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Abstract 

The neural cell adhesion molecule N-CAM has been proposed to function in the guidance of outgrowing axons in the peripheral and 
central nervous system. Light microscopic observations have shown that the embryonic form of N-CAM (200-230 kDa) is present in the 
ventralmost part of the dorsal funiculus during corticospinal tract (CST) ingrowth in the first postnatal week (Joosten, Dev. Brain Res., 78 
(1994) 226-236). Here, the subcellular localization of the embryonic form of N-CAM (E-NCAM) is determined by pre-embedding 
staining on vibratome sections and by postembedding immunogold-labelling on Epon embedded spinal cord sections. The electron 
microscopical observations indicate that E-NCAM is present on the outer membrane of CST growth cones as well as other unmyelinated 
axons which are present in the ventralmost part of the dorsal funiculus. Furthermore, E-NCAM is localized in an irregular patchy way on 
the outer side of the axonal membrane of small unmyelinated, later arriving CST axons. From these results it may be deduced that 
E-NCAM is involved in CST tract formation through guidance of outgrowing pioneer CST growth cones along other unmyelinated axons 
and through mediation of axon fasciculation of later arriving CST axons. 
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The neural cell adhesion molecule N-CAM, present on 
cell surfaces a n d / o r  extracellular matrices, mediates adhe- 
sive interactions between neurons during development of 
the central nervous system [5,29]. N-CAM is highly con- 
centrated in developing tissues, and in vitro studies show 
that it is localized on growth cones [31]. In the embryonic 
nervous system, N-CAM is present in a higher molecular 
weight form (MW = 200-230 kDa) that has more 
polysialic acid (PSA) residues and therefore less ho- 
mophilic binding than the lower molecular weight NCAM 
forms present in the adult (MW = 120, 140, 180 kDa). The 
structurally distinct isoforms of  N-CAM are expressed in a 
developmentally regulated and tissue specific manner 
[3,211. 

In the developing mouse optic nerve the highly sialy- 
lated embryonic form of N-CAM (E-NCAM) is present on 
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the growth cones of  fasciculating axons [1]. As this highly 
sialylated form of N-CAM is less adhesive than the adult 
forms [3,26] it is thought to be involved in rather dynamic 
morphogenetic events [6,10]. The contact-mediated explo- 
ration of  the environment by the growth cone is such a 
very dynamic morphogenetic event during which E-NCAM 
might be important. 

Light microscopic immunocytochemical observations 
indicated that E-NCAM may be involved in corticospinal 
tract (CST) formation during spinal white matter ingrowth 
[11]. The rat CST, localized in the ventralmost part of  the 
dorsal funiculus, is characterized by a staggered mode of  
outgrowth in spinal cord white matter [9,15,28,30]: the first 
CST pioneer fibers, which enter the spinal cord at postna- 
tal day one (P1), are followed by a bulk of later arriving 
fasciculating axons between postnatal days 2 and 10. 

Based on light microscopical data we suggested that 
E-NCAM may play an important role during both CST 
pioneer ingrowth and fasciculation of  later arriving CST 
fibers [11]. With the use of the monoclonal antibodies 5A5 
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[22] and 12F8 [2,18], which both recognize E-NCAM, an 
intense staining of the ventralmost part of the dorsal 
funiculus is observed. This immunostaining is restricted to 
the period of CST tract formation in spinal white matter, 
during the first postnatal week [11]. Therefore, the aim of 
the present study is to localize E-NCAM at the subcellular 
level during CST tract ingrowth into the spinal white 
matter. This may add to our understanding how CST fibers 
are guided to their spinal target and may be illustrative for 
processes underlying outgrowth and guidance in the cen- 
tral nervous system. 

Wistar rats (UWU/CPB) pups varying in age between 
P1 and P4 were used in this study. The day of birth is 
considered P0. At least four animals of each age were 
used. 

The monoclonal antibodies (MoAb) 5A5 (IgM) (gift 
from Dr. T. Jessell, New York, NY) and 12F8 (IgM) (gift 
from Dr. Carl Lagenauer, Pittsburgh, PA) were used in this 
study. The 5A5 MoAb was generated against mouse em- 
bryonic spinal cord membranes and recognizes an epitope 
associated with the polysialglycan chain of NCAM [22]. 
The MoAB 12F8, raised against affinity purified mouse 
N-CAM, recognizes polysialic acid on embryonic N-CAM 
[2,18]. 

Rat pups were anesthetized by intraperitoneal injection 
of an aqueous solution of Nembutal (18 mg/kg  body 
weight) and perfused through the heart (via the left ventri- 
cle) either with 4% paraformaldeyhde in phosphate buffered 
saline (PBS) (pH 7.4) or with a combination of 2% 
paraformaldehyde and 0.12% glutaraldehyde PBS 
[8,14,16]. After perfusion the spinal cords were resected 
from the vertebral columns and then postfixed in the same 
fixative for about 1 h before being transferred into cold 
(4°C) PBS with 10% sucrose or 30% sucrose (until the 
tissue block sank in each solution). 

For the electron microscopical studies only tissue from 
rats perfused with 2% paraformaldehyde and 0.12% glu- 
taraldehyde were used. For pre-embedding imunocyto- 
chemistry, 50 /zm transverse sections of the fifth cervical 
segment were cut on a BIO-RAD H1200 vibratome and 
collected in cold PBS. The vibratome sections were treated 
with 5% dimethyl sulfoxide (DMSO) in PBS and rinsed 
with PBS/BSA. To localize E-NCAM the vibratome sec- 
tions were incubated overnight with the 5A5 antibodies 
(diluted 1:10 in 0.1 M PB). Control sections were incu- 
bated with 10% normal serum instead of primary antibod- 

ies. After rinsing 30 min in 0.1 M PBS/BSA, pH 7.4, the 
sections were incubated with horseradish peroxidase 
(HRP)-conjugated secondary antibodies for 1 h (diluted 
1:220 in PBS/BSA). After washing for 20 min (twice 10 
min) with PBS/BSA the HRP was visualized using the 
chromogen diaminobenzidine hydrochloride (DAB; Sigma 
Chemicals) and cobalt and nickel as intensifying agents. 
Some sections were washed in PBS, dehydrated and em- 
bedded in Depex for light microscopical immunocyto- 
chemical localization. For electron microscopic examina- 
tion sections were washed in PBS, postfixed in 1% OsO 4 
in 0.1 M PBS (pH 7.4) for 1 h, dehydrated and embedded 
in Epon. Ultrathin sections were cut on a ultramicrotome 
and mounted on 75 mesh Fromvar-coated copper grids. All 
sections were counterstained with uranyl acetate (20 min) 
and lead citrate (10 min). 

For postembedding immunocytochemistry 50/zm trans- 
verse vibratome sections (from tissue fixed with 2% para- 
formaldehyde and 0.12% glutaraldehyde) were washed in 
PBS, fixed in 1% OsO 4 for 1 h, dehydrated and embedded 
in Epon. Ultrathin sections were mounted on uncoated 
nickel grids and etched with 10% H202 for 5 min. To 
quench free aldehyde groups the sections were incubated 
in 0.02 M glycine solution in PBS, pH 7.4 (3 X 10 min). 
The immunostaining was carried out by sequentially float- 
ing the grids on drops of the following solutions: primary 
antibody (undiluted, overnight); PBS-glycine (3 × 10 min); 
secondary antibody rabbit anti-mouse (diluted 1:500 in 1% 
BSA for 1 h at room temperature); 0.1% BSA/PBS 
(3 × 10 min); protein A conjugated with 10 nm colloidal 
gold for 1 h; PBS (4 × 5 min); stabilization on 1% glu- 
taraldehyde in PBS (5 rain); distilled water (5 X 2 min). 
Control sections were incubated with 1% BSA in PBS 
instead of the primary antibodies. 

In rat the main component of the CST is located in the 
ventralmost parts of the dorsal funiculus (Fig. 1A). Tissue 
treated with 2% paraformaldehyde and 0.12% glutaralde- 
hyde showed immunostaining identical to that obtained 
with 4% paraformaldehyde fixed tissue. The 5A5 and the 
12F8 antibodies, which both recognize polysialic acid on 
embryonic N-CAM, gave an indistinguishable staining pat- 
tern. Control sections invariably displayed no detectable 
imrnunoreaction. 

Both 5A5 and 12F8 produce an intense staining of the 
CST at cervical levels (Fig. 1A), but not at lumbar spinal 
cord levels (Fig. 1B) at P1. The fasciculus gracilis (FG) 

Fig. 1. Localization of 5A5/12F8 immunoreactivity in rat CST at postnatal day 1 (P1). The E-NCAM antigen is present in the ventralmost part of the 
dorsal funiculus at cervical (A) but not at lumbar spinal cord levels (B). Bar = 25 /zm; cst: corticospinal tract; fc: fasciculus cuneatus; fg: fasciculus 
gracilis. Pre-embedding immunostaining on transverse vibratome sections from cervical spinal cord (C) reveal the presence of 5A5 immunoreactivity on 
the outer axonal membrane of CST growth cones (arrows) as well as on small unmyelinated axons. 5A5 immunoreactivity is present in the contact zone 
between growth cones. D: Postembedding immunogold staining of 5A5 antigen on CST growth cones (arrowheads) and unmyelinated axons. Bar = 0.2 
/xm. gc: growth cone. E: Pre-embedding 5A5 immunostaining on transverse section from lumbar spinal cord (prior to the arrival of CST fibers). No 5A5 
immnnoreactivity can be observed. Note the absence of growth cones. The pre-arrival area contains fascicles of unmyelinated fibers which are surrounded 
by watery profiles (asterisks) containing large vacuole-like structures. Bar = 0.5 /zm. 
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Fig. 2. Localization of 5A5 / t 2F 8  immunoreactivity in rat CST at postnatal day 4 (P4). The E-NCAM antigen is present in the ventralmost part of the 
dorsal funiculus during fasiculation of later arriving CST fibers at cervical levels (A) and during the ingrowth of the first CST fibers at lumbar spinal cord 
levels (B). Bar = 25 /zm. C: 5A5 immunolabelling performed by pre-embedding staining procedures on transversally sectioned CST from cervical spinal 
cord levels at P4. Note the patchy distribution of the DAB reaction product on the outer axonal membrane of later arriving fasciculating CST axons. 

Bar = 0.2 /.~m. 
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was stained with 5A5 and 12F8 (Fig. 1A), whereas the 
fasciculus cuneatus (FC) was devoid of staining both at 
cervical and at lumbar spinal cord levels at P1 (Fig. 1A,B). 
The spinal gray adjacent to the dorsal funiculus is charac- 
terized by a very low, rather diffuse staining pattern with 
5A5 (Fig. 1A,B). At P4 the ventralmost part of the dorsal 
funiculus at both cervical and lumbar levels showed stain- 
ing with 5A5 (Fig. 2A,B) and 12F8 (not shown). Antero- 
grade tracer studies have shown that the first CST axons 
reach lumbar spinal cord levels at P4, whereas CST forma- 
tion at cervical levels is at the same time characterized by 
the addition of large amounts of later arriving fasciculating 
fibers [9,15]. 

For electron microscopical studies only rats perfused 
with 2% paraformaldehyde and 0.12% glutaraldehyde were 
used. The presence of 0.12% glutaraldehyde did not affect 
the 5A5/12F8 immunoreactivity of the spinal cord tissue 
and resulted in a considerably improved ultrastructural 
morphology as compared to 4% paraformaldehyde fixed 
tissue. 

In general identical results were obtained after pre-em- 
bedding-DAB staining as compared to the postembed- 
ding-immunogold technique. The postembedding-im- 
munogold staining technique on vibratome sectioned tissue 
did not result in high amounts of labelling as compared to 
the pre-embedding technique (compare Fig. 1C and Fig. 
1D). Nevertheless the complete absence of immunogold 
labelling in the control sections indicated a relatively high 
specificity. We therefore used both the pre- and postern- 
bedding technique and conclude that misinterpretations 
due to for instance diffusion of the peroxidase product 
and/or  incorrect localization of the immunogoldlabelling 
(within a range of 10-15 nm of the antigen) can be 
excluded. 

During the entrance of CST pioneer fibers into the 
ventralmost part of the dorsal funiculus at cervical levels 
(at P1) and at lumbar levels (at P4) a clear 5A5 immuno- 
reactivity was noted on the outer membrane of growth 
cones, at the interface between growth cones and also on 
small, unmyelinated axons (Fig. 1C,D). These unmyelin- 
ated axons in the CST ingrowth area are not of cortical 
origin [15,28] and probably belong to ascending systems 
located in the dorsal funiculus. Astroglial cells and its 
processes invariably displayed no 5A5 immunoreactivity 
(not shown). 

Prior to the entrance of CST fibers (i.e. lumbar spinal 
cord at P1) the ventralmost part of the dorsal funiculus or 
pre-arrival zone is characterized by the absence of 5A5 
immunoreactivity (Fig. 1E). The pre-arrival zone exhibits 
fascicles of unmyelinated fibers surrounded by lucent 
amorphous structures (Fig. 1E). 

During the period in which the bulk of later arriving 
unmyelinated CST axons enter the ventralmost part of the 
dorsal funiculus, i.e. at cervical spinal cord levels between 
P2 and P7, 5A5 immunoreactivity was noted on small, 
unmyelinated faciculating CST axons (Fig. 2C). The local 

accumulation of DAB reaction product strongly suggests 
an irregular patchy distribution of E-CAM on the outer 
side of the axonal membrane. 

In the rat spinal cord the outgrowth of the major 
component of the pyramidal tract (PT), the CST, primarily 
occurs during the first 10 postnatal days [9,15,28]. Our 
results demonstrate that N-CAM (E-NCAM) is present on 
CST growth cones and unmyelinated fibers in the ventral- 
most part of the dorsal funiculus. Tracer studies indicated 
that at that time these unmyelinated fibers are not of 
cortical origin [15], but probably belong to ascending 
systems located in the dorsal funiculus [20]. The localiza- 
tion of E-NCAM during ingrowth of the first CST axons in 
spinal white matter on the outer side of the plasma mem- 
brane of CST growth cones as well as on the surrounding 
unmyelinated axons indicates that guidance of the pioneer 
CST axons probably occurs by homophilic interactions 
between these structures. Adhesion mediated by N-CAM is 
thought to involve homophilic binding of N-CAM 
molecules on both adhesion membranes [7,25]. The highly 
sialylated embryonic form of N-CAM is known to be less 
adhesive than the adult form(s) [3], and therefore thought 
to be involved in more dynamic morphogenetic events 
such as the development of the retinal projections [27] or 
the cerebellar cortex differentiation [6,10]. The CST growth 
cone contact mediated inventarization of the spinal white 
matter environment is a very dynamic event during which 
the embryonic, highly sialylated form of N-CAM is impor- 
tant. Although homophilic binding of N-CAM molecules is 
important during CST pioneer ingrowth, N-CAM (E- 
NCAM) also binds to heparan sulfate proteoglycan, sug- 
gesting a role in extracellular matrix adhesion [4]. Based 
on our observations, interactions between E-NCAM and 
extracellular matrix components during CST pioneer in- 
growth into spinal white matter cannot be excluded. 

In addition to a role in the guidance of CST pioneer 
fibers our findings provide evidence for the implication of 
E-NCAM in the fasciculation of the later arriving bulk of 
CST fibers. In vitro antibody perturbation experiments [23] 
and in vivo observations [8,19] have shown that N-CAM is 
involved in the fasciculation of neurites. 

Immunoelectron microscopical studies have shown that 
the cell adhesion molecule L1 [24] is also involved in the 
fasciculation of the later arriving CST axons [14,16]. The 
presence of E-NCAM as well as L1 on fasciculating later 
arriving CST axons during spinal white matter favors 
previous in vitro observations that interactions between 
these two different glycoproteins (of the same immuno- 
globulin superfamily [23]) result in the potentiation of 
neurite outgrowth [17]. An assisted homophilic interaction 
between E-NCAM and L1 may result in potentiation of the 
neurite outgrowth of later arriving CST axons in rat spinal 
white matter. 

Besides the presence of E-NCAM on later arriving CST 
axons, light microscopic observations strongly suggested 
the presence of adult forms of N-CAM on later arriving 
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CST axons [11]. In this respect it should be noted that the 
presence of E-NCAM considerably decreased between P7 
and P10, whereas the presence of adult N-CAM forms 
increased during the end stages o f  C S T  white  mat ter  

ingrowth  [11]. This  shift f rom E - N C A M  (with relat ively 

low affinity) to adult N - C A M  (with relat ively high affin- 

ity) dur ing C S T  fascicula t ion may  indicate that once the 

C S T  project ion is established,  plasticity is no longer  desir- 

able and therefore only the h igher  aff ini ty N - C A M  is 

expressed.  Because  o f  its role  during C S T  deve lopmen t  we  

currently use the i rnmunocy tochemica l  v isual izat ion o f  

N - C A M ,  and especial ly  E - N C A M ,  as a marker  for re- 

growth or  sprouting o f  CST fibers after t ransection in the 

adult rat spinal cord [12,13]. 

In summary,  our  e lectron microscop ic  observat ions  

demonst ra te  that E - N C A M  is invo lved  in C S T  tract forma-  

tion in var ious ways.  First, through guidance  o f  outgrow- 

ing p ioneer  C S T  growth  cones  a long other  unmyel ina ted  

axons in the ventral  most  part o f  the dorsal  funiculus.  

Second,  through media t ion  o f  the fasciculat ion o f  later 

arr iving C S T  axons. The  presence  and role  o f  E - N C A M  

during rat C S T  deve lopmen t  makes  it a potent ia l ly  valu- 

able marker  for  s tuying C S T  regrowth  in the injured adult 

rat spinal cord. 

Acknowledgements 

The  authors wou ld  l ike to thank Mr.  George  Pos thuma 

(Depar tment  o f  Cel l  B io logy)  for  valuable  technical  sug- 

gest ions with respect  to the pos tembedding  i m m u n o g o l d  

procedures .  This  work  would  not have  been possible  with-  

out  use o f  the excel lent  faci l i t ies  (u l t ramicro tome and Jeol  

e lectron microscope)  at the Depar tment  o f  Cel l  Bio logy.  

L.N.R.  was a recipient  o f  a st ipend of  the Dav id  de W i e d  

Foundat ion.  

References 

[1] Bartsch, U., Kirchhoff, F. and Schachner, M., Highly sialylated 
N-CAM is expressed in adult mouse optic nerve and retina, J. 
Neurocytol., 19 (1990) 550-565. 

[2] Chung, W.-W., Lagenaur, C., Yan, Y. and Lund, J.S., Developmen- 
tal expression of neural cell adhesion molecules in the mouse 
neocortex and olfactory bulb. J. Comp. Neurol., 314 (1991) 290-305. 

[3] Chuong, G.-M. and Edehnan, G.M., Alterations in neural cell adhe- 
sion molecules during development of different regions of the 
nervous system, J. Neurosci., 4 (1984) 2354-2368. 

[4] Cole, G.J. and Glaser, L., A heparan-binding domain from N-CAM 
is involved in neural sub,;tratum adhesion, J. Cell Biol., 100 (1986) 
1192-1200. 

[5] Daniloff, J.K., Chuong, C.-M., Levi, G and Edelman, G.M., Differ- 
ential distribution of cell adhesion molecules during histogenesis of 
the chick nervous system, J. Neurosci., 6 (1986) 739-758. 

[6] Edelman, G.M. and Chuong, C.-M., Embryonic to adult conversion 
of neural cell adhesion molecules in normal and staggerer mice, 
Proc. Natl. Acad. Sci. US'A, 79 (1982) 7036-7040. 

[7] Edelman, G.M., Hoffman, S., Chuong, C.-M., Thiery, R., Bracken- 

burg, R., Gallin, W.J., Grumet, M., Greenberg, M.E., I-Iemperley, 
J.J., Cohen, C. and Cunningham, B.A., Structure and modulation of 
of neural cell adhesion molecules in early and late embryogenesis, 
CoM Spring Harbor Symp. Quant. Biol., 58 (1983) 515-526. 

[8] Godfraind, C., Schachner, M. and Goffinet, A.M., Immunohisto- 
chemical localization of cell adhesion molecules L1, J1, N-CAM 
and their common carbohydrate epitope L2 in the embryonic cortex 
of normal and reeler mice, Dev. Brain Res., 42 (1988) 99-111. 

[9] Gribnau, A.A.M., De Kort, E.J.M., Dederen, P.J.W.C. and Nieuwen- 
huys, R., On the development of the pyramidal tract in the rat. II. An 
anterograde tracer study of the outgrowth of corticospinal fibers, 
Anat. Embryol., 175 (1986) 101-110. 

[10] Hekmat, A., Bitter-Suermann, D. and Schachner, M., Immunocyto- 
logical localization of the highly polysialylated form of neural cell 
adhesion molecule during development of the marine cerebellar 
cortex, J. Comp. Neurol., 291 (1990) 457-467. 

[11] Joosten, E.A.J., Developmental expression of N-CAM epitopes in 
the rat spinal cord during corticospinal tract axon outgrowth and 
target innervation, Dev. Brain Res., 78 (1994) 226-236. 

[12] Joosten, E.AJ., B~, P.R. and Gispen, W.H., Collagen implants and 
corticopsinal axonal growth after mid-thoracic spinal cord lesion in 
the adult rat, J. Neurosci. Res., 41 (1995) 481-490. 

[13] Joosten, E.A.J., BRr, P.R. and Gispen, W.H., Directional regrowth of 
lesioned corticospinal tract axons in adult rat spinal cord, Neuro- 
science, 69 (1995) 619-626. 

[14] Joosten, E.A.J. and Gribnau, A.A.M., Immunocytochemical localiza- 
tion of cell adhesion molecule L1 in developing rat pyramidal tract, 
Neurosci. Lett., 100 (1989) 94-98. 

[15] Joosten, E.A.J., Gribnau, A.A.M. and Dederen, P.J.W.C., Postnatal 
development of the corticospinal tract in rat. An ultrastructural 
anterograde tracer study, Anat. Embryol., 179 (1989) 449-456. 

[16] Joosten, E.A.J., Gribnau, A.A.M. and Gorgels, T.G.M.F., Immuno- 
electron microscopic localization of cell adhesion molecule L1 in 
developing rat pyramidal tract, Neuroscience, 38 (1990) 675-686. 

[17] Kadmon, G., Kowitz, A., Altevogt, P. and Schachner, M., The 
neural cell adhesion molecule enhances Ll-dependent cell-cell inter- 
actions, J. Cell. Biol., 110 (1990)193-208. 

[18] Lagenaur, C., Yip, J. and Lemmon, V., Monoclonal 12F8 antibody 
identifies a subclass of N-CAM active in promotion of neurite 
outgrowth, Soc. Neurosci. Abstr., 14 (1988) 2253. 

[19] Martini, R. and Schachner, M., Immunoelectron microscopic local- 
ization of neural cell adhesion molecules (L1, NCAM and myelin 
associated glycoprotein) in regenerating adult mouse sciatic nerve, 
J. Cell Biol., 106 (1988) 1735-1746. 

[20] Matthews, M.A. and Duncan, D., A quantitative study of morpho- 
logical changes accompanying the initiation and progress of myelin 
production in the dorsal funiculus of the rat spinal cord, J. Comp. 
Neurol., 142 (1971) 1-22. 

[21] Nybroe, O., Albrechtsen, M., Dahlin, M., Linneman, D., Lyles, 
J.M., Moller, C.J. and Bock, E., Biosynthesis of the neural cell 
adhesion molecule: characterization of polypeptide C, J. Cell Biol., 
101 (1985) 2310-2315. 

[22] Placzek, M., Tessier-Lavigne, M., Jessell, T.M. and Dodd, J., Orien- 
tation of commisural axons in vitro to a floor plate-derived chemo- 
attractant, Development, 110 (1990) 19-30. 

[23] Rathjen, F.G. and Jessell, T.M., Glycoproteins that regulate growth 
and guidance of vertebrate axons: domains and dynamics of the 
immunoglobulin/fibronectin type III subfamily, Semin. Neurosci., 3 
(1991) 297-307. 

[24] Rathjen, F.G. and Schachner, M., Immunocytochemical and bio- 
chemical characterization of a new neuronal cell surface component 
(L1 antigen) which is involved in cell adhesion, EMBO J., 3 (1984) 
1-10. 

[25] Rutishauser, U. and Goridis, C., N-CAM: the molecules and its 
genetics, Trends Genet., 2 (1986) 72-82. 

[26] Sadoul, R., Him, M., DeAgostini-Bazin, H., Rougon, G. and Goridis, 



E.A.J. Joosten et aL / Developmental Brain Research 94 (1996) 99-105 105 

C., Adult and embryonic mouse neural cell adhesion molecules have 
different binding properties, Nature, 304 (1983) 347-349. 

[27] Schlosshauer, B., Schwartz, U. and Rutishauser, U., Topological 
distribution of different foims of N-CAM in the developing chick 
visual system, Nature, 310 (1984) 141-143. 

[28] Schreyer, D.J. and Jones, E.G., Growth and target finding by axons 
of the corticospinal tract in prenatal and postnatal rats, Neuro- 
science, 7 (1982) 1837-1853. 

[29] Silver, J. and Rutishauser, U., Guidance of optic axons in vivo by 
preformed adhesive pathway on neuroepithelial endfeet, Dev. Biol., 
106 (1984) 485-499. 

[30] Stanfield, B.B., The development of the corticospinal projection, 
Prog. Neurobiol., 38 (1992) 169-202. 

[31] Van den Pol, A.N., DiPorzio, U. and Rutishauser, U., Growth cone 
localization of neural cell adhesion molecule on central nervous 
system neurons in vitro, J. Cell Biol., 102 (1986) 2281-2294. 


