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Postnatal development of the corticospinal system was inves-
tigated in 13 macaques using noninvasive transcranial mag-
netic stimulation (TMS) of the motor cortex and direct electrical
stimulation of corticospinal axons in the medullary pyramid and
spinal cord. The latency of antidromic corticospinal volleys
evoked from the pyramid and recorded from the motor cortex
decreased dramatically during the first postnatal months. Our
data predict that conduction velocity (CV) of the fastest corti-
cospinal neurons over their cranial course would reach adult
values at ;11 months. The CV of corticospinal neurons in the
spinal cord increased with age but with a slower time course. In
the neonate, the fastest spinal CV was estimated at 7.8 m/sec,
;10 times slower than in adults (mean 80.0 m/sec). Our data
predict that full myelination of corticospinal axons in the spinal
cord would not occur until ;36 months. No short-latency EMG
responses were elicited in arm and hand muscles by TMS until

3 months of age; TMS thresholds were high initially and then fell
progressively with age. When corrected for body size, relative
latencies of EMG responses showed an exponential decrease
during the first postnatal months.
Our data are consistent with the hypothesis that fine finger

movements are not observed before functional CM connec-
tions are well established and that rapid changes in the phys-
iological properties of the corticospinal system coincide with
the period in which precision grip is known to mature (3–6
months). However, corticospinal development continues long
after simple measures of dexterity indicate functional maturity,
and these changes may contribute to the improved speed and
coordination of skilled hand tasks.
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Among the primate order, the index of dexterity and use of
relatively independent finger movements (RIFM) is thought to
reflect the degree to which motoneurons innervating the muscles
acting on hand and fingers receive direct, monosynaptic projec-
tions from the cerebral cortex (Phillips, 1971; Heffner and Mas-
terton, 1975, 1983; Kuypers, 1981; Bortoff and Strick, 1993) (see
pp. 90–96 in Porter and Lemon, 1993). These cortico-
motoneuronal (CM) projections are weak or absent among the
lower primates, such as the lemur and in some New World
monkeys, and show a progressive increase in density from Old
World monkeys through apes to human.
Further evidence for an involvement of CM projections in the

performance of RIFM has been sought by attempting to correlate
the ontogeny of the corticospinal system with the development of
skilled finger movements in infants. In his anterograde degener-
ation study, Kuypers (1962) could find no significant corticospinal
terminations among the motor nuclei of a neonatal macaque, and
he suggested that the inability to perform RIFM at birth was in
part attributable to the immaturity of the CM projection. This
hypothesis was supported by behavioral studies: Hinde et al.

(1964) observed that grooming, for which RIFM are essential, was
not observed in infant macaques until ;6 months. In their classic
study, Lawrence and Hopkins (1976), reported that the earliest
signs of RIFM occurred at 2–3 months, with a mature pattern at
7–8 months. Galea and Darian-Smith (1995) recently reported
that performance on a reach-and-grasp test by a group of young
macaques approached adult levels by ;6 months. This correlated
with the emergence of an adult-like distribution of cortical motor
areas contributing to the corticospinal tract.
In our preceding study (Armand et al., 1996b), we used the

wheat germ agglutin–horseradish peroxidase technique to label
CM projections from primary motor cortex (M1). Our results
showed that the CM projection is weak or absent at birth. Al-
though it develops rapidly in the first few postnatal months, it does
not mature fully until the second year of life. Thus, from an
anatomical viewpoint, the development of the CM system is very
protracted, but we have very little information on its physiological
maturation: its ability to carry impulses and the effects of these
impulses on target motoneurons supplying hand and finger
muscles.
Recent studies have used transcranial magnetic stimulation

(TMS) of the motor cortex to explore maturation of the primate
corticospinal system by studying the threshold and latency of
muscle responses (Eyre et al., 1991; Müller et al., 1991, 1994;
Flament et al., 1992). In the infant macaque, Flament et al. (1992)
reported that the earliest component of EMG responses to TMS,
which in the adult is mediated by the CM system (Edgley et al.,
1990; Baker et al., 1994), could not be obtained before 2–3 months
of age. Thereafter, the threshold of EMG responses to TMS
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declined rapidly, so that by 5–8 months threshold values were
similar to those observed in adults. By 8 months, the long-latency
EMG responses of the 3-month-old infant had shortened to adult
values. However, because an 8-month-old rhesus monkey mea-
sures only about half of its adult size (see Schultz, 1933), it is
probable that the CV of corticospinal neurons continues to in-
crease as the monkey grows, as suggested by TMS studies of
human infants (Eyre et al., 1991; Müller et al., 1991, 1994) (see
Armand et al., 1996a). However, this conclusion is based on
indirect evidence, and no direct measurements of CV of cortico-
spinal axons in the developing primate have yet been made.
The aim of the present study was to assess changes in CV of

corticospinal axons at both the cranial and the spinal levels in the
developing macaque. These data have been compared with the
latency and threshold of upper limb EMG responses evoked by
the TMS of the motor cortex in the same monkeys. These neu-
rophysiological assessments have been analyzed in the light of
anatomical data, again from the same animals, on the maturation
of corticospinal projections to the cervical enlargement (see Ar-
mand et al., 1996b).
Preliminary accounts have been published previously (Armand

et al., 1994; Olivier et al., 1994).

MATERIALS AND METHODS
This study was performed in 13 purpose-bred Macaca fascicularis or
Macaca mulatta, including one neonate (5 d), 8 young infants, and 4
adults (see Table 1 for details). Most of these animals were also used for
an anterograde labeling study of developing corticospinal projections [see
companion paper (Armand et al., 1996b)]. Electrophysiological observa-
tions were made on the side contralateral to that used for the neuroana-
tomical study.
Anesthesia was induced with ketamine (10 mg/kg, i.m.), supplemented

as required. Monkeys were placed in a hammock, which allowed stabili-
zation of the head during this part of the experiment. TMS was delivered
from a Magstim 200 stimulator (maximum output 2.2 Tesla) using a
standard round coil (diameter 14 cm) centered over the hand area of the
motor cortex. Surface EMG activity was recorded from the contralateral
extensor digitorum communis (EDC) and first dorsal interosseous (1DI).
The coil position was adjusted to obtain the largest EMG responses for a
given intensity, and then the threshold was determined by progressively
decreasing stimulus intensity. The threshold was arbitrarily defined as the
lowest intensity for which the probability of EMG responses to TMS was
$0.2. TMS was performed on only two adults (see Table 1).

General anesthesia was then induced and maintained using 2–3%
isoflurane in a 50:50 O2/N2O mixture. Body temperature was carefully
maintained at 37–388C. Two varnish-insulated tungsten electrodes (tip
impedance ; 20 kV at 1 kHz) were implanted under stereotaxic control
5 mm apart in the medullary pyramidal tract (PT), usually at P1 and P6.
Electrodes were positioned at the lowest threshold point for evoking an
antidromic volley, recorded from the surface of the ipsilateral motor
cortex. Thresholds ranged from 20 to 100 mA (duration 0.1 or 0.2 msec).
Correct placement of electrodes was subsequently confirmed by postmor-
tem histological analysis (see Edgley et al., 1990). The antidromic nature
of these potentials was confirmed by showing that they could faithfully
follow high frequencies of stimulation (typically 3 pulses at 200–300 Hz)
without any noticeable change in shape, amplitude, or latency. The
latency of these antidromic potentials was used as an indicator of CV
changes in the corticospinal tract over its cranial course.
To measure the CV of corticospinal axons over their spinal course, two

small laminectomies were then performed at different spinal levels,
usually at low cervical and low thoracic levels (Fig. 1). The dura was
opened, and orthodromic corticospinal volleys evoked by PT stimulation
were recorded simultaneously from the surface of the dorsolateral funic-
ulus (DLF) with silver ball electrodes. The distance between the two
recording sites was carefully measured both before and after perfusion of
the animal. A further estimate of the CV of corticospinal neurons in the
spinal cord was obtained by inserting a fine varnish-insulated tungsten
electrode into the DLF to excite corticospinal axons and then recording
the antidromic volleys from the surface of the contralateral motor cortex
(Fig. 1). This approach yielded almost the same estimate of the cortico-
spinal axon CV as that obtained from orthodromic volleys evoked by PT
stimulation. This was confirmed by regression analysis (slope5 1.09, r 2 5
0.98, p , 0.001, n 5 5). In the neonate (case 7), no PT electrodes were
implanted, and CV estimates were based solely on the antidromic
measurements.
Analysis. All signals were both digitized on-line and recorded on tape

for further off-line analysis. Corticospinal volleys and EMG activity were
digitized at 80 and 5 kHz, respectively. Latencies of EMG responses to
TMS were measured on every individual trace and then used to calculate
the mean and SD. Given the variability of these latencies (CV ; 10%),
the 10th percentile of the latencies was used to determine the minimum
conduction time from the motor cortex to muscles. This method was
preferred to the use of the shortest latency of EMG response to minimize
possible error. EMG response latencies were also normalized for the size
of the animals by dividing latencies by the cubic root of the body weight.
The validity of this approach has been tested on data published by Schultz
(1933) by performing a regression analysis between sitting height and
cubic root of body weight (r 2 5 0.99, n 5 30) for rhesus monkeys aged
from birth to 92 months.
Corticospinal volleys were averaged (usually n 5 100), and both onset

Table 1.

Case Age
Weight
(kg)

Cranial course
(antidromic latency in
msec, PT to cortex)

Spinal course
(conduction velocity
in m/sec)

EMG
responses
to TMS

Neonate 7 5 d 0.6 NA 7.8a absent
Infants 15 1 month 0.6 1.85 20.1 absent

11 2.5 months 0.7 1.98 28.4 u

2 3 months 0.7 NA 35.6 u

5 5 months 0.8 1.60 41.3 u

4 7 months 1.0 1.10 46.8 u

9 9 months 1.2 0.96 NA u

8 11 months 2.9 0.68 51.4 u

10 13 months 2.5 0.85 55.4 u

Adults 6 3 years 2.1 0.78 72.2 u

1 3 years 2.3 0.84 NA u

12 12 years 5.9 0.65 83.7 u

14 10 years 6.7 0.81 84.2 u

Conduction time over the cranial course of the corticospinal tract was estimated as the latency of the antidromic potential recorded from motor cortex and evoked by stimulation
of the medullary PT. Conduction velocity over the spinal course was determined from orthodromic volleys excited from the PT and recorded at different spinal levels.
aIn this case, CV was estimated from the latency difference between antidromic volleys recorded from motor cortex and evoked from different spinal levels.
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and peak latencies of the first positive inflection were measured on volleys
obtained with stimulus intensities of about twice threshold.

RESULTS
Age-related changes in conduction velocity of
corticospinal neurons
Antidromic corticospinal volleys recorded from the motor cortex
Figure 2 illustrates averaged antidromic volleys recorded from the
surface of the ipsilateral motor cortex and evoked by stimulation
of corticospinal axons in the pyramid in one adult and in the 11-,
9-, and 2.5-month-old monkeys. In the adult, the onset and peak
latencies of this antidromic volley were 0.78 and 1.04 msec,
respectively. These values were similar to those obtained in the

other adults after stimulation through the most caudal PT elec-
trode: the mean onset latency was 0.77 msec (range 0.65–0.84
msec, n 5 4), and the mean peak latency 1.04 msec (range
0.94–1.14, n 5 4).
In the 11-month-old animal, the onset and peak antidromic

latencies were 0.68 and 1.13 msec, respectively. These values were
within the range of adult values given above. In younger animals,
both onset and peak latencies of antidromic volleys were consid-
erably longer than those obtained in adults. For example, in the
9-month-old monkey the onset and peak latencies were 0.96 and
1.30 msec, respectively. At 2.5 months, the antidromic volley was
even more delayed, with onset and peak latencies of 1.98 and 2.30
msec, respectively.
Figure 3A illustrates successive antidromic corticospinal volleys

Figure 1. Schematic view of acute experiments. Two stimulating elec-
trodes were implanted in the medullary pyramidal tract (PT), usually at
antero-posterior stereotaxic levels P1 and P6. Antidromic volleys were
recorded from the surface of the exposed motor cortex with silver ball
electrodes. Orthodromic volleys, evoked by PT stimulation, were recorded
from the surface of the dorso-lateral funiculus, usually at low cervical and
low thoracic levels. The distance between the two recording sites was
carefully measured to estimate conduction velocity of corticospinal axons
over their spinal course.

Figure 2. Averaged records of antidromic volleys evoked from the med-
ullary pyramidal tract (PT ) stimulation and recorded from the hand area
of the motor cortex in one adult (case 6, 36 months old) and in the 11-, 9-,
and 2.5-month-old infant monkey. Volleys were evoked from the posterior
PT electrode (located at stereotaxic level P6) with an intensity twice the
threshold. Vertical dotted line indicates the onset of PT stimulation. n,
Number of sweeps in average. Note higher gain in the 2.5-month-old
monkey.
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evoked by three shocks delivered at ;250 Hz and recorded in the
1-month-old monkey. The onset latency was 1.85 msec, and the
consistency of the responses is illustrated by the superimposed
traces in Figure 3B. It can be seen that the volleys follow faithfully
the high frequency of stimulation, demonstrating that corticospi-
nal axons in infant monkeys are already able to convey high-
frequency repetitive discharges (see Discussion).
The relationship between age and onset latency of antidromic

volleys evoked from posterior PT electrodes is illustrated in Fig-
ure 4A. Because the macaque brain has been shown to reach its
adult size as early as 2–3 months (Holt et al., 1975), it can be
assumed than the conduction distance between the cortex and
pyramid is constant among all monkeys except for the 1-month-
old animal (Fig. 4A, f). Therefore, volley latencies can be com-
pared directly without normalization for conduction distance.
Figure 4A indicates that CV of corticospinal axons over their

cranial course increases exponentially during the first postnatal
months. The negative exponential function that best fits the data
and that is plotted in Figure 4A has a time constant of 3.8 months.
This equation predicts that the CV of corticospinal axons over
their cranial course should reach a value within the adult range by
11.4 months (3 time constants).

Orthodromic corticospinal volleys recorded from the
spinal cord
Figure 5A illustrates the orthodromic corticospinal volleys re-
corded in one adult monkey from the lower cervical (C6) and
lower thoracic (Th9) spinal segments. These volleys were elicited
by a 100 mA stimulus (duration 0.2 msec) delivered through the
posterior PT electrode. The peak latency of volleys recorded at
the C6 and Th9 levels was 0.75 and 2.10 msec, respectively. The
CV of the axons contributing to this spinal volley was estimated at
83.7 m/sec (conduction distance 113 mm). In the two other adults,
the corticospinal CV in the spinal cord was estimated at 72.2 and
84.2 m/sec, respectively (mean 80.0 m/sec).
In infant animals, the CV of the fastest corticospinal axons

within the spinal cord was much slower. This is illustrated for the
1-month-old monkey (Fig. 5B). Orthodromic volleys were evoked
from the anterior PT electrode and recorded at the low cervical
(C7) and low thoracic (T9) segments. The peak latency of the
corticospinal volleys was 1.4 and 3.6 msec, respectively, and
yielded an estimate for the CV of the fastest axons in the spinal
cord at 20.1 m/sec (conduction distance 44 mm). Even in the
13-month-old animal, the CV was still slower than in the adults
(55.4 m/sec).
In the neonate, the corticospinal CV in the spinal cord was

estimated from the difference in latencies of antidromic volleys
recorded from the surface of the motor cortex after stimulation of
the DLF at C7 and Th8 (see Materials and Methods). The onset
latency of these volleys was 2.05 and 9.27 msec, respectively.
Conduction velocity of the fastest corticospinal axons in the spinal
cord was estimated at 7.8 m/sec, i.e., .10 times slower than the
mean value found in adult monkeys. Even in this newborn mon-
key, the corticospinal axons could follow stimuli up to a frequency
of ;200 Hz.
The relationship between age and CV of corticospinal axons

over their spinal course is summarized in Figure 4B. The negative
exponential that best fits this relationship, and which is plotted in
Figure 4B, has a time constant of 11.6 months. This equation
predicts that the CV should reach a value within the adult range
by ;36 months (3 time constants).

EMG responses to transcranial magnetic stimulation
Age-related changes in latency of EMG responses
Figure 6A illustrates the difference in latencies of 1DI responses
to TMS in an adult (case 6) and in the 3-month-old monkey (case
2). Despite a much larger conduction distance from the motor
cortex to hand muscles in the adult, the onset latency of EMG
response was shorter in the adult (mean 6 SD, 9.5 6 1.0 msec,
n 5 54) than in the 3-month-old animal (12.90 6 1.0 msec, n 5
12). This difference in latencies was even larger when the shortest
latencies of EMG responses (see Materials and Methods) were
considered (adult, 8.0 msec; 3-month-old, 12.0 msec). In the
other, larger adult investigated (case 14; see Table 1), the shortest
latency of 1DI responses to TMS was 10.3 msec.
Figure 6B illustrates the relationship between age and short-

est latency of EMG responses recorded from 1DI and EDC for
8 animals. Despite the fact that most of the infants were smaller
than the adults, EMG responses in 1DI and EDC had a
somewhat longer latency in the infants. This suggests that the
overall CV between the motor cortex and hand muscles must
increase with age. The 13-month-old monkey (case 10) is the
exception that proves the rule: this animal was a M. mulatta

Figure 3. A, Averaged records (n 5 106) of the successive antidromic
volleys evoked by a train of three PT stimuli at 250 Hz and recorded from
the surface of motor cortex in the 1-month-old monkey (case 15). B, Same
averaged antidromic volleys superimposed and aligned on the onset of PT
stimulation artifact to show consistency of responses. Vertical dashed lines
indicate onset of PT stimulation.
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(case 10) and was actually larger than the adult M. fascicularis
(case 6; see Table 1). The shortest latencies of EMG responses
recorded in 1DI were 10.4 msec in the 13-month-old animal
and 8.0 msec in the adult.
As a group, the infant monkeys did not exhibit any clear

decline with age in their EMG response latencies. Neither of
the regression lines computed between age (up to 13 months)
and the shortest EMG response latencies in 1DI or EDC had a

slope significantly different from zero. However, an age-related
decrease in conduction time from the motor cortex to hand
muscles was confirmed by normalizing the shortest EMG re-
sponse latencies with respect to body size (Fig. 7A). This
relative latency value was calculated by dividing the absolute
latency by the cube root of body weight (see Materials and
Methods).
Assuming that conduction time from the motor cortex to 1DI

and EDC motor nuclei is the same (see Jenny and Inukai,
1983), the difference between the relative latencies of EMG
responses in these two muscles should provide an estimate of
age-related changes in peripheral conduction velocity. Figure
7B shows that this estimate of the peripheral delay shortened
dramatically during the first postnatal months with a time
constant of only 3.3 months, much shorter than that observed
for corticospinal axons in the spinal cord. This suggests that

Figure 4. A, Age-related decrease in onset latency of antidromic volleys
evoked from the PT and recorded from the surface of the motor cortex.
Data (filled circles) are shown for monkeys 2.5 months or older in which
conduction distance between PT and motor cortex can be regarded as
constant (see text). The equation of the exponential fitted over these
points was y 5 0.74 1 2.51 exp(20.26x), where x is expressed in months (t
5 3.8 months, r 5 0.97). Data point (f) is from the 1-month-old monkey
(case 15): because brain size has not reached its adult value at this age, this
point was not incorporated in the data used to compute the exponential.
B, Age-related change in conduction velocity (CV) of the fastest cortico-
spinal axons in the spinal cord in 11 monkeys. CV was estimated from the
difference in latency of orthodromic volleys recorded at two spinal levels
in response to PT stimulation ( filled circles). In the 5-d-old monkey (case
7), CV was estimated from the latency difference of antidromic cortical
volleys evoked by stimulation of the dorsolateral funiculus at two different
spinal levels and recorded from the motor cortex (E). Equation of the
best-fitted exponential was y 5 81.1 2 66.6 exp(20.08x), where x is
expressed in months (t 5 11.9 months, r 5 0.98).

Figure 5. Orthodromic volleys evoked by PT stimulation and recorded
from the surface of the contralateral dorsolateral funiculus at two different
rostro-caudal levels in the spinal cord in one adult (case 12) and the
1-month-old monkey (case 15). In the adult (A), orthodromic volleys were
recorded at the C6 and Th9 spinal level (average of 130 sweeps). Stimulus
intensity 100 mA; duration 0.2 msec. Conduction delay of the volley
between the two sites, which were 113 mm apart, was 1.35 msec. CV of the
largest corticospinal axons was estimated at 83.7 m/sec. In the 1-month-old
monkey (B), stimulus intensity was 200 mA and duration was 0.2 msec.
Volleys were recorded at C7 and Th9 (average of 140 sweeps). The
conduction delay was 2.2 msec, and the conduction distance was 44 mm.
CV was 20.1 m/sec. Vertical dashed lines indicate the onset of PT
stimulation.
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peripheral axons conduct at adult velocities much earlier than
do corticospinal axons (as shown in human by Eyre et al.,
1991).

Age-related changes in threshold of EMG responses to TMS
The threshold of EMG responses to TMS was determined for 1DI
and EDC (see Materials and Methods); both showed a consistent
decrease with age (see Fig. 8). The time constant of the exponen-
tial fitted to the 1DI data was 6.5 months. In the neonate and
1-month-old monkey, TMS at the maximal output of the stimu-
lator failed to elicit any EMG responses. In the 2.5-month-old
monkey, maximal TMS produced responses in EDC but not in
1DI. EMG responses to TMS were first observed in 1DI in the
3-month-old monkey. The threshold of 1DI was generally slightly
higher than that of EDC.

DISCUSSION
This study has demonstrated striking changes in the physiolog-
ical properties of the developing corticospinal system. The
fastest fibers in this system mature move rapidly over their
cranial than their spinal course, where they undergo a 10-fold
change in conduction velocity from birth to adulthood. Al-
though slowly conducting, neonatal corticospinal axons are
capable of conveying impulses at high frequency. However,
TMS did not evoke EMG responses in hand muscles until ;3
months of age, which suggests the absence of effective cortico-
spinal influence over the relevant motoneurons early in post-
natal development. The final maturation in the CV of cortico-

Figure 6. A, Averages of rectified EMG response to transcranial mag-
netic stimulation (TMS) of the motor cortex recorded in 1DI in one adult
(case 6) and in the 3-month-old monkey (case 2). TMS intensity was 50%
of maximum stimulator output in the adult and 100% in the 3-month-old.
Vertical dashed line indicates the onset of TMS. n, Number of sweeps in
average. Arrows indicate the onset of the EMG responses. B, Relationship
between age and minimal latency of EMG responses in 1DI to TMS (filled
circles) and EDC (open triangles). Latencies represent the mean of the
10th shortest percentile of all responses recorded (see Materials and
Methods).

Figure 7. A, Relationship between age and normalized latency of EMG
responses evoked by TMS of the motor cortex and recorded from 1DI
(filled circles) and EDC (open triangles). Latencies were normalized by
dividing them by the cube root of the monkey’s body weight (see Materials
and Methods). Equation of the best-fitted exponentials: 1DI (filled cir-
cles), y 5 5.6 1 11.7 exp(20.11x) (t 5 9.1 months, r 5 0.96); EDC (open
triangles), y 5 3.8 1 6.8 exp(20.068x) (t 5 14.7 months, r 5 0.98), where
x is in months. B, Estimate of the time course of age-related decrease in
CV of the peripheral nerves supplying 1DI and EDC. This was computed
by subtracting the latency of EDC responses to TMS from that of 1DI.
Equation of the best-fitted exponential: y5 1.51 7.4 exp(20.30x) (t 5 3.3
months, r 5 0.92).
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spinal axons in the spinal cord may not occur until the third
year of life. The protracted nature of development that our
studies have revealed should caution investigators working on
immature animals that they consider to be adults.

Conduction velocity of primate corticospinal axons
Adult macaques
In the spinal cord, the mean conduction velocity of the fastest
corticospinal neurons was estimated at 80.0 m/sec. This value is
compatible with that estimated from the fastest antidromic re-
sponses of single corticospinal neurons recorded in motor cortex
and activated from the PT [Evarts, 1965; Phillips and Porter, 1977
(p. 269); Lemon et al., 1986] but is somewhat higher than values
found in the cervical segments of the macaque spinal cord by
Ludolph et al. (1987) (67.5 m/sec) and by Edgley et al. (1990)
(range 66–72 m/sec).
For comparison, in human the CV of the fastest corticospinal

axons within the spinal cord as measured with TMS varies be-
tween 50 and 70 m/sec (see Boyd et al., 1986; Inghilleri et al.,
1989; Herdmann et al., 1991).
Although data from only a limited number of adults were

available in the present study, it is interesting to note that the
fastest velocities (83.7 and 84.1 m/sec) were observed in the two
oldest animals (10 and 12 years, cases 14 and 12). In the youngest
adult (3 years, case 6), the CV was estimated at 73 m/sec. This
raises the possibility that the CV of corticospinal neurons—and
therefore their axon diameters—may continue to increase slightly
with age long after the rapid changes observed during the first
postnatal months. This hypothesis is confirmed by observations on
the diameters of the largest corticospinal axons within the pyra-
mid (J. Armand, S. Edgley, E. Olivier, and R. Lemon, unpub-
lished observations).

Developing macaques
We have assumed that CV is a good indicator of the size and
degree of myelination of corticospinal axons throughout the post-

natal period. This assumption is supported by the fairly constant
ratio between the CV of the largest corticospinal axons and their
diameter in the pyramid (5.2 6 1.1 m z sec21 z mm21, mean 6 SD,
n 5 6) in monkeys aged between 2.5 months and 10 years (J.
Armand, unpublished observations). Our data show that cortico-
spinal axons within the spinal cord of the neonatal macaque
conduct very slowly, with a maximum CV at ;8 m/sec. There is
then a rapid increase in the CV in the first postnatal months, so
that by ;5 months the fastest axons now conduct at around half
the speed of the adult (Fig. 4B). There is then a further protracted
increase in CV that probably lasts for another year or more. This
pattern is similar to that observed for developing rubrospinal
axons in the cat (Song et al., 1995) in which, after an initial phase
of rapid increase, changes in axonal CV match the rate of body
growth, thereby keeping the central conduction time at a relatively
constant value (see also Eyre et al., 1991).
The low CV of corticospinal axons in the spinal cord in the

neonate indicates that they are poorly myelinated at birth; the
diameter of the largest can be estimated to be only 1.5 mm.
Although the onset of myelination of the macaque corticospinal
tract at the spinal level is still unknown, the present study suggests
that it may not be fully complete before 36 months of age, long
after the emergence of corticospinal projections to the ventral
horn (Kuypers, 1962; Galea and Darian-Smith, 1995; Armand et
al., 1996b) and the apparent maturation of RIFM (Lawrence and
Hopkins, 1976; Galea and Darian-Smith, 1995).
In human, although the first signs of myelination in spinal cord

occur during the second trimester, myelination of the lateral corti-
cospinal tract is clearly protracted with respect to that of other tracts
(Langworthy, 1933; Niebrój-Dobosz et al., 1981; Weidenheim et al.,
1992). The long latencies of EMG responses to TMS in human
neonates has been partly attributed to very low corticospinal CV,
which has been estimated at ,10 m/sec in the spinal cord (Khater-
Boidin and Duron, 1991). Myelination of the human corticospinal

Figure 8. Age-related decrease in threshold of
EMG responses recorded from 1DI (filled cir-
cles) and EDC (open triangles). The curve rep-
resents the best-fitted exponential plotted
through data points obtained for 1DI [y 5 31.4
1 99.39 exp(20.15x), t 5 6.5 months, r 5 0.97].
Threshold is expressed as percent of maximum
stimulator output (see Materials and Methods).
No responses to TMS were obtained in the
neonate or in 1-month-old cases, even at 100%
output.
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tract may not be complete until well into the second decade of life
(Eyre et al., 1991) (see Armand et al., 1996a).
The earlier maturation of CV in corticospinal axons at their cranial

than at their spinal level (Fig. 4) indicates a rostro-caudal gradient in
myelination that has also been suggested by anatomical studies in
human (Niebrój-Dobosz et al., 1981; Brody et al., 1987).

Age-related changes in threshold and latency of EMG
responses to TMS of the motor cortex
The present study confirms the age-related decrease in the thresh-
old of EMG responses to TMS as reported previously in monkeys
(Flament et al., 1992) and in human (Eyre et al., 1991). However,
many factors may affect this threshold: they include brain size, the
excitability of the corticospinal system and its ability to support
repetitive discharge, the maturation of functional CM connec-
tions, and possible changes in motoneuronal dendritic structure
and function.

Brain size
Could the lack of response in the very young animals be attribut-
able to the fact that TMS is less effective for stimulating smaller
brains (Weissman et al., 1992)? This is unlikely to explain the slow
time course of the age-related changes in threshold for EMG
responses because the macaque brain is known to reach its adult
size at ;2 or 3 months (Holt et al., 1975). However, it is worth
noting that it is at this age that EMG responses to TMS are first
observed.

Excitability of the corticospinal system
In adult monkeys, TMS is known to activate corticospinal neurons
both directly and indirectly (Edgley et al., 1992); slowly conduct-
ing corticospinal neurons, presumably having a small axon diam-
eter, had a lower threshold for indirect (I wave) than direct (D
wave) activation. Therefore, it may be that the small corticospinal
neurons present in the neonate and youngest infants were not
excited directly by TMS. If the threshold for responses to TMS
were related to the size of corticospinal cells, threshold changes
should parallel age-related changes in CV of corticospinal axons
in the brain. The time constants of these changes were compara-
ble (3.8 and 6.5 months, respectively; see Figs. 4A, 8). This
hypothesis is supported further by the observation that, in human,
the threshold for EMG responses to TMS does not reach adult
values until the age of 16 years (Eyre et al., 1991), precisely the
age at which corticospinal axon diameter is thought to attain a
maximal value (see Armand et al., 1996a).
On the other hand, if the small corticospinal neurons in the

infant monkey respond indirectly to TMS, such responses are
likely to be influenced by the synaptic density on the immature
corticospinal neuron. In the macaque monkey, the rapid phase of
synaptogenesis in the motor cortex starts 2 months before birth
and ends at ;2 months after birth (Rakic et al., 1985; Zecevic et
al., 1989), which is just before the appearance of the first EMG
responses to TMS. In addition, if TMS is able to produce multiple
and successive I waves in the immature corticospinal neurons,
then our data demonstrate that they are able to conduct the
resulting volleys at high frequency (see Fig. 3).

Maturation of CM connections
A final and possibly critical factor concerns the response of the
spinal machinery to the descending corticospinal volley that is

generated by TMS. In our companion study (see Armand et al.,
1996b), we have shown that there are major changes in the density
of corticospinal projections during the first few months of post-
natal life. In particular, the results show that direct projections to
all parts of the hand muscle motor nuclei are sparse or absent at
birth. Projections were clearly present at 2.5 months, although the
density was still very low, and there was then a gradual increase
that lasted into the second postnatal year. Age-related changes in
motoneuron dendritic structure and/or electrical properties
(Scheibel and Scheibel, 1970; Rose et al., 1995) are also likely to
affect corticospinal influence.
Flament et al. (1992) had suggested that the higher threshold

and longer latency of responses to TMS in very young monkeys
might be attributable to the presence at birth of a rather weak
oligosynaptic pathway linking cortex to spinal motoneurons. It
might be predicted that once a significant number of direct CM
connections were established there would be a rapid decline in
threshold. We did not observe, however, any sudden age-related
decrease in latency of EMG responses to TMS.

Conclusion: structural and functional maturation of the
corticospinal system
Our combined anatomical and electrophysiological studies are
consistent with the idea that functional CM connections must be
established to provide the capacity for performance of fine finger
movements. The connectivity provided by this system may be
critical for the activation of small groups of functionally synergis-
tic muscles required for the execution of skilled tasks (Lemon,
1993; Bennett and Lemon, 1996). Because many other parts of the
sensorimotor system, including those concerned with motor learn-
ing, address the spinal cord through the motor cortex and the
corticospinal system, the maturation of the CM system is but one
factor in the development of hand skill. Other factors, including
cognition, may well determine the limits of skill that can be
achieved (Wood Jones, 1920). Nevertheless, without the appro-
priate connections provided by the CM system, the normal devel-
opment of hand skills may well be impaired.
Although there may be important milestones in the develop-

ment of the corticospinal system, such as the establishment of
functional CM connections referred to above, our results stress
the gradual development of the system’s structure and func-
tion. Thus, in the macaque, neither the density of CM projec-
tions nor the CV of the fastest corticospinal axons reaches
adult values until long after the first signs of the capacity to
perform RIFM at ;3 months of age or, indeed, of a “mature”
level of performance at ;6-8 months of age (Lawrence and
Hopkins, 1976; Galea and Darian-Smith, 1995). In human, the
precision grip has been shown to develop as early as 6–15
months (Watts et al., 1992), whereas corticospinal CV [esti-
mated from central motor conduction time (CMCT) measure-
ments] continues to increase up to 14 or 16 years (Eyre et al.,
1991) (see Armand et al., 1996a).
Thus, age-related change in CV of corticospinal axons should

be regarded as one of many “markers” of the developmental
process and may not parallel other measures of functional
maturity of the motor system. We need sensitive tests to detect
subtle but important long-term improvements in motor perfor-
mance. Thus, although Galea and Darian-Smith (1995) found
that the timing of precision grip approached adult levels by ;6
months, careful inspection of their data reveals significant
improvements that continue into the third year of life. Müller
and Hömberg (1992) have shown that, in human, age-related
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changes in CMCT parallel performance on a complex task
involving fast repetitive arm and hand movements. Improve-
ment in finger movements and in the coordination of grip and
loading forces (Denkla, 1973; Forrsberg et al., 1991) last well
into the second decade and appear to be accompanied by
neurophysiological changes in synchrony within and between
motor units (Gibbs et al., 1993) and in the form and amplitude
of the cutaneo-muscular reflex (Evans et al., 1990). Our results
suggest that the structural and functional changes in the corti-
cospinal system could continue to contribute to improvements
in motor skill well into infancy.
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