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Postnatal Development of Corticospinal Projections from Motor
Cortex to the Cervical Enlargement in the Macaque Monkey
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The postnatal development of corticospinal projections was
investigated in 11 macaques by means of the anterograde
transport of wheat germ agglutin—horseradish peroxidase in-
jected into the primary motor cortex hand area. Although the
fibers of the corticospinal tract reached all levels of the spinal
cord white matter at birth, their penetration into the gray matter
was far from complete. At birth, as in the adult, corticospinal
projections were distributed to the same regions of the inter-
mediate zone, although they showed marked increases in den-
sity during the first 5 months. The unique feature of the primate
corticospinal tract, namely direct cortico-motoneuronal projec-
tions to the spinal motor nuclei innervating hand muscles, was
not present to a significant extent at birth. The density of these
cortico-motoneuronal projections increased rapidly during the
first 5 months, followed by a protracted period extending into
the second year of life. The densest corticospinal terminations

occupied only 40% of the hand motor nuclei in the first thoracic
segment at 1 month, 73% at 5 months, and 75.5% at 3 years.
A caudo-rostral gradient of termination density within the hand
motor nuclei was present throughout development and per-
sisted into the adult. As a consequence, the more caudal the
segment within the cervical enlargement, the earlier the adult
pattern of projection density was reached. No transitory corti-
cospinal projections were found. The continuous postnatal ex-
pansion of cortico-motoneuronal projections to hand motor
nuclei in primates is in marked contrast to the retraction of
exuberant projections that characterizes the development of
other sensory and motor pathways in subprimates.
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In primates the direct, cortico-motoneuronal (CM) projections
play an important part in the cortical control of skilled hand
movements (Kuypers, 1981; Bortoff and Strick, 1993; Lemon,
1993) (see Porter and Lemon, 1993). It is known that the cortex
exerts particularly powerful excitatory CM effects on those mo-
toneurons that innervate hand and finger muscles and that the
cortical neurons giving rise to these connections are particularly
active during independent finger movements (Muir and Lemon,
1983; Palmer and Ashby, 1992; Porter and Lemon, 1993; Bennett
and Lemon, 1996). It is also known that such projections are
particularly well developed in species that possess a high degree of
digital dexterity (Phillips, 1971; Heffner and Masterton, 1983;
Bortoff and Strick, 1993). Lesion evidence has also stressed the
particularly debilitating effects of motor cortex and pyramidal
tract lesions on finger movements (Lawrence and Kuypers, 1968;
Colebatch and Gandevia, 1989; Matsumura et al., 1991).
Newborn primates have very poorly developed finger move-
ments, and even basic hand skills take many months to acquire. In
the macaque monkey, the first signs of relatively independent
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finger movements are seen at ~3 months but do not reach an
adult pattern until at least 7-8 months (Lawrence and Hopkins,
1976; Galea and Darian-Smith, 1995). These behavioral changes
undoubtedly reflect the maturation of the neural substrate sub-
serving skilled digit control. In 1962, Kuypers, using anterograde
degeneration techniques in a neonatal macaque, found that cor-
ticospinal fibers had reached all levels of the spinal cord and that
there were terminals within the spinal intermediate zone. How-
ever, he found no significant terminations among the motor
nuclei. An “almost adult pattern” of terminal labeling (i.e., in-
cluding labeling in the dorsolateral motor nuclei supplying the
hand muscles) was found in an 8-month-old animal.

These observations led Kuypers to suggest that the develop-
ment of CM connections is a prerequisite for the performance of
independent finger movements. In keeping with these findings,
the thresholds of EMG responses to transcranial magnetic stim-
ulation (TMS) of the motor cortex, which are thought to be
mediated by the CM system, reach adult values by 5-8 months of
age (Flament et al., 1992). However, little is known about the time
course of the structural and functional changes that underlie these
important developments. Because a number of motor disorders
are associated with malformation of the corticospinal system, it is
becoming increasingly important to understand the milestones of
its developmental timetable.

A widely held view of brain development is that neural connec-
tions begin with an initial formation of widespread exuberant
projections, followed by “pruning” or “dieback” of inappropriate
or nonfunctional connections (O’Leary, 1992). Although this pro-
cess undoubtedly occurs in the development of the corticospinal
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Table 1. Details of macaque monkeys used for this investigation and in our parallel electrophysiological study (Olivier et al., 1997)

Anterograde Densitometric
Weight labeling of CS analysis of
Case Age (kg) Species Sex projections C7-Thl Electrophysiology
Neonate 7 5d 0.6 m.m. Q + +
Infants 15 1 month 0.6 m.m. 3 + + +
11 2.5 months 0.7 m.m. ? + + +
2 3 months 0.7 m.m. ? + +
5 5 months 0.8 m.f. 3 + + +
4 7 months 1.0 m.f. ? + +
9 9 months 12 m.m. Q + + +
8 11 months 2.9 m.m. 3 + + +
10 13 months 2.5 m.m. 3 + +
Adults 3 3 years 22 m.f. 3 + +
3 years 2.1 m.f. ? + +
1 3 years 2.3 m.f. 3 +
12 12 years 5.9 m.m. ? +
14 10 years 6.7 m.m. ? +

+, The monkey was used for the purpose indicated. m.m., m.f., Macaca mulatta and M. fascicularis, respectively.

system in subprimates (for review, see Armand et al., 1996), it is
not known whether such a process also applies to the CM projec-
tion, because this is lacking in subprimates. Galea and Darian-
Smith (1995), who used retrograde tracers injected into the spinal
gray of macaque monkeys of different ages, found evidence for an
exuberant cortical origin of the tract in infant monkeys up to 3
months old, but their method could not reveal any conclusions
specific to the CM projection.

This study addresses these different issues by the use of wheat
germ agglutin-horseradish peroxidase (WGA-HRP), injected
into the primary motor cortex, to produce anterograde labeling of
corticospinal projections to the spinal motor nuclei of the cervical
enlargement. We presume these projections to be principally
cortico-motoneuronal. We carried out a systematic, quantitative
analysis of the projections to the hand muscle motor nuclei
because, from a behavioral point of view, it is the corticospinal
control of motoneurons supplying hand and finger muscles that is
of most interest in trying to understand how the maturation of this
system might contribute to the development of hand skill.

The maturation of the CM projections is no means the only
important factor in the functional development of the CM system:
others include the ability of the corticospinal fibers to conduct
impulses rapidly from cortex to cord and for these fibers to
establish functional connections with their target motoneurons.
These neurophysiological parameters were measured in the same
group of monkeys, and the results are presented in the companion
paper [Olivier et al., 1997 (this issue)].

A preliminary account of this work has been published previ-
ously (Armand et al., 1994).

MATERIALS AND METHODS

Animals. The experiments reported here and in the companion paper
were performed on 14 macaque monkeys, including a neonate (5 d old at
perfusion), 8 infants between 1 and 13 months of age, and 5 adults
between 3 and 12 years of age (see Table 1). Nine of the monkeys were
Macaca mulatta, and five were M. fascicularis. All animals were purpose-
bred for research. Anatomical and electrophysiological investigations
were carried out in all animals, with the exception of three adults (cases
1, 12, and 14) that were used only for electrophysiology.

Injection of WGA-HRP. Our objective was to make a large injection of
WGA-HRP into the hand area of the primary motor cortex in each
animal of the series. Anesthesia was induced by intramuscular ketamine

injection (10 mg/kg) and maintained using 2.5-3% isoflurane in a 50:50
0O,/N,O mixture. In the cases of unweaned infants (cases 7, 11, and 15),
the mother was sedated during the operation by intramuscular ketamine
injection (10 mg/kg) and diazepam (1.5 mg/kg). Under full aseptic con-
ditions, a small craniotomy was made, the dura was reflected, and a
solution of 10% WGA-HRP (Sigma, St. Louis, MO) in 0.15 M saline was
injected via a 29-gauge stainless steel needle into the rostral bank of the
central sulcus. The target was the hand region of the primary motor
cortex, and the precise laterality and depth of the injections were based
on the location of the sulcal genu and our previous investigations of this
region (Lemon et al., 1986; Bennett and Lemon, 1996). In each experi-
ment, a total of eight needle tracks were made, four in a row approxi-
mately parallel to the sulcus and 0.5-1.0 mm rostral to it and four in a
second row 1.5-2.5 mm rostral to it. Tracks in these two rows were made
to depths of 8 and 6 mm, respectively. The tip of the needle was angled
5° anterior, so that the track remained within the rostral bank of the
sulcus. Along each track, 0.1 ul of WGA-HRP solution was pressure-
injected at 1 mm intervals, so that deposits were made at a total of 50—-60
sites in each animal. One minute was allowed to elapse between injections
at successive depths. In all animals, the injection was made in the right
hemisphere.

Each animal was given full postoperative analgesic and antibiotic
treatment. Recovery was uneventful in all cases, and each animal was
carefully monitored during the survival period of ~72 hr. Unweaned
infants were returned to their mother during the recovery period.

Perfusion. At the end of the survival period, each animal underwent a
brief electrophysiological experiment, carried out under isoflurane anes-
thesia [see companion paper (Olivier et al., 1997)]. At the end of this
experiment, the animal was deeply anesthetized with Nembutal (30
mg/kg, i.v.) and perfused through the heart with a vascular rinse [0.9%
NaCl, 10 mm NaNO,, 5% polyvinyl pyrrolidone (PVP40), 5000 U of
heparin at 36°C] followed by fixative (1% paraformaldehyde, 2.5% glu-
taraldehyde in 0.1 M phosphate buffer, pH 7.3, at 4°C). After 30 min, the
perfusion with fixative was stopped and continued with 0.1 M phosphate
buffer (at 4°C) containing 10% sucrose for another 15 min and 20%
sucrose for a final 15 min. After perfusion, the dorsal part of the cranium
was removed and the head was fixed in a stereotaxic apparatus. Three
histological blocks were made in stereotaxic coronal planes, i.e., a middle
block containing the injection (A12.0-AP0), together with a rostral
(A12.0-A20.5) and a caudal (AP0-P10.0) block. After laminectomy,
each spinal segment was carefully identified and the spinal cord was
removed. The cord was then cut into blocks. All histological blocks were
kept overnight in 0.1 M phosphate-buffered sucrose (30%) at 4°C.

Sections. Frozen sections were cut at 50 um. For the cortical blocks
containing the injection site, three series of coronal sections were col-
lected, each consisting of every fifth section. The sections of the first
series were processed histochemically to visualize HRP using the conven-
tional nitroprusside-tetramethyl benzidine (TMB) method (Mesulam,
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Densitometric analysis of a spinal cord section (Thl level of the adult case 3). A, The whole section, shown on the left, is a negative image.

The positive photomicrograph of the same section, photographed under dark-field illumination, is shown in Figure 6 D. The distribution of gray levels
within this negative image is shown on the right, i.e., number of pixels per gray level (0-256). The background density level (i.e., that contributed by the
slide, mounting medium, and coverslip) was computed by selecting an area outside but close to the actual section (inset). B, The area of gray matter
contralateral to the injection site has been selected. The background density level has been subtracted from this selected area. The histogram in B shows
the density distribution of regions with and without labeling (note the difference in the ordinate scales between 4 and B). The gray matter regions without
labeling corresponded to gray level values 0—85. The “window of terminations,” delineated by dashed lines, was between 85 and 220 gray levels and was
subdivided into five equal ranges (arrowheads, 1-20%, 21-40%, 41-60%, 61-80%, and 81-100%).

1982), and those of the second series were processed using the paratung-
state/TMB reaction (Weinberg and Van Eyck, 1991). The sections of the
third series were post-fixed in formalin and stained with cresyl violet for
cytoarchitectonic analysis. For each spinal cord segment transported
WGA-HRP was visualized, in alternate sections, with nitroprusside/TMB
and paratungstate/TMB, respectively. The latter sections were also coun-
terstained with Neutral Red to identify the motor nuclei.
Reconstruction of the cortical injection site. Reconstructions of the
injection site were made by superimposing the drawings of nitroprusside/
TMB-reacted sections and cresyl violet-stained sections (see Figs. 4, 5).
All drawings were made with the aid of an X-Y plotter driven by linear
potentiometers coupled to the microscope stage. On nitroprusside/TMB-
reacted sections, two zones of reaction product density could be distin-
guished under bright-field illumination: an inner zone, where the labeling
was as dense in the cell bodies and axons as in the extracellular space and
often crossed by needle tracks (Figs. 4, 5, stippled areas), surrounded by
an outer zone, where the reaction product was less dense in the extra-
cellular space than in the cell bodies and axons (areas enclosed by dashed
line in Figs. 4, 5). The inner areas of the injection site indicate where
WGA-HRP uptake would have occurred, the outer area a region of
probable diffusion and transport (Mesulam, 1982). The cytoarchitectonic
areas were delineated on adjacent cresyl violet-stained sections under
bright-field illumination. The criteria of Jones et al. (1978) were used to
identify area 4. Area 6, and particularly the dorsal premotor region, was
characterized by the lack of granular layer IV and a layer V containing
scattered large pyramidal cells (Dum and Strick, 1991). Area 3a, at the
bottom of the central sulcus in the hand area, was identified on the basis
of its thinned granular layer IV (compared to the thicker layer IV of area
3b), a layer V containing some large pyramidal cells (Jones et al., 1978;

Jones and Porter, 1980), and a sharply demarcated border between layer
VI and white matter (Sessle and Wiesendanger, 1982). It was sometimes
difficult to ascertain the area 3a-3b border (Fig. 5, section 1, 13 month
case) and the area 1-2 border (Fig. 4, section 3, 3 months case; see Jones
et al.,, 1978).

Densitometric analysis of corticospinal terminations in different cases. Our
aim was to obtain a quantitative analysis of the relative density and
distribution of reaction product in different parts of the spinal gray matter
and at different segmental levels, so that we could carry out a detailed
comparison of labeled corticospinal terminals in animals of different ages.
Great care was taken to standardize the protocols at each step of the
experiment, i.e., injection site and relative amount of tracer, histochem-
ical processing, illumination for photography, film processing, and aper-
ture of the charge-coupled device (CCD) camera when capturing the
image. This densitometric analysis was performed in six animals of
different ages, i.e., 1, 2.5, 5, 9, and 11 months and 3 years (case 3). For the
adult, essentially similar results were obtained in the second case (case 6).
It was not possible in the neonate (5 d) because the labeling in the spinal
gray matter was so faint; only a qualitative description will be given.

Photography. To visualize the reaction product in the nitroprusside/
TMB-reacted sections, we used polarizing filters and a dark-field effect.
Using a Leitz Dialux 20 microscope with a 100 W light source, we
achieved a dark-field effect using a phase-contrast condenser (Leitz UK
Universal) with low-power objectives (1.6X and 2.4X). The condenser
was fitted with phase rings, and ring #4 produced a dark-field stop
sufficiently large to cover the spinal cord. Polarizing filters with an angular
displacement of 90° were placed above and below the specimen. This
combination maximized the image produced by refraction by the reaction
product while minimizing the image of the background spinal tissue. To
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maintain the same quantitative relationship for the analysis, the exposure
time was determined for the brightest section of the entire series and
remained constant for all other sections. A photograph of this standard
section was taken at the beginning of each new film, and all films were
developed under identical conditions. The negative of the brightest
section was digitized using a CCD camera (Orkis N432, picture definition
768 X 576 pixels), and the illumination was adjusted so that the entire
image fell within 256 gray levels available (see negative image of an entire
section photographed under dark-field illumination in Fig. 14, together
with the density histogram of this image). All other sections were digi-
tized with the same illumination.

Densitometric analysis for each case. Densitometric analysis was car-
ried out using the Piclab Image Analysis package (P. Rage, Recherche
Sainte Croix, Auriol, France). Analysis was performed on
nitroprusside-reacted sections from the five spinal cord half-segments
(caudal C7 to caudal Thl) in which the motor nuclei supplying hand
and finger muscles are located (Jenny and Inukai, 1983). The total
number of sections analyzed ranged from 35 to 60 per case. For each
section, the entire spinal hemicord contralateral to the injection site
was delineated and selected. Analysis was performed in two steps. In
the first step, the background density, i.e., that contributed by the slide,
mounting medium, and coverslip, was computed by selecting an area
outside but close to the actual section (see inset in Fig. 14), and this
background level was subtracted from that of the whole image (com-
pare histograms in Fig. 1, 4 and B). This background level was similar
in all cases. In the second step, the spinal gray matter was delineated
and selected from this corrected image. The resulting image (Fig. 1B)
showed the density distribution for gray matter regions with and
without labeling. A “window of terminations,” i.e., a range of gray
levels corresponding to the tissue labeled with reaction product, was
defined by checking the upper and lower limits of labeling in every
section from a given case. The lower threshold of this window was
defined as the minimum gray level value of any labeling above the
levels of unlabeled regions of the spinal gray. For each case, a mean
value of this lower threshold was calculated from the values obtained
from every section analyzed for that case. This lower threshold could

vary with the age of the animal caused, for example, by changes in the
density of the neuropil, myelination, and the development of terminal
arborization.

The upper threshold was defined as the maximum gray level of the
densest section of a given animal, usually found in the Thl segment.
Practically, this upper threshold was 6-8 gray levels below the very
brightest pixels, which were generally contributed by HRP crystal artifacts
overlaying the section. In the example shown in Figure 1B, the arrows
mark the window of termination (120-160). In a few sections, the overall
window of termination was lower than that in adjacent sections in the
rostro-caudal series. In these cases, the highest level of the section was
adjusted to the highest level of the other sections simply by shifting the
histogram without changing its distribution. The density of labeling within
the termination window was divided into five equal ranges (i.e., 1-20%,
21-40%, 41-60%, 61-80%, and 81-100%; see Fig. 1B). The Piclab
package was used to compute, for each section, the total area of the gray
matter. The mean area occupied by the five different density ranges was
established from data obtained from 6-12 sections belonging to the same
half-segment. The most rostral and most caudal sections of each half-
segment were discarded in this part of the analysis.

Comparison between animals of different ages. Despite our care to
standardize the process of preparing tissue and images, the window of
termination densities varied from case to case and, as a consequence, the
width of the density ranges was different in the different animals. How-
ever, the approach used was the only one that allowed a quantitative
comparison of the relative distribution of label in the different animals.
Examples of the pattern and density of labeling in the gray matter in two
cases (adult case 3 and 5 months) are shown in Figure 2, 4 and B,
respectively. The density histograms show that the window of termina-
tions was slightly different in the two cases (85-220 and 120-230,
respectively).

Corticospinal termination densities within hand muscle motor nuclei.
Using an X-Y plotter attached to the microscope stage, the locations of
all motoneurons were determined (1) in each nitroprusside/TMB-reacted
section with phase contrast, and (2) in the consecutive paratungstate/
TMB-reacted section (counterstained with Neutral Red) with bright field.
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Figure 3. Rostrocaudal variations of the number of motoneurons of selected hand and finger muscles (from Jenny and Inukai, 1983) and of the area
occupied by these motor nuclei as computed in this study. Left, Diagrams of the hemispinal gray matter in the spinal segments from C7 to Thl and
including both caudal (C) and rostral (R) half-segments of C8 and Th1. The dotted line encloses the overall area occupied by the motor nuclei (solid lines)
of eight selected hand and finger muscles, whose numbers are indicated in brackets. 1, 1st dorsal interosseous; 2, lateral lumbrical; 3, adductor pollicis;
4, flexor and abductor pollicis brevis; 5, flexor digitorum profundus and superficialis; 6, extensor digitorum communis and extensor digiti secundi proprius,
abductor and extensor pollicis longus; 7, flexor carpi ulnaris; 8, extensor carpi ulnaris; reconstructed from Figures 6—8 of Jenny and Inukai (1983). Right,
Rostrocaudal variation, from C7 to Th1, of the number of motoneurons (open circles) of these eight selected hand and finger muscles (from Fig. 4 of Jenny
and Inukai, 1983) and the overall area in pixels (filled squares) occupied by these motor nuclei in the present study. Area measurements are mean = SD

of data from three cases (2.5 months, 5 months, and adult case 3).

This allowed direct and precise delineation of the motoneuronal cell
groups. The locations of motor nuclei supplying the hand and finger
muscles, reconstructed from the data of Jenny and Inukai (1983), were
then superimposed on each drawing, as shown in Figure 3. In Figure 3
(left), the overall area occupied by these nuclei is shown on diagrams of
the hemispinal gray matter from caudal C7 to caudal Thl. The rostro-
caudal variation in the number of motoneurons in these selected motor
nuclei reported by Jenny and Inukai (1983) correlated very closely with
our areal measurements of these nuclei (Fig. 3, right), with an increase
from caudal C7 to rostral Thl and then a significant decrease in caudal
Thl. These area measurements were taken from three of our cases (2.5
and 5 month and adult case 3).

On each nitroprusside-reacted section from caudal C7 to caudal Thl,
the region of lamina IX containing these motor nuclei was selected and
its area measured. The proportion of this selected area occupied by
densitometrically defined corticospinal terminations was calculated. The
proportion of the same area occupied by the densest 40% of these
terminations was also determined.

RESULTS

Injection sites
Our objective was to allow WGA-HRP uptake throughout the
hand representation of the primary motor cortex (area 4). In all
animals, the injection was located just medial to the genu of the
central sulcus (Fig. 4, inset). The bulk of the injection always
involved all layers of area 4 within the rostral bank of the central
sulcus and onto the adjoining precentral gyrus. In all cases, it also
slightly encroached on the immediately underlying white matter
(Figs. 4, 5, Table 2).

There were some minor variations in the extent of the injection
site in the different cases: in three cases (1, 5, and 11 months) the

injection spread slightly more medially along the central sulcus,
whereas in adult cases 3 and 6 (3 years) the injection spread
slightly more rostrally onto the convexity of the precentral gyrus,
and in two cases (5 d and 13 months) it extended up to the area
4/6 border. In some animals (5 d, 11 and 13 months, and 3 years,
case 3), there was minor involvement of area 3a in the fundus of
the central sulcus with spread into the immediately underlying
white matter in two of them (11 months and 3 years, case 3).
Finally, in four cases, needle tracks reached the lumen of the
central sulcus and there was minor involvement of area 3b, layers
I-III (5 and 7 months), or layers I-V (1 month and 3 years,
case 3).

Despite these minor variations, the main injection site involving
the hand region of area 4 differed only slightly from one case to
another. It was possible, therefore, to carry out a detailed quan-
titative comparison of the corticospinal projections in the different
cases.

Distribution of labeling in the spinal cord

Funicular trajectories of the labeled fibers

The great majority of labeling within the white matter was seen, at
all ages, in the contralateral dorsolateral funiculus. At C1-C2, the
fibers were in a tight bundle, but at lower cervical levels, a fringe
of fibers extended ventrally along the lateral edge of the funiculus,
forming a crescent-shaped distribution (see Fig. 6). These more
ventral fibers were not seen below Th2. Most corticospinal fibers
that penetrated the gray matter left the more dorsal part of the
tract and entered the gray matter through the lateral border of
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1 month 2.5 months

Figure 4. Injection sites of WGA-HRP in the different cases. Inset, Standard diagram of the right hemisphere and the position of three coronal planes
(~2.5 mm separation) in rostrocaudal sequence (I-3) passing through the injection site (stippled area). In each case (5 d and 1, 2.5, 3, 5, and 7 months),
the stippled area shows the injection site, including needle tracks, where the reaction product is as dense in axons and perikarya as in the extracellular
space, whereas the area enclosed by the dotted line is the surrounding zone of diffusion and/or transport of WGA-HRP (Figure legend continues)
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9 months

Figure 5.
both adult cases. See Figure 4 for details.
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13 months o,

3 years

Injection sites of WGA-HRP in the 9-, 11-, and 13-month-old and 3-year-old animals. The injection in the adult (case 3) is representative of

Table 2. Volume of 10% WGA-HRP (in pl) injected into the primary motor cortex hand area in the different cases

Area 4

WGA-HRP
Case Age (pl) Hand area More medial More rostral Area 3a Area 3b
7 5d 4.0 + + +
15 1 month 4.6 + + +
11 2.5 months 4.6 +
2 3 months 8.1 +
5 5 months 49 + +
4 7 months 4.7 +
9 9 months 5.6 +
8 11 months 55 + + +
10 13 months 5.6 + + +
3 3 years 8.7 + + + +
6 3 years 4.6 + +

Spread of the injection site to adjacent regions of M1 and to areas 3a and 3b is indicated.

laminae V-VII, and then fanned out within the spinal gray.
However, from C7 to Th1l many fibers were seen leaving the most
ventral tip of the tract and entered lamina IX directly. An example
is shown in Figure 8. These two different routes of entry into the
gray matter were seen even in the youngest infants. In some cases,
small numbers of fibers were also observed in the ipsilateral
dorsolateral funiculus and in the ventromedial funiculus on both
sides; labeling in these funiculi appeared to depend on the precise
location of the injection site (see below). As in the cat (Satomi et
al., 1991), ipsilateral fibers, located all along the ventral median
fissure (anterior corticospinal tract), were more numerous than
those on the contralateral side, which were grouped in the dorsal
part of the ventromedial funiculus. There were a very small

<«

number of “aberrant” corticospinal fibers in the base of the dorsal
funiculus (c.f. data from cat: Kuypers and Tuerk, 1964; Satomi et
al., 1989). Below Th2, all labeled fibers were restricted to the
contralateral dorsolateral funiculus.

General description of the pattern of corticospinal terminations
within the spinal gray matter

The bulk of the terminal labeling within the spinal gray matter was
focused, at all ages, in C8—Th1, with smaller amounts present in
C1-C7. There was a sharp decrease in gray matter labeling in
rostral Th2. In C1, heavy labeling was focused in contralateral
lamina VI and the medial part of lamina V (Bortoff and Strick,
1993), as in the cat (Armand et al., 1985), with much lighter

(from TMB/nitroprusside-reacted sections). The boundaries between the gray and the white matter as well as between the cytoarchitectonic areas (4, 6,
3a, 3b, 1, 2, 5) are represented by a thin solid line (from cresyl violet-stained sections). In each section, medial is on the right and dorsal is at the top. CC,
Corpus callosum; Ce, central sulcus; Ci, cingulate sulcus; IP, intraparietal sulcus; La, lateral sulcus; sA4, spur of the arcuate sulcus; SPC, superior precentral
sulcus. Scale bar, 2 mm.
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Figure 6. Photomicrographs under dark-field illumination and po-
larized light of representative spinal cord sections at the Th1 level in
four different cases after injection of WGA-HRP into the hand area
of the primary motor cortex (right side). The left side of the cord is
shown on the right. A, 5 d; B, 2.5 months; C, 5 months; D, adult (case
3). Note the increasing intensity of labeling with age in the dorsal
part of lamina IX, the location of the lateral motoneuronal cell
groups innervating hand muscles. Scale bar, 500 wm.
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9 months

labeling in the lateral parts of V and VII and no labeling of the
intervening tissue. From C2 to C4, this labeling of lateral V-VII
increased in density and extended to all parts of lamina VII except
its central part (n. cervicalis centralis). In C4-CS, the density of
labeling in all parts of laminae V-VII became relatively uniform,
except in the central region. This pattern of labeling was similar in
C5-C6 with some decrease in density in the medial part of V and
VI. In C7, the overall density of labeling increased and extended
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13 months

Figure 7. Corticospinal anterograde la-
beling in the gray matter at the C8—Th1l
junction at different ages: 5 d, 2.5, 9, 11,
and 13 months, and 3 years (case 3). The
black frame at the top (from Fig. 9 in
Jenny and Inukai, 1983) indicates the
region of gray matter represented below
and also shows the distribution of se-
lected hand muscle motor nuclei (for
numbering, see Fig. 3). The corticospi-
nal terminal labeling (in black) and
the location of motoneurons (circles)
have been obtained from digitized
paratungstate/TMB-reacted sections.

3 years

into the most ventral part of lamina VII, and this pattern of
labeling was seen until caudal Thl (see Fig. 6). In Th2-Th3, there
was only light labeling in medial V-VI and none in the
intermedio-medial column and Clark’s column. The lateral part of
lamina VII was lightly labeled, but the intermedio-lateral column
was not.

The relative densities of labeling in the different parts of the
spinal intermediate zone were comparable at the different ages,
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Figure 8. Top. Labeled corticospinal fibers terminating among the motoneurons innervating hand and finger muscles in an adult monkey. High-power
color photomicrograph (location indicated by inset) under bright-field illumination of a paratungstate/TMB-reacted section (Th1 level of the adult case
6). The motoneurons have been lightly counterstained with Neutral Red. Note the labeled axons coming from the ventral tip of the crescent-shaped bundle
of fibers in the lateral funiculus (hatched area in inset) and reaching directly the dorsolateral group of motoneurons (dots in inset). Figure legend continues.
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Figure 10. Proportion of the selected area of lamina IX containing the motor nuclei of the hand and finger muscles that received corticospinal projections
(open bars) and the densest 40% of these projections (hatched bars) in the different cases: 1, 2.5, 5, 9, and 11 months and 3 years (case 3). For each
half-segment (R, rostral; C, caudal) from caudal C7 (C7C) to caudal Th1 (ThIC), the mean * SD was computed from data gathered from 6-12 sections.

including the 5 d infant monkey. However, there was a big
increase in the overall density of labeling from birth to 2.5 months,
with smaller increases until adulthood. These changes in increase
in the density of intermediate zone labeling can be seen in Figures
6 and 9. The labeled fibers within the contralateral dorsolateral
funiculus had a rather dust-like appearance in infants (5 d and 1,
2.5, and 3 months) in contrast to the heavy grained labeling seen
in older animals. This presumably reflects the thinner axons of the
infant cases [see companion paper (Olivier et al., 1997)].

«

The most striking change with age was the progressive invasion
and increasing density within the dorsolateral motor nuclei in
C8-Thl, which is analyzed in detail below.

Variations in labeling resulting from differences in injection site

Further confirmation of injection within area 4 was obtained by
examining variations in the pattern of labeled corticospinal pro-
jections in the different cases. As in the cat (Armand et al., 1985),
bilateral terminal labeling in lamina VIII was observed in animals

Figure 9. Bottom. Density of corticospinal projections from the hand area of the primary motor cortex to C8-Th1 in the 2.5-month-old, 5-month-old,
and 3-year-old (case 3) cases. For each monkey, four sections have been selected in each half-segment (R, rostral; C, caudal); these sections had a
distribution that most closely matched the mean value on the 6-12 sections taken from that half-segment (see Materials and Methods). The color scale
corresponds to the five equal-density ranges of the window of termination (see Figs. 1, 2). The region of lamina IX occupied by the hand and finger motor
nuclei (see Fig. 3) is delineated by a white line. Note the caudal-to-rostral increase in density of labeling among the hand muscle motor nuclei.
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Figure 11.  Age-related changes in the density of corticospinal projections

to C8-Thl. The proportion of the selected area of lamina IX containing
the motor nuclei of the hand and finger muscles that received the densest
40% of corticospinal projections reached adult value earlier in caudal Thl
(Th1C) than in rostral C8 (C8R). The time constant of the best fit for
these points was 3.2 and 4.3 months for the caudal and rostral parts of Th1,
respectively, compared to 8.4 and 12.6 months for the caudal and rostral
parts of C8, respectively.

in which slightly more medially (1, 5, and 11 months) or
rostrally located portions of area 4 (5 d, 13 months, and 3 years,
cases 3 and 6) were involved (c.f. Kuypers and Brinkman, 1970)
(see Figs. 4, 5). In these seven animals, a few (5 d and 11 and
13 months) or a significant number (1, 5 months, and 3 years,
cases 3 and 6) of labeled fibers were present in the ipsilateral
dorsolateral and ventromedial funiculi. Furthermore, in the
three cases in which slightly more medially located portions of
area 4 were involved (1, 5, and 11 months), a few labeled fibers
reached the lumbosacral enlargement (Kuypers and Brinkman,
1970), and even in the 1 and 5 month cases, sparse but well
labeled fibers were observed bilaterally in the gray matter of S3.
These bilateral corticospinal terminations to the sacral and
coccygeal segments seem to be a characteristic feature of
corticospinal projections from this more medial zone in both
monkey and cat (Tigges et al., 1979) (J. Armand, unpublished
observations). Contralateral labeling in the most dorsal lami-
nae of the dorsal horn could have resulted from spread of the
injection to area 3. Thus, in cases in which there was minor
involvement of area 3a (see Table 2), some sparsely labeled
fibers were observed in Rexed laminae IV and III. In cases in
which there was spread to 3a and/or 3b (1 month and 3 years,
case 3), labeled fibers could be traced in all parts of laminae
V-VI and the medial parts of III-IV in caudal C6. Further
caudally, this dorsal horn labeling extended dorsally to reach
laminae I-II in caudal Th1l (Cheema et al., 1984) (see Fig. 9).
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Corticospinal terminations among the motor nuclei of hand
and finger muscles

General description. The motor nuclei innervating intrinsic hand
muscles and the long flexor and extensors of the digits are located
in the dorsolateral region of lamina IX and extend from the
mid-C7 segment to the caudal half of Thl (Sherrington, 1898;
Jenny and Inukai, 1983). As pointed out above, the gray matter of
these segments had denser terminal labeling than other spinal
levels in all cases.

Figure 8 shows a high-power color photomicrograph of the
appearance of WGA-HRP-labeled projections among the mo-
toneurons of the hand and finger motor nuclei in the C8 segment
in one of the adults (case 6). It can be seen that the corticospinal
terminals are densely distributed among the motoneurons, which
have been lightly counterstained with Neutral Red. Of particular
interest are the labeled axons entering directly the most dorsal
margin of lamina IX, in which these motoneurons are located.
These axons left the most ventral tip of the crescent-shaped lateral
corticospinal tract (hatched area in inset).

Figure 7 shows representative sections from the caudal C8
segment, i.e., at the point at which the number of motoneurons
innervating these muscles is at a maximum (see Fig. 3, right). The
location of motoneurons is depicted by open circles. The black
stipple indicates the entire window of termination density (see
Materials and Methods), i.e., it encompasses all of the labeling
within the gray matter. In the adult case, terminal labeling was
particularly heavy in the dorsolateral part of the intermediate
zone and, although less dense, was also present throughout the
dorsolateral group of motoneurons. There was no labeling in the
vicinity of the ventral motoneurons.

The labeling of terminals in the 5-d-old monkey was very faint
compared with all of the other cases. There was some sparse
labeling among the dorsolateral motor nuclei, which was most
noticeable along the dorsal margin, and fainter and more scat-
tered in the center of these motor nuclei. No labeling was ob-
served among the ventral motoneurons in this case or in any of the
other infant cases. In the 2.5-month-old monkey, there was heavy
labeling within lamina VII, which formed a distinctive ring around
the dorsolateral motor nuclei, and this dense labeling extended
into the most dorsal motoneurons, in contrast to a more diffuse
labeling among the others.

In the 9- and 11-month-old monkeys, labeling was similar to the
2.5-month-old animal, with further encroachment of fibers into
the dorsolateral group of motoneurons. In the 13-month-old mon-
key, the characteristic ring around the dorsal motoneurons was
completely in-filled. However, Figure 7 shows that the labeling
within lamina IX was still less extensive and intense than in the
adult case.

Quantitative densitometric analysis

The single sections shown in Figure 7 give a useful overall im-
pression of the infiltration of the hand motor nuclei by cortico-
spinal projections over a protracted developmental period. How-
ever, further analysis was needed to measure the density of
labeling within different regions of the spinal gray and any varia-
tions in this pattern across the different segments that innervate
the hand and finger muscles. This densitometric analysis entailed
averaging the results from 6-12 sections taken from the five
half-segments containing the hand motor nuclei (caudal C7 to
caudal Thl; see Materials and Methods). The sections shown in
Figure 9 are from the 2.5 month, 5 month, and adult (case 3) and
were selected as having a distribution that most closely matched
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the mean value for that segment and that case. On each section,
the region of lamina IX occupied by the hand motor nuclei is
delineated by a white line, and the color scale indicates the
different density ranges of labeling within the window of termina-
tion, with the densest labeling indicated by red (81-100%) and
yellow (61-80%). In the adult monkey, it can be seen that the
heaviest projections terminated among the dorsolateral motor
nuclei and that this was particularly marked in the most caudal
region (caudal Thl segment). Most of the dorsolateral motoneu-
rons in this region supply the intrinsic hand muscles (Jenny and
Inukai, 1983) (R. Lemon and R. Muir, unpublished observations).
It can be seen that the motor nuclei in this segment appear to be
the earliest to receive a significant corticospinal projection. Thus,
in the 2.5-month-old monkey, the heaviest projections (red) have
just encompassed some of the most dorsally located Th1l hand
motoneurons, whereas those similarly located within the C8 seg-
ment receive only sparse projections. In the 5-month-old monkey,
the densest projections have reached the C8 motoneurons but
have by this stage advanced still further into the hand motor
nuclei at Thl.

These changes are plotted graphically in Figure 10. The bars
show the proportion of the selected area of lamina IX containing
the motor nuclei of the hand and finger muscles that received
corticospinal projections (open bars) and the densest 40% of these
projections (hatched bars). The caudo-rostral gradient in the den-
sity of these projections is evident at all ages. In the adult, a large
proportion (70% in rostral Thl and 81% in caudal Thl) of the
hand motor nuclei located in the Thl segment received dense
corticospinal projections, whereas it was much lower (20%) in
caudal C7. In the youngest animal for which this analysis was done
(1 month), none of the densest projections were found in the
motor nuclei at C7, in contrast to 40% of the nuclei at Thl. A
substantial innervation (>17%) of the most rostral motoneurons
was not seen until 5 months, at which age ~73% of the most
caudal nuclei were innervated by the densest projections. The
results indicate that all of the hand motor nuclei receive some
corticospinal innervation by 5 months, but that the distribution of
the densest projections seen in the adult has still not been
achieved even at 11 months.

It is evident from Figure 10 that the developmental time course
of the densest projections lagged behind those of the less well
labeled projections, but otherwise there were close parallels be-
tween them. Thus, the progression in labeling seen for the weakly
labeled projections at 1 month is very similar to the pattern for the
densest labeling at 9 months, and the implication is that this
pattern reflects the growth of early innervating projections rather
than the arrival of new fibers.

The age-related changes in the density of corticospinal projec-
tions to the different segments are summarized in Figure 11. This
emphasizes the especially strong projection to the most caudal
segments. The very rapid increase in the area occupied by this
projection during the 1-5 month postnatal period is particularly
striking. The time constants of the best fit for these points were
only 3.2 and 4.3 months for the rostral and caudal parts of Thl,
respectively, compared to 8.4 and 12.6 months for CS8.

DISCUSSION

Postnatal development of corticospinal projections

Our study shows that in the macaque monkey there are major
postnatal changes in the pattern and density of corticospinal
projections from the hand area of the primary motor cortex. Thus,
although we know that fibers of the corticospinal tract have
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reached all levels of the spinal cord white matter by birth
(Kuypers, 1962; Biber et al., 1978) (this study), the penetration of
the spinal gray matter by these fibers is far from complete at birth.
Our results suggest that the unique feature of the primate corti-
cospinal tract, namely direct CM projections to the spinal motor
nuclei, is not present to a significant extent at birth. We have also
demonstrated that the maturation of these projections is pro-
tracted, lasting at least into the second year of postnatal life. In
contrast, corticospinal projections are distributed to the same
regions of the intermediate zone at birth as in the adult (c.f.
Kuypers, 1962), although they also show marked increases in
density during the first postnatal months. Given the widespread
influence of the corticospinal tract on spinal interneurons and
motoneurons, it is likely that this protracted development is of
great importance for the maturation of sensorimotor function in
the young primate. It is interesting to note that an important
feature of postnatal corticospinal development is the continuous
expansion of CM projections within lamina IX, whereas it is the
retraction of exuberant projections that characterizes the devel-
opment of other sensory and motor systems (Innocenti et al.,
1977) (see O’Leary, 1992). Interestingly, Kuang and Kalil (1994)
have demonstrated that, in the hamster, exuberant corticospinal
projections arising from the visual cortex never formed connec-
tions in the spinal cord and that specificity in corticospinal con-
nectivity is achieved by selective growth of axon collaterals to their
appropriate spinal targets, rather than by remodeling of exuberant
terminal projections. In subprimates (Martin et al., 1982) and in
human (Weidenheim et al., 1992), the corticospinal system devel-
ops later than other descending motor pathways originating in the
brainstem. Because, from an evolutionary point of view, the
brainstem systems are much “older” (see ten Donkelaar, 1982), it
is possible that the relatively late maturation of the CM system
may reflect, in part, the late appearance of this system in evolu-
tionary history.

Anterograde labeling of corticospinal terminations

by WGA-HRP

We have assumed that regions within the gray matter that were
most heavily labeled with WGA-HRP corresponded to the re-
gions of heaviest corticospinal termination. However, it is possible
that some of this labeling consists of reaction product in fibers
passing through the gray rather than terminating in it. For in-
stance, fibers entering the gray matter through the lateral border
of laminae V-VII could explain some of the reaction product
found along the dorsal margin of the hand motor nuclei in the
youngest cases (see Figs. 8, 9). In addition to these fibers of
passage, reaction product could be associated with collaterals,
preterminal arborizations, and terminations. Thus, increases in
density of labeling within the hand motor nuclei could represent
new fibers entering the region or growth of terminal arborization.
Increases could also reflect aberrant projections, such as have
been reported in subprimates (Cabana and Martin, 1985; Curfs et
al., 1994), although we argue below that there is no convincing
evidence for such projections in the postnatal primate.

Corticospinal projection from M1 to the motor nuclei
innervating hand and finger muscles

These projections are considered to be of particular importance
for the capacity to perform relatively independent finger move-
ments (RIFM; see introductory remarks). In both the adult and
the infant macaque, it is known that many of the CM projections
to the cervical enlargement originate from M1 (Kuypers and
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Brinkman, 1970; Galea and Darian-Smith, 1995). Our results
show that the projection to the hand motor nuclei is extremely
sparse in the newborn monkey (Figs. 6, 7): such projections only
reach the most dorsal hand motoneurons located in the most
caudal segments (Th1) of the cervical enlargement (Stanfield and
Asanuma, 1993). This particular finding, obtained using an an-
terograde labeling method, confirms that of Kuypers (1962) using
the older degeneration technique. However, we have also ob-
served that even in the neonate there are thin-labeled axons
arising from the ventral tip of the lateral corticospinal tract and
entering the dorsolateral motor nuclei directly, in a manner sim-
ilar to that in the adult (see Fig. 8). In the neonate, we have also
observed a very fine-grained labeling throughout the dorsolateral,
but not in the ventral motor nuclei. These additional findings
probably reflect the increased sensitivity of the WGA-HRP
method to visualize thin fibers compared to the Nauta degenera-
tion technique used by Kuypers (1962).

We have emphasized the much more protracted period of
development of the corticospinal system than the 6—8 months
suggested by previous investigations (Kuypers, 1962; Lawrence
and Hopkins, 1976; Galea and Darian-Smith, 1995). Our data
clearly show that an “adult-like” pattern of termination (Kuypers,
1962) is certainly not achieved by 8 months. Although it was only
possible to study one case at each developmental age, all of the
data points fit into a clear and continuous progression (Figs. 10,
11), and this gives greater confidence that each case contributed a
representative insight into that particular stage of development.
Each data point was itself derived from data gathered from 6-12
different sections from the specific segmental level in that case.

Our analysis has revealed a gradient of termination density
within the hand motor nuclei that, perhaps surprisingly, runs from
caudal to rostral. This gradient is maintained throughout devel-
opment (Fig. 10) and persists into the adult. The projections to
the more rostral segments also appear to infiltrate the motor
nuclei more slowly than those lying more caudally (Fig. 11). This
is in contrast to the retrograde labeling study of Galea and
Darian-Smith (1995), who suggested a simultaneous innervation
of all segments. Because the more caudal segments contain the
densest aggregations of motoneurons supplying the intrinsic hand
muscles (Jenny and Inukai, 1983), our result may reflect a pref-
erential innervation of the intrinsic hand muscles, which are
known to receive the strongest CM projection (see Porter and
Lemon, 1993). It may also reflect changes in the size and orien-
tation of motoneuron dendritic trees during the developmental
period (Scheibel and Scheibel, 1970; Rose et al., 1995).

Corticospinal projections and

cortico-motoneuronal function

Because our window of labeled corticospinal terminations cov-
ered a large range of densities (see Figs. 1, 2), including the very
weakest labeling, it is perhaps not surprising that when calculating
the proportion of the hand motor nuclei occupied by such label-
ing, we found that this measure saturated at a very early stage
(already at 2.5 months in caudal Thl and at 9 months more
rostrally). In contrast, if we examine the area penetrated by the
densest 40% of the projections, this measure did not saturate,
even in the adult.

There are two reasons why it is probable that the distribution of
these densest projections best correlates with the distribution of
the CM projection. First, a rather sparse pattern of corticospinal
projections to lamina IX has been described in a variety of
subprimates such as the cat (Cheema et al., 1984), raccoon (Wirth
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et al,, 1974), and rat (Liang et al., 1991), for which there is no good
electrophysiological evidence of monosynaptic EPSPs, despite
intensive investigation (Baldissera et al., 1981; Gugino et al., 1990;
Babalian et al., 1993). A much stronger projection appears to
underpin the large, fast-rising EPSPs characteristic of the CM
system of Old World primates (Kuypers, 1981; Olivier et al.,
1996). Second, in the adult, the distribution of the densest 40% of
labeling, rather than that of all labeling, appears to fit best with
the known variations in CM input to different motor nuclei: it is
strongest to the caudally located intrinsic hand muscles and weak-
est to the more medial and ventral motoneuron pools innervating
more proximal muscles (see above).

It is well known that the dendritic trees of spinal motoneurons
extend well beyond the limits of lamina IX. In theory, corticospi-
nal projections terminating outside lamina IX (i.e., in the adjacent
intermediate zone) could also have direct CM terminations (see
Porter and Lemon, 1993). However, it is not known whether there
are any corticospinal terminations on these distal dendrites. In
species such as the cat, where there are dense projections to the
intermediate zone, but no CM connections, the corticospinal
fibers must in some way avoid the distal dendrites of motoneu-
rons. Morphometric analysis of motoneuron dendritic structure
has not revealed any preferential orientation of the dendrites
toward the intermediate zone, although there is a slight tendency,
in some motoneurons, for the dendrites to be orientated in the
rostro-caudal direction (Ulfhake et al., 1988). Interestingly, the
collaterals of a small sample of single CM axons labeled intra-
axonally by Lawrence et al. (1985) showed a clear rostro-caudal
organization, presumably paralleling the columns of target mo-
toneurons they innervate. Few of these collaterals were distrib-
uted outside lamina IX.

If this analysis is correct, our data would suggest that it is not
until 2.5 months that functional CM connections are present to
any significant extent: by this stage, between 23.7 and 51.7% of the
hand motor nuclei in C8 and Thl receive dense corticospinal
projections. At 1 month, only the caudal Thl segment (which
contains the smallest number of motoneurons; Fig. 3) receives a
comparable proportion (40.4%, still very low compared with the
adult value of 80.9%).

Lack of aberrant corticospinal projections from M1 in
the postnatal period

We could find no evidence for any aberrant projections in the
neonatal case or in any of the other infant cases. In other words,
all of the corticospinal projections that we observed were found in
those regions of the spinal gray matter in which they are found in
the mature adult. We did not observe, for example, any aberrant
projections to the ipsilateral gray matter, such as were reported in
the kitten (Theriault and Tatton, 1989; Alisky et al., 1992); nor did
we observe any early innervation of the more ventral motoneu-
rons, which might subsequently have been withdrawn. Other post-
natal studies in monkeys have also failed to find any evidence for
exuberant or aberrant projections (Kuypers, 1962; Biber et al.,
1978; Sloper et al., 1983).

However, the lack of aberrant connections may simply reflect
the relatively advanced stage of the primate CNS at birth (Pass-
ingham, 1985). Galea and Darian-Smith (1995) injected different
types of fluorescent retrograde tracers into the spinal cord of
young macaque monkeys, including several premature cases.
Their results showed that the pattern of corticospinal projections
from the different cortical regions in the newborn and adult
macaque was “strikingly similar.” However, in infants up to 3
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months of age, they did find exuberant projections from cortical
areas that skirted those giving rise to the projection in the adult.
These areas included extensive regions of the cingulate gyrus,
prefrontal cortex (area 12), lateral premotor cortex, and peri-
insular and intraparietal cortex. Thus, we cannot be sure that
injection of these exuberant areas might reveal aberrant cortico-
spinal projections.

Galea and Darian-Smith (1995) also reported a much larger
relative number (300%) of corticospinal neurons late in the neo-
nate than in adulthood, favoring the idea that many of the neu-
rons labeled from the cord in the infant cases withdrew their
corticospinal axon collaterals during development. These findings
are in keeping with observations made in the neonatal rodent
CNS (see O’Leary, 1992), although in this case the exuberance of
the projections is far more marked, with corticospinal projections
extending all the way from the frontal to the occipital pole
(D’Amato and Hicks, 1978). Similar results have been observed in
other subprimates (see, for example, Kalil, 1985; Stanfield and
O’Leary, 1985) (for review, see Armand et al., 1996). Any exu-
berance in the numbers or density of corticospinal neurons in the
neonatal monkey does not appear to produce heavier anterograde
labeling than at later ages; in fact, quite the reverse is true (see
Fig. 6). Furthermore, transient corticospinal neurons and/or tran-
sient spinal axonal collaterals of neurons projecting in the adult at
supraspinal levels did not appear to distribute terminals in regions
of the gray matter other than those found in the adult (Galea and
Darian-Smith, 1995). Up to 3 months of age, cortical neurons
could be retrogradely labeled only by tracer injections in the
spinal intermediate zone, and not within the dorsal or ventral
horns.

CONCLUSION

Our findings suggest that there are major and protracted postnatal
changes in the influence over spinal mechanisms that the primary
motor cortex exerts through its corticospinal projections. This is
particularly true for the motoneurons controlling hand and finger
muscles. These anatomical results are consistent with our neuro-
physiological observations [see companion paper (Olivier et al.,
1997)]: if cortico-motoneuronal projections are present in the
newborn infant, we can conclude that their influence is likely to be
very weak relative to the adult.
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