; studied by a colchicine method. Z.
Anat. Emtwickl.-Gesch. 123, 309-319.

KarNovsky, M. J. anD RooTs, L. (1964). A direct coloring
thiocholine method for cholinesterases. J. Histochem. Cytochem.
12, 219-221.

KEyYNEs, R. J., Jounson, A. R. anp Cook, G. M. W. (1991).
Contact inhibition of growth cone motility during neural
development and regeneration. Seminars Neurosci. (in press).

KEYNES, R. J. AND LumspeN, A. (1990). Segmentation and the
origin of regional diversity in the vertebrate central nervous
system. Neuron 4, 1-9.

KEynNEs, R. J. aND StERN, C. D. (1984). Segmentation in the
vertebrate nervous system. Nature 310, 786-789.

KEYNES, R. J. anD SterN, C. D. (1988). Mechanisms of vertebrate
segmentation. Development 103, 413-429.

Kuwabpa, J. Y. AND BERNHARDT, R. R. (1990). Axonal outgrowth
by identified neurons in the spinal cord of zebrafish embryos.
Expl Neurol. 109, 29-34.

LANCE-JoNES, C. AND LANDMESSER, L. (1981). Pathway selection
by embryonic chick motoneurones in an experimentally altered
environment. Proc. R. Soc. Lond. B. 214, 19-52.

LARUELLE, L. (1937). La structure de la moelle épiniére en coupes
longitudinales. Rev. Neurol. 44, 695-725.

LaYER, P. G., ALBER, R. AND RaTHIEN, F. G. (1988). Sequential
activation of butyrylcholinesterase in rostral half somites and
acetylcholinesterase in motoneurones and myotomes preceding
growth of motor axons. Development 102, 387-396.

LeHMANN, F. (1927). Further studies on the morphogenetic role of
the somites in the development of the nervous system of
amphibians. J. exp. Zool. 49, 93-131.

LuMsDEN, A. (1990). The cellular basis of segmentation in the
developing hindbrain. Trends Neurosci. 13, 329-335.

LumsDEN, A. aND KEYNES, R. (1989). Segmental patterns of
neuronal development in the chick hindbrain. Narure 337,
424-428.

McCLURE, C. F. W. (1890). The segmentation of the primitive
vertebrate brain. J. Morph. 4, 35-56.

Mwvor, C. S. (1892). Human Embryology. Boston, Mass.

MorgaN, C., DEGRroaT, W. C. AND NADELHAFT, 1. (1986). The
spinal distribution of sympathetic preganglionic and visceral
primary afferent neurons that send axons into the hypogastric
nerves of the cat. J. comp. Neurol. 243, 23-40.

MyErs, P. Z. (1985). Spinal motoneurons of the larval zebrafish. J.
comp. Neurol. 236, 555-561.

MyERs, P. Z., EiseNn, J. S. AND WESTERFIELD, M. (1986).
Development and axonal outgrowth of identified motoneurons
in the zebrafish. J. Neurosci. 6, 2278-2289.

NEaL, H. V. (1918). Neuromeres and metameres. J. Morph. 31,
293-315.

NIEUWENHUYS, R. (1964). Comparative anatomy of the spinal
cord. Prog. Brain Res. 11, 1-56.

NORDLANDER, R. H. (1986). Motoneurons of the tail of young
Xenopus tadpoles. J. comp. Neurol. 253, 403-413.

OLDHELD, B. J. AND McLAcHLAN, E. M. (1981). An analysis of
the sympathetic preganglionic neurons projecting from the upper
thoracic spinal roots of the cat. J. comp. Neurol. 196, 329-345.

OprPENHEIM, R. W., CoLE, T. AND PREVETTE, D. (1989). Early
regional variations in motoneuron numbers arise by differential
proliferation in the chick embryo spinal cord. Devi Biol. 133,
468-474.

OPPENHEIM, R. W., SHNEIDERMAN, A., SHIMIZU, 1. AND YAGINUMa,
H. (1988). Onset and development of intersegmental projections
in the chick embryo spinal cord. J. comp. Neurol. 275, 159-180.

Orr, H. (1887). Contribution to the embryology of the lizard.

J. Morph. 1, 311-372.

PETRAS, J. M. AND CuMmMINGS, J. F. (1972). Autonomic neurons in

the spinal cord of the rhesus monkey: a correlation of the



238 T . M. Lim and others

findings of cytoarchitectonics and sympathectomy with fiber
degeneration following dorsal rhizotomy. J. comp. Neurol. 146,
189-218.

PrimmETT, D. R. N., Norris, W. E., CarLsoN, G. J., KEYNES, R.
J. anD STERN, C. D. (1989). Periodic segmental anomalies
induced by heat shock in the chick embryo are associated with
the cell cycle. Development 105, 119-130.

PrimMETT, D. R. N., STERN, C. D. AND KEYNES, R. J. (1988).
Heat shock causes repeated segmental anomalies in the chick
embryo. Development 104, 331-339.

Purves, D., THompsoN, W. anD Yir, J. W. (1981). Reinnervation
of ganglia transplanted to the neck from different levels of the
guinea pig sympathetic chain. J. Physiol. 313, 49-63.

RICKMANN, M., FawcerT, J. W. anD KEYNES, R. J. (1985). The
migration of neural crest cells and the growth of motor axons
through the rostral half of the chick somite. J. Embryol. exp.
Morph. 90, 437-455.

ROBERTS, A. aAND CLARKE, J. D. W. (1982). The neuroanatomy of
an amphibian embryo spinal cord. Phil. Trans. R. Soc. Lond. B
296, 195-212.

RusiN, E. aND Purves, D. (1980). Segmental organization of
sympathetic preganglionic neurons in the mammalian spinal
cord. J. comp. Neurol. 192, 163-174.

SauEer, F. C. (1935). Mitosis in the neural tube. J. comp. Neurol.
62, 377-405.

ScHLosser, G. aAND TosNEy, K. W. (1988). Projection-neurons that
send axons through the lumbar spinal cord of the chick embryo
are not obviously distributed in a segmentally repetitive manner.
J. Neurosci. Res. 21, 410-419.

SILVER, M. L. (1942). The motoneurons of the spinal cord of the
frog. J. comp. Neurol. 77, 1-40.

Straus, W. (1982). Imidazole increases the sensitivity of the
cytochemical reaction for peroxidase with diaminobenzidine at a
neutral pH. J. Histochem. Cytochem. 30, 491-493.

TEILLET, M.-A., KaLcHEIM, C. AND L DouARIN, N. M. (1987).
Formation of the dorsal root ganglia in the avian embryo:
segmental origin and migratory behavior of neural crest
progenitor cells. Devl Biol. 120, 329-347.

VAAGE, S. (1969). The segmentation of the primitive neural tube

in chick embryos (Gallus Domesticus). Adv. Anat. Embryol.
Cell Biol. 41, 1-88.

VEINI, M. aND BELLAIRS, R. (1986). Heat shock effects in chick
embryos. In Somites in Developing Embryos (ed. R. Bellairs, D.
A. Ede and J. W. Lash), pp. 135-145. New York: Plenum
Press.

voN KOLLIKER, A. (1902). Weitere Beobachtungen iiber die
Hofmann’schen Kerne am Mark der Vogel. Anat. Anz. 21,
81-84.

WESTERFIELD, M. aND EISEN, J. S. (1985). The growth of motor
axons in the spinal cord of Xenopus embryos. Devi Biol. 109,
96-101.

WESTERFIELD, M., MCMuURRray, J. V. anp EisEn, J. S. (1986).
Identified motoneurons and their innervation of axial muscles in
the zebrafish. J. Neurosci. 6, 2267-22717.

WHITING, H. P. (1948). Nervous structure of the spinal cord of the
young larval Brook- lamprey. Q. J. microsc. Sci. 89, 359-384.
WiGsTon, D. W. AND SaNEs, J. R. (1982). Selective reinnervation
of adult mammalian muscle by axons from different segmental

levels. Nature 299, 464-467.

WILKINSON, D. G. (1989). Homeobox genes and development of
the vertebrate CNS. BioEssays 10, 82-85.

WILKINSON, D. G., BHATT, S., CHAVRIER, P., Bravo, R. aAND
CHaRrNAY, P. (1989a). Segment-specific expression of a zinc-
finger gene in the developing nervous system of the mouse.
Nature 337, 461-464.

WILKINSON, D. G., BHATT, S., Cook, M., BoNcINELLL, E. AND
KrumLAUF, R. (1989b). Segmental expression of Hox-2
homeobox-containing genes in the developing mouse hindbrain.
Nature 341, 405-409.

YAGINUMA, H., SHiGA, T., HoMMA, S., ISHIHARA, R. AND
OPPENHEIM, R. W. (1990). Identification of early developing
axon projections from spinal interneurons in the chick embryo
with a neuron specific f-tubulin antibody:evidence for a new
‘pioneer’ pathway in the spinal cord. Development 108, 705~716.

YouNGsTROM, K. A. (1940). A primary and a secondary somatic
motor innervation in Amblystoma. J. comp. Neurol. 73,
139-151.

(Accepted 28 May 1991)





