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CHAPTER 1
GENERAL INTRODUCTION

The pyramidal tract (PT) represents a major descending pathway in the
mammalian central nervous system (CNS). It arises from neurons located in
layer V of the sensorimotor cortex and extends the entire length of the
central nervous system, projecting to regions in the brain stem and in the
spinal cord (Wise et al. 1979, Armand 1982, Kuypers 1982). The pathway Is
involved in motor as well as sensory control (Kuypers 1982).
The trajectory of the PT is depicted in figure 1. The fibers descend
through the capsula Interna Into the pedunculus cerebri, traverse the basilar
pons, and extend caudal ly along the ventral pial surface of the medulla
oblongata, where the left and the right PT can be discerned macroscoplcally on
the ventral aspect of the medulla oblongata as bilateral elevations, known as
the medullary pyramids. In the spinal cord, the position of the tract varies
considerably from one species to another (Armand 1982, Kuypers 1982). In the
rat, the principal corticospinal component of the tract decussates at the
transition of the medulla to the spinal cord and occupies the ventral part of
the dorsal funiculus (Fig. 2 ) .
The present thesis deals with the development of the PT in the rat. Particular
emphasis Is placed on the following 3 aspects of the development of the PT:
The Initial outgrowth of the axons that form the tract, the naturally
occurring developmental loss of axons, and the maturation of the axons in the
tract, Involving an increase in axon diameter and myellnation.

AXON OUTGROWTH AND GUIDANCE
The functional properties of the central nervous system reside in the
intricate network of connections between the nerve cells. This specific
pattern of connections Is established during development when neurons extend
axons that reach out to establish synaptic contacts with their target cells.
The outgrowth of axons toward their targets occurs along stereotyped pathways
and shows a remarkably high degree of precision. One of the major challenges
of neuroembryology Is to discover how the Individual axon manages to find Its
way to the correct target cell (Purves and Llchtman 1985, Dodd and Jessel
1988).
Research on this subject focusses on the expanded tip of the outgrowing
axon, the growth cone, where, by local addition of membrane and cytoskeletal
elements, the growth of the axon is thought to occur (Landis 1983, Bray 1987,
Goldberg and Burmeister 1989, Gordon-Weeks 1989). This motile tip of the axon
leads the elongating axon through complex environments to the target (Bunge
1986, Lockerbie 1987). Several mechanisms have been postulated for the
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Flg. 1: Schenatic drawing of the trajectory of the pyraiidal tract in the brain of a 4-day-old
rat. The anatomical studies described m the present thesis were performed at the three levels as
Indicated in the drawing: The caudal medulla oblongata (MO), the third cervical spinal cord
segment (C3), and the sixth cervical spinal cord segment (C5).

guidance of growth cones toward their targets. The most simple concept Is that
growth cones are guided by mechanical constraints that the environment poses
upon them. This concept
Is based upon observations of channels of
extracellular space in the amphibian spinal cord and In the optic nerve,
formed by glial cells or neuroepithelial cells, prior to the arrival of axons
(Singer et al. 1979, Silver and Sldman 1980). However, little evidence for
this mechanical guidance mechanism has been obtained In other regions of the
nervous system (Dodd and Jesse I 1988). Another concept Is suggested by
observations that growth cones in vitro preferentially move along substrates
to which they adhere best (Letourneau 1975), and by the demonstration of
adhesive, outgrowth promoting factors In the extracellular matrix, and at
neuronal and non-neuronal cell surfaces (cf. Edelman 1983, Linnemann and Bock
1989). According to this concept of differential adhesiveness the distribution
pattern of these adhesion molecules In the developing nervous system
delineates the pathways to be taken by outgrowing axons (Katz et al. 1980,
Letourneau 1982, Raper et al. 1983). Recently, it became clear that axons and
glial cells may also exert inhibitory influences on axon outgrowth, which may
contribute In defining the pathways for outgrowing axons (Kapfhammer et al.
1986, Patterson 1988, Schwab and Caroni 1988). In addition to these contactmediated guidance factors, in vitro studies have provided evidence for
chemotropic effects of diffusible substances on outgrowing axons (Gundersen
and Barrett 1980, Lumsden and Davles 1983). Furthermore, growth cones respond

Genera/

Introduction

13

Fig. 2: Photomicrographs of Toluldlne blue stained transverse sections. Illustrating the position
of the pyramidal tract (PT) in the caudal medulla oblongata (A,B) and in the dorsal funiculus of
the sixth cervical spinal cord segment (C,D) of rats aged 2 (A), 7 (C), and 90 (B,D) days old. (FC
- fasciculus cuneatus, FG • fasciculus gracilis). Bars - 100 μη.

in vitro to applied electrical fields (Hinkie et a!. 1981, Patel et al. 1985)
and to focal applications of neurotransmitters (Mattson 1989).
The outgrowth of the PT has been studied in various species, especially in
rodents where the outgrowth occurs largely during the postnatal period, which
facilitates the analysis (DeMyer 1967, Donatelle 1977, Reh and Kal I I 1981,
Schreyer and Jones 1982, De Kort et al. 1985, Grlbnau et al. 1986). In the
rat, the leading PT fibers arrive In the caudal part of the medulla oblongata
2 days before birth, and enter the cervical spinal cord around the time of
birth. The PT In the rat is supposed to grow out in a temporally staggered
manner, so that considerable numbers of axons are added to the tract several
days after the arrival of the first axons at a given level along Its pathway
(Schreyer and Jones 1982, Gribnau et al. 1986). In the present thesis, a
quantitative analysis of the outgrowth of the PT is performed in order to find
out how long It takes for the full complement of PT fibers to grow down the
pathway (Chapter 2 ) . In addition, the ultrastructure of the outgrowth of the
PT Is examined by serial section electron microscopy to gather morphological
Indications for the guidance of the outgrowth of PT axons (Chapter 3 ) .
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During the development of the nervous system and during regeneration, the
axons often have to grow over considerable distances to reach their targets
(Purves and Lichtman 1985). As noted above, this target-directed elongation of
axons takes place in the growth cone (Bray 1987, Lockerbie 1987). The
molecular mechanisms within the growth cone that control and direct the
outgrowth are focus of intense investigation (Pfenninger 1986, Kater et al.
1988, Letourneau 1989, Van Hooff et al. 1989b). Interestingly, periods of axon
outgrowth during development and re-induction of axon outgrowth during
regeneration are correlated with large and specific changes in synthesis of
only a few fast-axonally transported proteins (Skene and Willard 1981a,b).
This small family of proteins, designated as growth-associated proteins
(GAPs), might play key roles in the regulation of axon outgrowth during
development and regeneration (Willard et al. 1985, Skene 1989). One of these
proteins Is the neuron-specific phosphoprotein B-50 (Zwiers et al. 1976, 1980,
Kristjansson et al. 1982), also known as GAP-43, Fl, pp46. and P-57 (Benowitz
and Routtenberg 1987, Cimier et al. 1987, Skene 1989). The expression of B-50
is developmentally regulated with the highest levels of B-50 in the developing
nervous system and in regenerating axons following lesions of peripheral nerve
(Skene and Willard 1981a,b, Kal i I and Skene 1986, Verhaagen et al. 1986, Basi
et al. 1987, Neve et al. 1988, Zwiers et al. 1987). When specific polyclonal
antibodies to rat B-50 became available (Oestreicher et al. 1983b),
immunocytochemlcal studies revealed its ubiquitous presence in outgrowing
axons In the developing CNS (Oestreicher et al. 1983a, Oestreicher and Gispen
1986) and in post-lesion regenerating peripheral axons (Verhaagen et al. 1986,
Tetzlaff et al. 1989). Furthermore, B-50 is enriched in growth cones (De Graan
et al. 1985, Jacobson et al. 1986, Mei г i et al. 1986, Skene et al. 1986).
Studies on the molecular basis of the function of B-50, implicate the protein
in membrane signal transduction (Gispen et al. 1989). since It acts as a
prominent substrate of protein kinase С (Aloyo et al. 1983, De Graan et al.
1986) and binds atypically calmodulin (Alexander et al. 1987).
The combination of the strong spatial and temporal correlation of B-50 with
axon outgrowth and its implication in membrane signal transduction, suggests
an important role for B-50 in the regulation of the target-directed growth of
the growth cone. In the present thesis, the expression and ultrastructural
localization of B-50 in the development of the rat PT is examined by
radioimmunoassay and Immunocytochemistry (Chapter 4 ) .

AXON LOSS
Although the outgrowth and target-finding of axons is a highly specific
process, not all axons that are extended succeed in establishing and
maintaining contacts with target cells. During the development of the nervous
system a substantial fraction of the initially generated neurons die, and in
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addition many axon branches are eliminated (Cowan et al. 1984, O'Leary 1987).
These naturally occurring, regressive events may serve to adjust the size of
the neuronal population to the functional needs of Its projection field, to
eliminate erroneous projections, or to fine-tune the neuronal wiring (Cowan et
al. 1984). In general, epι genet I с factors, like afferent input, electrical
activity, or target Interactions, are held responsible for this regressive
phenomemon. Based on studies on nerve growth factor (Levl-Montalcml 1987),
the trophic theory of neuronal connections has been formulated, that focusses
on the Influence that the target may exert on the connection pattern The
theory states that synaptic contacts form and are maintained by interactions
In which nerve terminals compete for target-derived trophic substances,
available m limited supply (Barde 1988, Davles 1988, Purves et al. 1988,
Oppenheim 1989).
Tracer studies have shown that during the development of the rat PT,
Initially a widespread and continuous distribution of PT projection neurons is
present within the tangential plane of the cortex. During the first 2
postnatal weeks the cortical distribution of PT projection neurons becomes
restricted to the adult pattern, which is limited to the sensorimotor cortex
(Stanfield et al. 1982, Jóosten and Van Eden 1989). This selective elimination
of PT projections from ectopic cortical areas, like the occipital cortex,
apparently does not Involve the death of the parent neurons, many of which
maintain projections to their proper targets, for example in the colliculus
superior and In the pons (Stanfield et al. 1982, O'Leary and Stanfield 1985,
O'Leary 1987).
Quantitative analyses of the developing PT both m the hamster and In the
rat, demonstrated that the Initial Increase In axon number during the
outgrowth of the tract. Is followed by a substantial reduction In axon number
(Reh and Kal i I 1982, De Kort and Van Aanholt 1983). in the present thesis, the
timing, extent and ultrastructural appearance of axon loss in the PT is
analysed (Chapter 2 ) .

MATURATION OF THE PYRAMIDAL TRACT
The maturation of axon tracts involves among other things an increase In axon
caliber and myellnatlon, which both speed up the velocity of signal
propagation along the axon. The various axon tracts in the vertebrate CNS
differ considerably In the timing of myellnatlon. In the proportion of axons
that remain unmyelinated, and in the size distribution pattern of their fiber
population (e.g. Matthews and Duncan 1971, Hlldebrand and Waxman 1984, Schwab
and Schnell 1989). The PT in the rat is characterized by a relatively late
myelination, and consists at the adult stage of comparatively small myelinated
fibers (Matthews and Duncan 1971). In addition, the presence of a large
population of small unmyelinated axons In the adult rat PT has been repeatedly
reported (Langford and Coggeshall 1981, Leenen et al. 1982, 1989). Their
identification, however, which was based on strictly morphological criteria
has recently been challenged (Ralston et al. 1987), and electrofyslological
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studies on the conduction velocity of PT fibers do not mention the presence of
unmyelinated corticospinal connections (Mediratta and Nicoli 1983, Landry et
al. 1984). Probably due to this difficulty in identifying unmyelinated axons
and distinguishing them from glial processes, the various quantitative
analyses of the adult rat PT vary considerably in their estimates of total
fiber number and proportion of unmyelinated axons (cf. Leenen et al. 1985),
which leaves the composition of the PT along its trajectory In the medulla
oblongata and the cervical spinal cord still uncertain.
In the present thesis, the maturation of the PT is analysed by monitoring
the increase in axon caliber and in number of myelinated axons during the
development (Chapter 2 ) . In order to assess the composition of the adult PT
along its course from the medulla to the cervical Intumescence, this analysis
is performed at the level of the caudal medulla oblongata, at the third and at
the sixth cervical spinal cord segment (Fig. 1 ) . The identification of
unmyelinated axons in the PT is verified ImmunocytochemlcalI y by using the
neuron-specific phosphoprotein B-50 as a neuronal marker protein (cf.
Krlstjansson et al. 1982, Oestre ι cher and Gispen 1986).

OUTLINE OF THIS THESIS
The present thesis describes anatomical studies on the development of the rat
pyramidal tract, focussing on the outgrowth and maturation of its constituent
axons, and on the naturally occurring loss of axons In the tract. Three
approaches were used·
- A quantitative analysis of the development of the tract Is described In
chapter 2. This analysis was performed at the level of the third cervical
segment (Chapter 2 a ) , at the caudal medulla oblongata, and at the sixth
cervical segment (Chapter 2 b ) .
- Serial section electron microscopy of the outgrowing PT was performed at
the level of the third cervical segment, focussing on growth cone
morphology and guidance (Chapter 3 a ) , and on Interactions between the
outgrowing axons and glial cells (Chapter 3 b ) .
- Immunocytochemistry was employed to examine the role of the neuronspecific phosphoprotein B-50 In the development of the PT. Chapter 4a
describes
the
developmental
expression,
and
chapter
4b
the
ultrastructural localization of B-50 in the developing and adult PT.
A general discussion and summary of the results obtained by these different
approaches Is presented in Chapter 5.
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ABSTRACT
A quantitative electron microscopic analysis was undertaken of the development
of the pyramidal tract, at the level of the third cervical spinal segment, in
rats ranging in age from the day of birth to three months old. The axon number
was calculated as the product of axon density, determined in a systematic
random sample of electron micrographs, and tract area. During the first
postnatal week the tract contains thin unmyelinated axons and growth cones.
Growth cones are abundant In neonatal rats, but can still be observed
occasionally at the end of the first postnatal week, indicating a continuous
addition of pyramidal tract axons during the first postnatal week. Myelmation
starts around PIO. By the end of the first postnatal month approximately 50%
of the axons have already been myelinated. Myelmation proceeds during further
maturation, but in the three month old rat 28% of the axons are still
unmyelinated. The total number of axons increases rapidly after birth up to
153,000 at the fourth postnatal day. Subsequently, the number of axons is
reduced by nearly 50% to 79,000 In the adult rat. The axon loss Is most
prominent during the second postnatal week, when 32,000 axons are eliminated,
but continues for several weeks at a slower rate.

INTRODUCTION
The pyramidal tract (PT) can be defined as the set of fibers passing through
the medullary pyramid, and its caudal extension. The development of this long
motor pathway has been studied widely, especially in rodents, where the
outgrowth of Its corticospinal component m the spinal cord occurs largely
postnatally (e.g. Reh and Kal i I 1981,1982, Jones et al. 1982, Schreyer and
Jones 1982, Gribnau et al. 1986). With respect to the mode of outgrowth of the
tract, some remarkable species differences have been reported. Thus, in the
hamster, the pyramidal tract grows out as a compact front containing the full
complement of fibers (Reh and Kal I I 1981,1982), whereas in the rat, a more
staggered growth has been observed (Schreyer and Jones 1982, Gribnau et al.
1986, Joosten et al. 1989). In order to interpret the effects of early lesions
m the tract, a precise knowledge of the duration of the Ingrowth of PT axons
at the level of the lesion Is required (Kal 11 19Θ4, Tolbert and Der 1987).
Axon loss Is a common feature In developing fiber tracts and Is thought of
as an important mechanism in the development of the mature nervous system
(Cowan et al. 1984). Tracer studies have established the occurrence of
selective elimination of axon collaterals in the developing corticospinal
projection (Stanfield et al. 1982, 0'Leaгy and Stanfield 1985, Crandall et al.
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1985). Quantitative studies in the hamster (Reh and Kal i I 1982), and recently
in the rat (Schreyer and Jones 1988b), have confirmed that the number of
pyramidal tract axons Is reduced during development. A precise description of
the timing and the extent of the axon loss In the rat PT Is needed In order to
identify the neurogenetic factors that govern this regressive process.
The myelinatlon of the PT has already been described In detail (Samorajskl
and Friede 1968, Matthews and Duncan 1971, Reh and Kal 11 1982). However, the
presence of a substantial amount of unmyelinated axons In the adult PT, as
repeatedly reported (e.g. Samorajski and Friede 1968, Langford and Coggeshall
1981, Leenen et al. 1985, Schreyer and Jones 1988b) remains controversial
(Ralston et al. 1987).
Until now data regarding the quantitative development of the pyramidal
tract have been scarce (Matthews and Duncan 1971, Reh and Kal ι I 1982, Schreyer
and Jones 1988b). Therefore, in view of the above mentioned questions
regarding the mode of outgrowth of the PT axons, the axon loss and the
myelinatlon, a quantitative electron microscopic analysis was undertaken of
the development of the pyramidal tract In the rat. We chose as the level for
analysis, the third cervical segment. Just caudal
to the pyramidal
decussation, In order to assess the complete corticospinal projection.

MATERIALS AND METHODS
Histological

procedure

45 Wistar white rats were used in this study, ranging in age from the day of
birth (postnatal day 0- PO) to three-month-old (postnatal day 90 P90). The
animals were anaesthetized by Intraperitoneal injection with nembutal (40-60
mg per kg body weight), perfused intracardlally with oxygenated saline and
subsequently
with a fixative consisting of 2% paraformaldehyde, 2%
glutaraldehyde in 0.075 M sodiumcacodylate buffer, pH 7.4, and containing 2mM
СаСІ2· In young animals (P0-P10) the perfusion step with saline was omitted
so as to ensure a rapid fixation. After perfusion fixation, the cervical
spinal cord was removed and immersed In the fixative overnight at 4'C. The
next day the third cervical segment (C3) was dissected out, rinsed In buffer
and post fixed In 2% 0s04 In buffer for 2 hr and stained en bloc for 2 hr In
0.5% aquous uranyl acetate. Subsequently, the tissue was dehydrated In ethanol
and embedded in Epon. Transverse 1 μπ\ sections were cut, mounted on glass
slides and stained for light microscopy with a solution of 5X Toluidine blue.
Adjacent ultrathin (silver) sections were collected on 300 mesh grids and
counterstamed with uranyl acetate and lead citrate.

Sample strategy

and measurements

The outlines of the left pyramidal tract in the 1 μπ\ sections were drawn with
the aid of a Zeiss drawing prism. From these drawings the cross-sectional area
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of the left pyramidal tract (excluding capillaries) was measured using a
Kontron Videoplan measuring system. The estimation of the axon density was
made on the basis of a representative sample of 18 to 36 electron micrographs
taken from the left pyramidal tract of each animal using a Philips EM 300
electron microscope. The micrographs were taken In a systematic random way on
guide of the supporting grid (care was taken not to include micrographs of
capillaries In the sample In order to reduce the sampling error). In order to
calibrate the magnification, a micrograph of a diffraction grating replica
containing 2,160 lines per mm was added to each sample. According to Weibel
(1979) systematic random sampling is superior to simple random sampling, as,
unless a certain periodicity In the tissue coincides with that of the sampling
lattice, it yields smaller sampling errors. Neither in the developing nor In
the adult PT, however, Is such a periodicity apparent. The electron
micrographs were processed to dia positives and analysed at a final
magnification of about X 45,000 with a Kontron Videoplan measuring system
equipped with a video-overlay. A rectangular test frame was superimposed on
the video-Image of the micrographs and the axon circumferences were traced
within this subsection, employing Gundersen's rule (Gundersen 1977). Axon
density and axon diameter were collected m this way. The total number of
axons was calculated using the following formula:
N - 0.9 χ CSA χ AD
N - total number of axons
0.9 - correction factor for compression of the ultrathln section
comparison to the 1 μιη section
CSA - cross-sectional area of the left PT, measured in the 1 μη section
AD - axon density determined in the electron micrographs

In

The correction factor for the compression of the ultrathm sections with
respect to the 1 μπ\ semi thin sections was determined by measuring a sample of
semι thin and adjacent ultrathln sections under a light microscope. In the
direction of cutting a compression of 0.90 ± 0.02 was found. Diameter spectra
were based on the minimal diameter in order to minimize the effects of oblique
sectioning on the distribution pattern (Haug 1979).

Accuracy of estimates and

statistics

In order to determine the sample size necessary for an accurate estimate of
the axon number, a sample of 36 micrographs was taken from the PT in 2-, 10-,
21- and 90-days-old rats. The micrographs were aligned randomly and the
cumulative relative standard error (R.S.E.) of the estimate of the axon number
was plotted as a function of increasing sample size (Chalkley 1943, Weibel
1979). It appeared that a R.S.E. of approximately 5% for the estimates of the
total axon number could be achieved using samples of 36 micrographs for P28
and P90 and using samples of 18 micrographs for the younger stages. The R.S.E.
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Fig. 1: Relationship of the sample size with
the relative standard error (R.S.E.) of the
est nates of the nusber of uniyel mated axons
in the PT of a 10-day-old rat (triangles), in a
90-day-old rat (white dots) and of the number
of lyelinated axons m a 90-day-old rat (black
dots).
S
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of the estimates of the number of unmyelinated and of the number of myelinated
axons varied from 5% to 10% (Fig. 1 ) . As the inter animal variation in the
development of the PT can be high (Reh and Kal i I 1982, Schreyer and Jones
1988b), 4 to 6 animals were examined in each age group. These animals were
chosen from different litters. Non-parametric statistics were used to evaluate
the data. To test for differences between the age groups the Kruskal-WalI is
test for к independent samples was applied, followed by multiple comparisons
in order to determine which pairs of groups differ (Conover 1980; significance
was accepted at Ρ < 0.05). The Friedman test (Sokal and Roh I f 1981) was used
to examine positional differences in the distribution of growth cones in the
tract.

RESULTS
Cross-sect ional

area

The pyramidal tract occupies the most ventral part of the dorsal funiculus In
the rat spinal cord. The mature PT (Flg. 2C) can be easily identified in the
dorsal funiculus by the overall smaller diameter of its myelinated axons in
comparison with those in the adjacent fasciculus gracilis and fasciculus
cuneatus (Matthews and Duncan, 1971). The dorsal median septum separates the
left and the right pyramidal tract. As can be seen from figure 2B, by the end
of the second postnatal week, the myel¡nation of the PT fibers lags behind the
myellnation of the ascending sensory tracts. At younger stages the PT can be
identified because of its compactness (Fig. 2 A ) . In two of the four animals
sacrificed immediately after birth, using this morphological criterium no
pyramidal tract could be discerned. As additional electron microscopic
analysis failed to show the presence of growth cones in this area, the PT in
these animals has probably not arrived at this level. In the other two animals
of this age group the PT was clearly present, but could not be unambiguously
delineated. For this reason an exact measurement of the cross-sectional area
of the PT at this age was not possible and consequently no axon number for
this age has been calculated.
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at C3

As shown in figure 3, there is no continuous increase of the c r o s s sectional area of the PT throughout development. Instead, the increase in area
that sets in during the first postnatal days is interrupted from P 4 to P 1 0 .
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Flg. 2: Photon Iorographs of the dorsal funiculus
In transverse sections at the level of the third
cervical segment In animals aged 4 days (A), 14
days (B) and 90 days (C). The pyramidal tract (PT)
occupies the most ventral part of the dorsal
funiculus (FC: fasciculus cuneatus; FG: fasciculus
gracilis). The sections are stained m t h Toluidme
blue. Bars =• 100 urn.

th« left pyramidal tract al СЭ
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• SEM

Fig. 3: Development of the cross-sectional area of
the left PT at the third cervical segment. The
differences
betneen
the age groups are
statistically significant except for P4-P7, P7-P10
and P21-P28 (Kruskal-tlal I is test, Ρ < 0.05).
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Ultrastructure

The ultrastructure of the neonatal PT at the third cervical segment (C3) has
been described by de Kort et al. (1985). In agreement with their findings, it
was found that, besides glial elements, the tract Is mainly composed of thin
unmyelinated axons in which microtubull and occasionally mitochondria are
observed (Fig. 4 A ) . Apart from these structures, numerous sections through
growth cones are present. The latter are generally much larger than the axons
and are characterized by the presence of smooth endoplasmic reticulum and an
accumulation of vesicles, irregularly shaped profiles, devoid of organelles,
represent sections through fllopodia of the growth cones (Fig. 4A). At P7 the
PT is composed of rather uniformly sized unmyelinated axons, containing
microtubull and occasionally neurofilaments (Fig. 4 B ) . Growth cones were only
rarely observed at this age and none were detected from PIO onwards. By the
end of the second postnatal week the majority of the axons are still
unmyelinated.
Some of these
have
increased
in size. Processes of
oligodendrocytes involved In the myelinatlon process are now frequently
observed in the tract and some axons have already received a sheath made up of
a few layers of myelin (Fig. 4 C ) . In the adult PT, myelinated axons of various
sizes are present. In between the myelinated axons small unmyelinated axons
are found (Fig. 4D). These unmyelinated axons frequently form small groups and
contain the same organelles as do the unmyelinated axons present at younger
ages. Occasionally, nodes of Ranvier, characterized by an evident subsurface
coating, are observed in the tract.

Axon number

The number of axons In the left PT at the third cervical level increases
rapidly during the first days after birth (Fig. 5 ) . At P4 the total number of
axons reaches a peak level of 153,000 ± 27,000 (x ± S.D.), nearly twice as
many as at the adult stage (79,000 ± 9,000). The decline in axon number
possibly starts before the end of the first postnatal week, but the decrease
in axon number between P4 and P7 (Fig. 5) Is not statistically significant. A
rapid decline In axon number is noted during the second postnatal week,
followed by a more gradual axon loss. At P28 the PT still contains 20,000
axons more than in the adult PT. The interanlmal variation Is high, especially
In the young animals (relative standard deviation at P2: 27%; at P4: 18%; at
P90: 11%).
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Fig. 4: Electron micrographs of the PT at P2 (A), P7 (B). P14 (C) and at P90 (D). At P2 sections
through gromth cones (white asterisks) and through filopodia (black asterisks) were frequently
observed. In the mature tract apart from myelinated axons numerous unmyelinated axons remain
present. Bars » 0.5 ¿um.
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Fig. 5: Total number of PT axons during development. Statistically significant changes were noted
between P2 and P4, P7 and P H , PIO and P21, P28 and P90 (Kruskal-Hal I is test, Ρ < 0.05).

The increase in axon numbers during the first four postnatal days must
reflect the arrival of the PT axons at the third cervical segment. To
determine whether the addition of PT fibers continues beyond P4, the growth
cones were counted at various ages. Profiles were classified as sections
through growth cones on the basis of the presence of a meshwork of smooth
endoplasmic reticulum and an accumulation of vesicles. In the two days old PT,
growth cones were particularly abundant (Fig. 6 ) , representing a density of 28
2
± 3 (x ± S.E.M.) growth cones per 100 μπι . Growth cones were less frequently
observed at P4. From P7 on, no growth cones were detected in the samples of
micrographs taken for quantitative analysis, although, as noted before,
occasionally growth cones were still observed in the tract at P7. In order to
test for positional differences in the growth cone distribution the
micrographs of the samples from the two day old rats were divided into four
subsets of 4-5 micrographs representing the ventral, central, medial and
dorso-lateral part of the tract. The estimations of the growth cone densities
varied little and the differences were not statistically significant; from 25
± 4 (S.E.M.) growth cones per 100 /un2 In the dorso-lateral part to 30 ± 4
(S.E.M.) In the central part of the tract (Friedman test, Ρ - 0.7).
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Flg. 6: Total пияЬвг and percentage of growth
cones In relation to the total number of axons
in the developing PT. The differences between
the age groups are statistically significant
(Kruskal-Walils test, Ρ < 0.05).

The fact that a statistically significant decrease In axon number occurs
after P7 demonstrates the elimination of axons during PT development. In an
attempt to elucidate further this process and to determine whether a loss of
axons has already taken place during the ingrowth of the PT during the first
postnatal week, we counted degenerating axons as Identified by an electrondense axoplasm. The incidence of these profiles, however, turned out to be too
low to give a reliable estimate of the number of such profiles.

MyeI¡nation

The process of myel¡nation was followed by counting the myelinated axons at
the different ages investigated. Axons that were completely surrounded by at
least one layer of compact myelin, were classified as myelinated axons.
Myelination of the PT starts around P10 when in four out of the five animals
analysed myelinated axons (0.5% of the total number of axons) were detected In
the samples. A rapid Increase In the number of myelinated axons Is noted
during the third and the fourth postnatal week (Fig. 7 ) . By the end of this
period nearly half of the axons are myelinated. The number of myelinated axons
increases during further development, but in three-month-old rats 28% of the
axons are still unmyelinated. It should be noted that myelinated axons are
encountered in the tract during the first postnatal week (less than 0.1% of
the total number of axons). These axons are generally found near the border
with the fasciculus cuneatus and are relatively large (> 1 μπ\). Probably they
represent aberrant cunéate fibers (see Discussion).

Axon

size

During the first postnatal week the diameters of the unmyelinated axons range
from 0.1 to 0.7 μπ\ with mean values of 0.26 to 0.28 /an (Fig. 8 ) . The growth
cones, present In the neonatal tract are generally larger with a mean value of
0.7 μια at P2.
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Fig. 7: Total number and percentage of myelinated axons in relation to the total number of
axons In the developing pyramidal tract. All developmental changes are statistically significant
(Kruskal-Kallis test, Ρ < 0.05).

During the second postnatal week the size distribution pattern of PT axons
changes. The mean size of unmyelinated axons increases to 0.34 μπ\ at P14
(Kruskal-WalI is test, Ρ < 0.05). Dispersed myelinated axons appear in the
tract and these are on average larger than the unmyelinated axons (Fig. 8 ) . In
figure 9 the number of axons in the five different size classes is plotted. It
can be observed that, in spite of the overall loss of axons that takes place
after P7, the number of axons larger than 0.4 μη increases, indicating a
thickening of at least part of the axons. With respect to the unmyelinated
axons, the number of axons in the size classes 0.4 to 0.8 /um, reaches a
maximum at P14. Thereafter their number decreases, probably as a result of
their myelination. In the adult rat the size distribution of the unmyelinated
axons is very similar to that in the neonatal rat (Fig. 8 ) .
The mean diameter of the myelinated axons does not change statistically
significantly during development. The size distribution, however, becomes
increasingly wider. In the adult rat 15% of the axons are larger than '\ μια as
compared to only 45i! In the 2-week-old rat and 6% in the 3-week-old rat. At the
other end of the scale the proportion of axons smaller than 0.5 μιη increases
from m
and 13% at P14 and P21 respectively to 29% and 28% at P28 and P90
respectively (Kruskal-WalI is test, Ρ < 0.001). The increase in the proportion
of smaller axons suggests that, as myelination proceeds, smaller axons become
myelinated. To examine this further, the diameters were measured of axons that
had been completely encircled by oligodendrocyte processes but had not yet
received a complete layer of myelin (promyelin axons, Samorajskl and Friede
1968). At P14 and at P21 such axons are abundant in the tract. The mean
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diameter of these promyelin axons declined from 0.62 ± 0.04 μια at P14 to 0.50
± 0.02 μια at P21 (Kruskal-Wal I is test, Ρ < 0.025).
It should be noted that, although myelinated axons are on the average
larger than unmyelinated axons, there exists a considerable overlap between
the size distributions of myelinated and unmyelinated axons during development
as well as at the adult stage.
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Flg. 8: Size frequency distributions of
uniyelinated axons (Including growth cones), and
of lyelinated axons at 5 postnatal ages.
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Fig. 9: Plots of the nunber of axons In 5
different size classes throughout development,
for all axons (top), only unnyelinated axons
(•iddle), and only myelinated axons (botton).

DISCUSSION
In t h i s study we c a r r i e d out a q u a n t i t a t i v e analysis of the development of the
l e f t pyramidal t r a c t at the level of the t h i r d c e r v i c a l segment in the r a t .
Our discussion w i l l focus on the following three aspects of the development:
( 1 ) the Ingrowth of the PT f i b e r s at the level s e l e c t e d , ( 2 ) the loss of axons
and ( 3 ) myeI¡nation In connection with axon size development.
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Phase

of

ingrowth

The timing of the arrival of the first corticospinal fibers In the different
individual spinal cord segments has been examined using normal axonal
staining, axonal
degeneration, autoradiography
and anterograde
tracer
experiments (DeMyer 1967, Hicks and D'Amato 1975, Donatelle 1977, Schreyer and
Jones 1982, G n b n a u et al. 1986, Jóos ten et al. 1987b, 1988). It can be
deduced from these studies that the first corticospinal fibers enter the upper
cervical spinal cord around birth. Our finding, that in only half of the
animals sacrificed at the time of birth, the PT was observed in the third
cervical segment, agrees well with such data.
After the arrival of the first corticospinal fibers, the total number of
axons increases rapidly during the first postnatal days and at P4 the PT
contains nearly twice as many axons as does the mature tract. Although no
further Increase In the total number of axons was noted between P4 and P7, the
presence of growth cones at P4 and at P7, Indicates an addition of new fibers
at these ages. Growth cones are very rare at P7 when compared with their
relative abundance at P2, suggesting that the ingrowth of PT fibers at this
level Is largely completed by the end of the first postnatal week. However,
the possibility that a substantial number of axons is added to the tract after
the first postnatal week cannot be excluded. In the amphibian spinal cord
growth cones of later arriving axons are considerably smaller than the growth
cones close to the leading edge of the bundle (NordIander 1987). Similarly
later arriving PT axons might have smaller growth cones resulting m a smaller
chance of being sampled.
In the hamster a far more massive growth of the PT has been described at
the level of the medullary pyramids. Here, less than 24 hours after the
arrival of the first axons, twice as many axons are already present compared
with the adult tract (Reh and Kal 11 1982). Apart from differences m the level
of analysis, species differences might in part account for this difference as
the PT apparently develops more rapidly in the hamster than In the rat (Reh
and Kal i I 1981, 1982). A relatively protracted period of several days for the
ingrowth of corticospinal axons at a particular level of the spinal cord in
the rat, would fit well with findings obtained In this species using
anterograde tracer techniques. In these studies the amount of label was found
to increase for several days after the arrival of the first corticospinal
axons (Gribnau et al. 1986, Joosten et al. 1987b) and the extension of
corticospinal fibers from the posterior part of the cortex was found to lag
behind the extension of fibers from the anterior cortical regions (Stanfield
and O'Leary 1985, Joosten et al. 1987b). Furthermore growth cones were
observed over a period of several days at a particular spinal cord level
(Schreyer and Jones 1982, 1988b).
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Axon loss

In the present study It was found that, at the fourth postnatal day, the PT
contains nearly twice as many axons as at three months. In the period of axon
loss two phases could be discerned; a phase of rapid axon loss, taking place
approximately during the second postnatal week, followed by a period of more
gradual axon loss continuing beyond the end of the fourth postnatal week. In a
quantitative study of the PT at the second cervical segment (Leenen et al.
1989) no significant change In axon number was observed when comparing 2month-old rats with 14-month-old rats, suggesting that the number of axons
stabilizes during the second postnatal month.
A reduction In the total number of axons of nearly 50% has also been
reported for the developing PT In the rat at mid-thoracic levels (Schreyer and
Jones 1988b) and at the second sacral spinal cord segment (Chung and
Coggeshall 1987). Moreover, some differences in the timing of the axon loss at
the different levels of analysis have been reported. According to Schreyer and
Jones (1988b) the number of axons reaches the adult value at mid-thoracic
levels by the end of the second postnatal week, whereas Chung and Coggeshall
(1987) reported that, at sacral levels, a reduction In axon number of nearly
50X occurred after the second postnatal week. A phase of rapid axon loss,
followed by a prolonged period of more gradual axon loss, as observed in the
present study, has been described In the developing PT in the medullary
pyramids of the hamster (Reh and Kal 11 1982).
A possible mechanism of axon loss in the PT is the elimination of axon
collaterals without the death of their parent cells (Innocent! 1981, O'Leary
et al. 1981, Ivy and Kil lackey 1982, Stanfleld et al. 1982). Transient
corticospinal axon collaterals of neurons located in the occipital part of the
cortex extend into the spinal cord in neonatal rats and are subsequently
cleared from the spinal cord before the end of the second postnatal week
(Stanfleld and O'Leary 1985, Joosten et al. 1987b). This timing Indicates that
the elimination of axon collaterals from the occipital cortex accounts, at
least in part, for the loss of axons during the second postnatal week, whereas
it does not contribute to the axon loss that takes place after the second
postnatal week. Other parts of the cortex might send out transient projections
to the spinal cord as well (Jones et al. 1982, Leong 1983, Bates and Kil lackey
1984, Stanfield and O'Leary 1985, Joosten et al. 1987b, Schreyer and Jones
1988a). In fact, In the mouse, pruning of axons without the death of their
parent cells, has been demonstrated from areas from which substantial
projections persist into the adult stage (Crandall et al. 1985). The time
course of the elimination of axon collaterals from these areas is not known
exactly. In the maturation of the visual cai Iosa I connections in kittens a
vision dependent remodeling of the connections, involving the loss of axons
has been demonstrated (Innocenti et al. 1985). It is possible that the
functioning of the PT could similarly Invoke a further refinement of the
projections, resulting in a gradual axon loss over a period of several weeks,
as observed In the present study.
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Axon size

and mye/InatIon

Myelination starts at the third cervical segment around P10 and the maximal de
novo myelination takes place during the third and the fourth postnatal week.
At the end of this period the number of myelinated axons amounts to 85% of
that of the adult PT. Incidentally some myelinated axons are already found in
the tract before PIO. In a recent anterograde tracer study of the
corticospinal projection no label was encountered in these myelinated axons
(Joosten et al. 1989). Moreover, these fibers are relatively large and
generally found near the border with the fasciculus cuneatus. Possibly these
fibers represent aberrant cunéate fibers as has been suggested by Dunkerley
and Duncan (1969).
In a study on the myelination in the dorsal funiculus of the rat cervical
spinal cord (at C 4 ) , including the PT, Matthews and Duncan (1971) concluded,
on the basis of the presence of a considerable overlap between the size
distributions of unmyelinated and myelinated axons, that, m these nerve
tracts, no critical axon diameter for myelination exists. They reported that,
just prior to the process of myelination, many unmyelinated axons enlarge and,
during myelination, the larger axons are the first to acquire a myelin sheath,
while as myelination proceeds, progressively smaller axons become myelinated.
This scheme agrees well with our present findings. However, in contrast to
their observation that at the age of 4 months the PT consists only of
myelinated axons (45,000), in the present study the pyramidal tract of the
three month old rat was found to contain, apart from 58,000 myelinated, 22,000
unmyelinated axons. The question arises whether the myelination still proceeds
and the number of unmyelinated axons diminishes during further maturation, or
whether this population of unmyelinated axons represents a constant,
persistent feature of the adult pyramidal tract. Leenen et al. (1989) compared
the composition of the PT at the second cervical segment In 2-month-old and
14-month-old rats. As the number of myelinated axons increases from 43,000 in
the 2-month-old rat to 61,000 in the 14-inonth-old rat, clearly the myelination
continues beyond the second postnatal month. Even so, 32X of the PT axons in
the 14-inonth-old rat remain unmyelinated, which matches well with our present
findings (28X) at the C3 level in the three-month-old rat. At the level of
the medulla oblongata the findings of several studies vary considerably, most
notably In the proportion of unmyelinated axons. In the adult rat the
estimated percentage of unmyelinated axons varied from small (Dunkerley and
Duncan 1969), 20* (Samorajski and Friede 1968), 33X (Harding and Towe 1985),
up to 45% (Leenen et al. 1985). Thomas (1985) reported that 12% of the axons
m the medullary PT in the monkey are unmyelinated, whereas Ralston et al.
(1987) tentatively concluded, on the basis of the examination of longitudinal
sections, that in the PT of the monkey at this level, the small unmyelinated
processes represent
astrocytic processes and that
the population of
unmyelinated axons is very small if present at all. in our study, unmyelinated
axons were
identified by the presence of mlcrotubuli
and occasional
neurofilaments and mitochondria in regularly shaped round to oval processes as
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distinct from astrocytic processes containing bundles of glial filaments
(Peters et al. 1976). Applying these criteria, we found In fact a close
resemblance In size distribution and In ultrastructural
characteristics
between the populations of unmyelinated axons in the young postnatal stages
and In the adult. Using H.R.P. as an anterograde tracer Joosten and Gribnau
(1988) demonstrated that at least part of the unmyelinated profiles present in
the 3-month and the 6-month-old pyramidal tract contain label and consequently
represent unmyelinated corticospinal axons. The functional significance of
this population, however, remains unknown. In physiological studies, the
lowest conduction rates for PT axons were found to be 4-6 m / s e c , which is
much faster than Is to be expected for unmyelinated axons (Mediratta and
Nicoli 1983, Landry et al. 1984). A possible explanation could be that the
unmyelinated axons represent unmyelinated branches of myelinated axons.
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CHAPTER 2Ь
QUANTITATIVE ANALYSIS OF THE PYRAMIDAL TRACT
The

caudal

medulla

oblongata

and the sixth

cervical

segment

ABSTRACT
A quantitative analysis of the development of the pyramidal tract CPT) was
carried out at the level of the caudal medulla oblongata and at the sixth
cervical spinal segment (Cg), in rats ranging in age from embryonic day 20
(E20) to the adult of 90 days postnatally (P90).
The axon number in the right medullary PT rises from 27,000 axons at E20 to
391,000 axons at P4. Growth cones are abundant during this period, but can
still be observed occasionally at P7. After P4, the axon number is reduced by
62%, to 150,000 in the adult. A rapid axon loss until P14 is followed by a
gradual axon loss, continuing beyond the third postnatal week. A similar
biphaslc axon loss was observed in the cervical PT. At P2 and at P7,
concentrations of electron-dense material were observed in 0.5 to 0.7% of the
axon profiles In the medullary PT. Since at P21 this feature was only observed
m 0.2% of the axons, It might represent an early sign of axon loss.
Myel¡nation starts in the medullary PT at P7. Especially during the third
postnatal week, the number of myelinated axons Increases rapidly. In the adult
rat PT, both at medullary and cervical levels, about one third of the axons
are still unmyelinated.
The results Indicate that the development of the rat PT is characterized by
a gradual outgrowth of Its fibers and by a protracted, biphasic axon loss.
Furthermore, comparing the PT at the medulla, at C3 (Chapter 2 a ) , and at
Cg, a rostrocaudal decrease in axon number was observed during development
as well as at the adult stage. Therefore, no evidence was found for increased
axon branching In the tract In the cervical Intumescence.

INTRODUCTION
The pyramidal tract can be defined as the set of fibers passing through the
medullary pyramids. It represents a major descending pathway, originating from
the cerebral cortex (Armand 1982, Wise et al. 1979). Part of its fibers
continue to the spinal cord to form the spinal PT, which occupies different
positions In different species (Armand 1982). Much research has been carried
out on the ontogenesis of the PT, facilitated by Its relatively late
development, which occurs In rodents partly postnatally (DeMyer 1967, Hicks
and D'Amato 1975, Donatelle 1977, Reh and Kal 11 1981, 1982, Schreyer and Jones
1982).
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The ontogenesis of spinal PT is characterized by a gradual outgrowth of Its
fibers: after arrival of the first axons at a particular segment, new axons
continue to be added to the tract for at least one week (Chapter 2a, Schreyer
and Jones 1982. 1988b, Gribnau et al. 1986). In the medullary pyramids of the
hamster a much more massive growth of PT fibers has been described (Reh and
Kal ι I 1981, 1982). Apart from species differences, also differences in the
level of analysis may underly this discrepancy. The development of the PT in
the medullary pyramids of the rat has not been analysed quantitatively. A
detailed knowledge of the duration of growth of PT axons into a particular
level along the PT pathway is important In order to Interpret the effects of
early lesions in the PT (Kal 11 1984, Tolbert and Der 1987, Bregman et al.
1989).
In the developing PT, like in other developing nerve tracts (Cowan et al.
1984), a substantial axon loss occurs (Chapter 2a, Reh and Kal I I 1982, Chung
and Coggeshall 1987, Schreyer and Jones 1988b). Tracer experiments have
established that selective elimination of axon collaterals, occurring without
the death of the parent neuron, is an important mechanism of axon loss m the
PT (Stanfield et al. 1982, O'Leary and Stanfield 1985, Stanfield and O'Leary
1985, Joosten and Van Eden 1989). Although in the development of the medullary
PT signs of axonal death have been reported (Das and H m e 1972, Reh and Kal 11
1982), the morphology of axon collateral elimination remains largely unknown.
To describe the timing and extent of the axon loss in the medullary PT and the
concomitant changes In axon morphology, is a major goal of the present study.
Much agreement exists about the process of myelmatlon of PT fibers
(Chapter 2a, Samorajski and Friede 1968, Matthews and Duncan 1971). However,
the reported number of axons and the proportion of unmyelinated axons in the
adult rat PT vary greatly (Chapter 2a, Dunkerley and Duncan 1969, Brown 1971,
Matthews and Duncan 1971, Leenen et al. 1982, Harding and Towe 1985). This is
in part caused by the fact that the presence of unmyelinated axons in the
adult PT has remained controversial (Ralston et al. 1987). In addition,
however, it may reflect actual differences in PT composition along its pathway
in the medulla and m the spinal cord. For example, m a study on the PT at
the cervical Intumescence (Brown 1971), a larger number of axons has been
reported than was found at upper cervical levels (Chapter 2a, Leenen et al.
1989). Tracing experiments on the developing PT have shown a peak of labeling
Intensity to occur at the cervical Intumescence, which might be caused by a
locally increased number of axons as result of branching (Gribnau et al.
1986). In summary, no clear picture Is present yet of the composition and the
rostrocaudal pattern of the adult and developing rat PT.
In the present study the above stated questions were addressed by
performing a quantitative analysis of the development of the right PT at the
level of the caudal medulla oblongata and of the left PT at the cervical
intumescence (Cg). The results will be compared with previously obtained
data on the development of the PT at the third cervical segment (C3)
(Chapter 2a).
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MATERIALS AND METHODS
Histological

procedure

44 Wlstar albino rats were used, ranging in age from embryonic day 20 (E20) up
to 3 months old (postnatal day 90: P90). The embryonic age was calculated by
regarding the day upon which spermatozoa were observed In vaginal smears taken
from the dams, as embryonic day 1. In our colony, bred at the central animal
laboratory of the University of Nijmegen, litters were usually born on the
22nd day of gestation (E22 - P O ) . Tissue segments of postnatal rats were
obtained from the same rats as used previously in a quantitative analysis of
the PT at C3 (Chapter 2a).
Fetuses were delivered by Caesarian section and fixed immediately by
perfusion through the heart with 2% glutaraldehyde and 2% paraformaldehyde m
0.075 M. sodlumcacodylate buffer, pH 7.4, containing 2 mM. СаСІг- Postnatal
animals, as described previously
In more detail
(Chapter 2a), were
anesthetized by intraperitoneal injection with sodium pentobarbital (40-60/lcg
body weight), and perfused transcardia Ily with the fixative. After perfusion
fixation, the brain and cervical spinal cord were removed and Immersed
overnight In the same fixative at 4'C. The next day, the caudal medulla
oblongata and the third and sixth cervical segment were dissected out, rinsed
in buffer, postflxed In 2% OSO4 In buffer for 2 hr and stained en bloc for 2
hr, in 0.5% aqueous uranyl acetate. Subsequently, the tissue was dehydrated in
ethanol and embedded in Epon.
Transverse 1 μη sections were cut of the sixth spinal cord segment and of
the medulla oblongata, at the level of the caudal part of the oliva inferior.
The sections were mounted on glass slides and stained for light microscopy
with a solution of 5% Toluldlne blue. Adjacent ultrathin (silver) sections
were collected on 300 mesh grids and counterstained with uranyl acetate and
lead citrate. In addition, ultrathin sections were taken at C3 in order to
examine the PT ultrastructure for possible morphological indications of axon
loss at this level.

Sample strategy

and measurements

The same procedure was employed as has been described previously In a study on
the development of the PT at C3 (Chapter 2a). Briefly, the cross-sectional
area of the PT was measured in drawings made of the PT In the 1 /um sections
using a light microscope. Axon density was estimated on the basis of a sample
of 18 to 36 electron micrographs taken from the right PT at the medulla
oblongata and of left PT at Cg of each animal, using a Philips EM 300
electron microscope. The micrographs were taken In a systematic random way on
guide of the supporting grid (Weibel 1979). In order to calibrate the
magnification, a micrograph of a diffraction grating replica containing 2,160
lines per mm was added to each sample. Using a Kontron Videoplan measuring

Chapter 2b

36

system, measurements of axon diameter and axon density were made, employing
Gundersen's rule (Gundersen 1977). The total number of axons was calculated as
the product of cross-sectional area and axon density, using a correction
factor of 0.9 in order to compensate for the compression of ultrathin sections
with respect to the 1 μπ semithln sections (Chapter 2a). Diameter spectra were
based on the minimal diameter in order to minimize effects of oblique
sectioning on the distribution pattern (Haug 1979).

Accuracy of estimates

and stat 1st Ics

A sample size of 36 micrographs was used for 90-d-old rats, and of 18
micrographs for younger rats. This was based on pilot studies (Chapter 2a,
Leenen et al. 1982) at the level of the medulla oblongata and at the third
cervical segment. In which the cumulative relative standard error (R.S.E.) of
the estimate of the axon number was calculated as a function of increasing
sample size (Cha Ik ley 1943, Weibel 1979). It appeared that a R.S.E. of
approximately 5% for the estimates of the total axon number could be achieved
using samples of 36 micrographs for P90 and using samples of 18 micrographs
for the younger stages. The R.S.E. of the estimates of the number of
unmyelinated and of the number of myelinated axons varied from 5% to 10%. As
interanimal variation In the development of the PT can be high (Reh and Kal i I
1982, Schreyer and Jones 1988b), four to six animals were examined in each age
group. These animals were chosen from different litters. Non-parametric
statistics were used to evaluate the data. Differences between the age groups
and between the different levels of analysis were evaluated using respectively
the Kruskal-WalI Is test, and the Quade test, followed by multiple comparisons
in order to determine which pairs of groups differ (Conover 1980).
Significance was accepted at Ρ < 0.05.

RESULTS
Light

microscopy

In the caudal part of the medulla oblongata, the PT is bordered dorsally by
the oliva inferior and ventrally by the pial surface. In a previous study (De
Kort et al. 1985), using Rager stained sections, the PT was first discerned In
the caudal medulla oblongata at E20. Accordingly, at this age, a small bundle
of axons was observed light microscopically on the ventral surface of the
medulla oblongata. During the next 6 days, the cross-sectional area of the
bundle increases steadily (Fig. 1 ) . From P4 to P10, however, no further
increase was noted and even a small, although not statistically significant,
decrease In area was found. From PIO onwards, when myelinated axons appear
first in the tract, the cross-sectional area again Increases rapidly.
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Flg. 1: Developient of the cross-sectional-area (± S.E.M.) of the right PT at the level of the
caudal ledulla oblongata (upper graph), of the left PT at the third cervical segeent (lower graph)
and at the 6 t h cervical segeent (+, at P7, P14 and P90). The differences between the age
groups at Cg and at the ledulla oblongata are statistically significant, except for P4-P7 and
P7-P10 (Kruskal-Wallis test). The data at the third cervical segeent are adopted fro« chapter 2a.
In the c e r v i c a l spinal cord, the PT occupies the ventral part of the dorsal
funiculus. I t Is distinguished from the ascending sensory t r a c t s in the dorsal
funiculus, namely the f a s c i c u l i cuneatus and g r a c i l i s , by d i f f e r e n c e s in
packing density and myel(nation (Chapter 2a, Matthews and Duncan 1 9 7 1 ,
Schreyer and Jones 1988b). The l e f t and the r i g h t PT are separated by the
posterior median septum. The f i r s t corticospinal axons a r r i v e In the c e r v i c a l
spinal cord around b i r t h (Donatelle 1977, Schreyer and Jones 1982, Gribnau et
a l . 1986). The cross-sectional area of the l e f t PT at the Cg level Increases
from 0.24 mm2 at P7 to 0.34 at P14 and 0.91 at P90 ( F i g . 1 ) .

Ultrastructure
The u l t r a s t r u c t u r e of the PT In the caudal medulla oblongata and the c e r v i c a l
spinal cord of the p e r i n a t a l r a t has been described by De Kort et a l . ( 1 9 8 5 ) .
The bundle consists of unmyelinated t h i n axons I n t e r l a c e d with g l i a l elements.
The unmyelinated axons contain mlcrotubull and occasionally mitochondria and
neurofilaments. Apart from these structures numerous growth cone p r o f i l e s are
present, c h a r a c t e r i z e d by the presence of agranular reticulum and vesicles (De
Kort et a l . 1985, Williams et a l . 1986) ( F l g . 2A). At the end of the f i r s t
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postnatal week, the t r a c t Is composed of rather uniformly sized unmyelinated
axons ( F i g . 2B). In the medullary PT, the f i r s t myelinated axons appear during
the second postnatal week ( F i g . 2C). The adult PT ( F i g . 2D) contains apart
from the myelinated axons also numerous unmyelinated axons. These unmyelinated
axons. I d e n t i f i e d by the presence of mlcrotubull and f r e q u e n t l y neurofilaments
In oval to e l l i p t i c p r o f i l e s (Peters et a l . 1976), are o f t e n found in smali
groups.
In a d d i t i o n ,
astrocytic
processes
are present, which can be
distinguished from axons by the presence of bundles of Intermediate filaments
and by t h e i r i r r e g u l a r shape (Peters et a l . 1976).

Flg. 2: Electron micrographs of the medullary PT at PO (A), P7 (B), P14 (C), and P90 (D). Note
growth cone profiles (asterisks in A) at PO. At P7 many axons contain electron-dense bodies
(arrows In B). At P14 promyelin axons (asterisks in C) and myelinated axons are found, but the
majority of axons Is s t i l l unmyelinated, in the adult PT (D), apart from myelinated axons,
unmyelinated axons remain present (arrows). Bars - 1 /л.
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age (days)
Fig. 3: Total number of PT axons as function of age. The graph represents the number of axons in
the right PT at the level of the medulla oblongata (upper graph), and in the left PT at the third
(loner graph), and at the 6 th cervical segment (+, at P7, P14 and P90). The differences
between the age groups at the medullary level are statistically significant, except for P14-P21
and P7-P10 (Kruskal-HalI is test). The data at C3 are adopted from chapter 2a.

Axon number

At E20 the right PT In the caudal medulla oblongata was found to contain
27,000 axons. In the next few days many axons arrive at this level and at P4,
the tract contains 391,000 axons (Fig. 3 ) . During further development the
number of axons Is reduced to 150,000 In adult rats. The main part of this
reduction Is already accomplished by the end of the second postnatal week. A
more gradual loss of axons continues, however, even beyond the third postnatal
week. In the cervical PT similarly an exuberance of axons Is noted during
development (Fig. 3 ) . At Cg, the number of axons Is reduced from 123,000 at
P7 to 105,000 at P14 and 69,000 at P90.

Axon

ingrowth

The Increase in axon number In the medullary PT until P4 must reflect the
growth of axons into this level. In order to determine whether after P 4 , in
spite of the decreasing axon number, still axons are added to the tract, the

Chapter 2b

40
number 0/(

*І*Ш

'^X'r-'V

• 0-9

• 10- 19
φ

·.

"K-J»-

2

ГІГ

--

GROWTH CONES/Я»

> 20

5: Distribution

of gronith cones

in a

Fig. 4: Total number of growth cone profiles

Fig.

and percentage in relation to the total number

transverse section of the medullary PT at PO.

of

Each dot In the camera lucida drawing of the PT,

axons

in

transverse

sections

of

the

medullary PT. The differences betmeen the age

represents

the

groups are s t a t i s t i c a l l y significant (Kruskal-

calculated

in a micrograph covering 80 μα2.

local

growth

cone

density,

Wallis t e s t ) .

The growth cone density varied from 5 to 30
growth cones/100 / я 2 . Bar = 200 μ».

number

of

profiles
increases

growth
are most
rapidly,

cones

at

numerous

the various
during

ages

was c a l c u l a t e d .

the period

but can occasionally

in

be observed

which

In the t r a c t

( F i g . 4 ) . At P0, when growth cone p r o f i l e s are most numerous
tract

Growth

the axon

cone

number

up to P7

in the medullary

( F i g . 4 ) , the d i s t r i b u t i o n of growth cones in the cross-sections of the

PT was examined. For t h i s purpose 18 to 30 e l e c t r o n micrographs were taken of
each of the 4 animals
of

approximately

was c a l c u l a t e d .

/¿m2 of

in order

growth cone d e n s i t i e s
distributed

tract,

to o b t a i n a better

(Williams et a l . 1986).

over

the t r a c t

growth cone d i s t r i b u t i o n emerged.
b o r d e r l i n e with

the

the

density

of

growth

cones

Corrections were made for the proportion of each micrograph

occupied by g l i a
evenly

in t h i s age group. For each micrograph, covering an area

80

the o l i v a

comparison between

the

local

Growth cones were more or

and, examining 4 animals,

no p a t t e r n

less
in

Only in the micrographs taken along the very

inferior,

the mean growth cone density

was lower

2

than average ( 5 . 9 vs 15.1 growth cones per 100 /ші )(РІд. 5 ) .

Axon loss
As noted before, during PT development a massive reduction

in axon number

takes place (Fig. 3 ) . This reduction occurs in two phases: a rapid axon loss,
taking place at the medullary level between P4 and P14 and a more gradual axon
loss from P14 onwards. During the phase of rapid axon

loss, the number of

axons decreases by 4 to 5X each day. The ultrastructure of the PT during the
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Fig. 6: Putative ultrastructural signs of axon loss in the PT In the medulla oblongata (A.D) and
in the third cervical spinal cord segment (B.C) In 7-d-old (A.B.D) and 10-d-old rats (C).
Electron-dense bodies, characterized by an electron-dense core and surrounded by a membrane or
several concentric membranes, were observed in axons (A.B.D) and growth cones (B, asterisk).
Occasionally these axonal profiles were devoid of microtubuli (A.D arrowhead). Electron-dense
lysosomal structures were also observed in glial processes in the tract (D) and in the posterior
median septum (PMS)(C). Arrow in D points at an inclusion in a glial process (asterisk),
tentatively Identified as an axon being degraded. Bars • 0.25 /я (A), 0.5 μυ (B.D), and 1 /лі (С).

phase of rapid axon loss was examined for possible morphological
indications
of axon loss. At P7 and at PIO. in the medullary and c e r v i c a l PT. focal
accumulations of electron-dense material were found In g l i a l processes in the
t r a c t and. in the c e r v i c a l spinal cord, also in g l i a l c e l l s that form the
posterior median septum ( F i g . 6C,D). The axonal o r i g i n of t h i s debris is
d i f f i c u l t to e s t a b l i s h with c e r t a i n t y ( F i g . 6 0 ) . Concentrations of e l e c t r o n dense material were also observed In axon p r o f i l e s ( F i g . 2B. 6A.B,0). in these
axons frequently microtubuli and an intact axolemna can be discerned, but
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occasionally the axolemna was ruptured and microtubuli were absent (Fig.
6A,D). These electron-dense bodies were characterized by a, sometimes
floccuient, electron-dense core surrounded by a membrane or by several
concentric membranes. Axonal profiles containing these structures were on the
average larger than surrounding axons. The profiles of the electron-dense
bodies measured up to 560 nm in diameter, with a mean value of 250 nm.
In order to test whether a high incidence of electron-dense bodies in axons
coincides with the phase of rapid axon loss, the prevalence of these
structures was quantitated In the medullary PT during the phase of axon
ingrowth (at P 2 ) , of rapid axon loss (at P7), and of gradual axon loss (at
P21). Since the incidence of these structures is quite low, the sample of
micrographs was extended to encompass at least 3,000 axons. Three animals were
examined per age group. Axon profiles with electron-dense bodies, as defined
in the previous paragraph, were less numerous at P21 than at P7 and at P2
(Fig. 7 ) . At P2, electron-dense bodies were also encountered in growth cones.
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PT

The f i r s t axons In the PT at E20 are t h i n , unmyelinated axons with a mean
diameter of 0.31 μη. Growth cone p r o f i l e s are g e n e r a l l y much larger with a
mean value of 0.73 μπ\. During the f i r s t postnatal days, the mean diameter of
growth cones decreases somewhat, although not s i g n i f i c a n t l y , to 0.67 μπ\ at P2.
The diameter spectrum of the unmyelinated axons remains v i r t u a l l y unchanged
during the f i r s t postnatal week ( F i g . 9 ) .
Myelinated axons appear f i r s t in the t r a c t at the beginning of the second
postnatal week. The number of myelinated axons increases slowly
Initially,
from 52 ± 128 at P7, to 9,000 ± 6,000 at PIO ( F l g . 8 ) . During t h i s p e r i o d ,
in which the myel¡nation s t a r t s , the mean diameter of the unmyelinated axons
s h i f t s upwards from 0.32 μιτι at P7, to 0.35 μη at P14 (Kruskal-Wallls t e s t ) .
Furthermore, while during the f i r s t postnatal week the proportion of axons
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larger than 0.5 μιη does not exceed 5%, at P14, this proportion has risen to
14% (Fig. 9,10). Promyeiin axons, i.e. axons that are completely surrounded by
oligodendrocyte processes, but do not yet possess a complete layer of myelin
(Samorajski and Friede 1968), become numerous In the tract, constituting 0.9%
of the axons at PIO, and 5.1% at P14 (Fig. 8 ) . Promyelin axons are on the
average larger In diameter than unmyelinated axons but smaller than myelinated
number ( x 1 0 O 0 )

0
•

total number of axons
unmyelinated axons
promyelm
axons

|g myelinated

axons

300
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Fig. 8:Number of •yellnated, unnyelinated and pronyeiln axons In the nedullary PT as a function
of age. The Increase in number of myelinated axons Is statistically significant (Kruskal-Wallls
test).

axons (Fig. 9 ) . Taken together, these data indicate that during the onset of
the myelination, axons, at least some. Increase in diameter and subsequently
acquire a myelin sheath.
The third postnatal week Is characterized by an extremely rapid myelination
(Fig. 8 ) . About 66,000 axons become myelinated, which amounts to two thirds of
the total number of myelinated axons present in the adult PT. The high
velocity of the myelination process Is also evident from the proportion of
promyelIn axons: 5.1% at P14 and 5.8% at P21. During the third postnatal week
the diameter spectrum of unmyelinated axons returns to the form it had before
the onset of the myelination. The mean diameter even tends to become smaller
than during the first postnatal week (statistically significantly smaller than
at P7, Kruskal-Wallls test). The mean diameter of promyelin axons decreases
statistically significantly from 0.64 μιη at P14, to 0.47 μιη at P21 (KruskalWallis test). This suggests that progressively smaller axons become
myelinated. The mean diameter of myelinated axons, however, does not change
statistically significantly.
The myelination continues beyond P21, but at P90, 34.2% of the axons are
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Fig. 10: Plots of the number of axons in 5 size
classes during the development of the medullary
PT-, top: all axons; middle: unmyelinated axons
and growth cones; bottom: myelinated axons.

s t i l l u n m y e l i n a t e d ( F i g . 8 ) . Promyelin axons then a r e o n l y r a r e l y o b s e r v e d ,
s u g g e s t i n g t h a t the pace o f t h e m y e l i n a t i o n has slowed down c o n s i d e r a b l y . The
mean diameter o f m y e l i n a t e d axons does not change s t a t i s t i c a l l y s i g n i f i c a n t l y
throughout PT development. The s i z e d i s t r i b u t i o n o f m y e l i n a t e d axons, however,
has become i n c r e a s i n g l y wider ( F i g . 9 , 1 0 ) . The p r o p o r t i o n o f m y e l i n a t e d axons
s m a l l e r than 0.5 μη increases from 0.4% at P14, t o 10.5% at P 2 1 , and 20.0% at
P90. At P14, 4.4% o f the m y e l i n a t e d axons are l a r g e r than 1.0 μαη, w h i l e t h i s
p r o p o r t i o n has Increased t o 13.6% at P 2 1 , and t o 28.0% at P90.
While t h e mean d i a m e t e r s o f unmyelinated and m y e l i n a t e d axons d i f f e r
c o n s i d e r a b l y , t h e r e e x i s t s an o v e r l a p between t h e s i z e d i s t r i b u t i o n s o f
u n m y e l i n a t e d and m y e l i n a t e d axons throughout development and i n a d u l t h o o d .

Rostrocaudal

differences

As shown i n f i g u r e 3 , t h e r e appears t o be a r o s t r o c a u d a l decrease i n
number a l o n g t h e PT pathway throughout development. In t h e a d u l t r a t PT,
number o f axons decreases i n r o s t r o c a u d a l d i r e c t i o n by n e a r l y 50% between
caudal medulla o b l o n g a t a and the t h i r d c e r v i c a l segment, and by another

axon
the
the
13%
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between C3 and Cß (Table l)(Ouade test). Between the medulla and the
cervical spinal cord, both the number of unmyelinated and the number of
myelinated axons decreases. Between C3 and Cg, only the decrease in
myelinated axons was found to be statistically significant. The proportion of
unmyelinated axons in the adult PT does not differ statistically significantly
between the three levels of analysis.

Table
I
oblongata

:

Reported
numbers of
and the cervical
spinal

axons In
cord.

the

LEVEL

mld-bulbair
(Harding
and Tctve Í985.)
mid-bulbair
(Leenen et al.
1989)
mld-bulbair
(Dunkerley
and Duncan 1969)
caudal
medulla*
Cz (Leenen et al.
1989)
C3 (Gorgels
et al.
1989)
C4 (Matthews and Duncan 1971)
cervical
Intumescence

Ce"

adult

rat

PT

In

the

medulla
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20Í
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101
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?
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at C3, and at the Cg level
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the difference
in number of unmyelinated
axons between
C3
(Quade
test).

medulla
except
and Cg

DISCUSSION
The present study shows that the development of the rat PT at medullary and
cervical levels is characterized by a gradual increase In axon number,
followed by a protracted, blphaslc axon loss. Furthermore, the axon number
progressively declines along the length of the pathway.

Phase of

ingrowth

In a previous study (De Kort et al. 1985), using Rager stained sections, It
was shown that the arrival of the PT in the caudal medulla oblongata of the
rat takes place at E20, I.e. 2 days before birth. Schreyer and Jones (1982),
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employing HRP as an anterograde tracer, timed the arrival of the first
corticofugal axons in the caudal medulla oblongata at only half a day before
birth. Differences between the colonies of rats and the sensitivities of the
techniques may under I y this discrepancy, since the outgrowth of the fibers in
the spinal cord, as reported by Schreyer and Jones (1982), lags one or two
days behind the outgrowth of corticospinal fibers in our rats, as assessed by
WGA-HRP tracing (Gribnau et al. 1986). On the other hand, it can not be ruled
out completely that the axons present In the PT at E20 are not corticofugal
(Das and Hlne 1972).
After the arrival of the first axons In the caudal medulla oblongata new
axons are added to the tract over a period of more than one week, as evidenced
by the increase in axon number until P4 and the continuing presence of axonal
growth cones in the tract up to P7. This gradual outgrowth of the rat PT,
which has also been observed at cervical and thoracic levels in the rat spinal
cord (Chapter 2a, Gribnau et al. 1986, Schreyer and Jones 1988b), contrasts
with the reported massive growth of PT axons In the medullary pyramids of the
hamster (Reh and Kal I I 1981, 1982).
At PO, growth cones are more or less evenly distributed in the crosssectional plane of the medullary PT. At C3, similarly no preferences were
observed In the distribution of growth cones in the PT at P2, i.e. 2 days
after the arrival of the first axons (Chapter 2 a ) . This may Indicate that
elements of which the PT Is composed (axons and glial processes), rather than
elements that form the boundaries of the PT, represent a favourable substrate
for outgrowth of PT growth cones (Joosten and Gribnau 1989a,b).

Axon

loss

During development of the PT a massive reduction in axon number is observed,
occurring in two phases: a phase of rapid axon loss until P14, followed by a
phase of more gradual axon loss. A similar biphasic axon loss has been
described previously for the developing PT in the upper cervical spinal cord
of the rat (Chapter 2a) and In the medulla oblongata of the hamster (Reh and
Kal i I 1982). Leenen et al. (1989) found a reduction In axon number In the
right PT In the medulla oblongata, comparing rats of 2 and 14 months old,
suggesting that the gradual axon loss continues at this level beyond the
second postnatal month.
During early development, the cortical distribution of PT projection
neurons Is more widespread than in the adult rat (Stanfleld et al. 1982, Ivy
and Kil lackey 1982, Leong 1983, Bates and K M lackey 1984, Joosten et al.
1987b, Schreyer and Jones 1988a). Tracer studies have shown that PT axon
collaterals of neurons In the occipital cortex are eliminated from the spinal
PT before P14, and from the medullary PT before P18 (Stanfleld et al. 1982,
O'Leary and Stanfleld 1985, Stanfield and O'Leary 1985, Joosten et al. 1987b).
Similarly, corticospinal axon collaterals originating from the prefrontal
cortex are cleared from the spinal cord before P14 (Stanfleld et al. 1982,
Joosten and Van Eden 1989). This time course suggests that elimination of axon
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collaterals from these cortical areas plays a major role In the axon loss
during the phase of rapid axon loss (cf. O'Leary 1987).
The more gradual axon loss, that reduces the axon number after P14 still by
29 to 36X, may be caused by elimination of axons or axon collaterals
originating from other cortical areas. In the mouse, it has been shown that PT
axon collaterals are eliminated even from areas that maintain a PT projection
into the adult stage (Crandall et al. 1985). The gradual axon loss occurs
after functional contacts In spinal target areas have been established (Hicks
and D'Amato 1975, Donatelle 1977). This raises the possibility that in analogy
of the vision dependent remodeling of the visual callosal projection
(Innocenti et al. 1985), the functioning of the PT influences or directs this
gradual axon loss.
The axon loss can amount to 5% of the axons each day, during the phase of
rapid axon loss. This rapid axon loss in the PT is ascribed to elimination of
axon collaterals, occurring without the death of the parent cells rather than
to axonal death with concommi tant death of the neuron (Stanfield et al. 1982,
O'Leary and Stanfield 1985, O'Leary 1987). There is uncertainty with regard to
possible ultrastructural signs of axon elimination In the PT (Das and Mine
1972, Reh and Kal I I 1982, Schreyer and Jones 1988b). Apart from signs of,
possibly axonal, degeneration in glial cells, it was found in the present
study that axon profiles containing electron-dense bodies were more numerous
during the phase of rapid axon loss than during the phase of gradual axon
loss. Consequently, this morphology might represent an early sign of axon
collateral elimination. Furthermore, similar ultrastructural features have
been described as characteristic of degenerating axons In spontaneous or
experimentally induced axonal death occurring in other CNS and PNS nerve
tracts (Berger 1971, Chu-Wang and Oppenheim 1978, Williams et al. 1986),
suggesting that PT axon collateral elimination involves the same process as
axonal death. However, the high Incidence of axonal profiles containing
electron-dense bodies at P2, when the net axon number is still increasing,
tends to make these data less conclusive. It might be argued that axon
elimination already starts during the phase of axon ingrowth, as Indeed has
been suggested to occur In the developing cat optic nerve (Williams et al.
1986). On the other hand, an alternative interpretation is possible, namely
that the electron-dense bodies might reflect breakdown of axonal material,
occurring both during axon elimination and during axon outgrowth. An
ultrastructural study employing WGA-HRP as an anterograde tracer to label
selectively
axons
undergoing
collateral
elimination,
might
add to
differentiate between these alternatives (Joosten et al. 1987a).

Uvei¡nation and axon size
Myellnatlon of the PT axons In the caudal medulla oblongata starts in the
beginning of the second postnatal week. The maximal de novo myeI¡nation takes
place during the third postnatal week. This agrees well with previous findings
(SamoraJ ski and Friede 1968). In the 3-month-old rat still 34.2% of the axons
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are unmyelinated. Myel ¡nation probably continues at this age at a slow pace
since a few promyelln axons can still be observed. However, a substantial
population of unmyelinated axons remains present in the adult PT even at the
age of 14 months (Leenen et al. 1989).
In the process of myel¡nation, changes In axon caliber were noted, similar
to those described for the developing PT in the rat cervical spinal cord
(Chapter 2a, Matthews and Duncan 1971). During the start of the myelInation,
many unmyelinated axons increase in diameter. The large axons are the first to
acquire a myelin sheath, followed by progressively smaller axons, during
ongoing myelination. Axon size has been postulated as an Important factor
determining myelInation (Waxman and Sims 1984). From the overlap between the
size distributions of myelinated and unmyelinated axons It follows, however,
that axon size can not be the sole determinant of myel inat ion (Chapter 2a,
Matthews and Duncan 1971). Differences in macromolecular structure of the
axolemna have been observed between unmyelinated and myelinated axons of
similar size, suggesting that molecules associated with the axolemna Influence
myelination (Waxman and Forster 1980, Martini and Schachner 1986, Po I torak et
al. 1987, Waxman and Black 1988).

Rostrocaudal

differences

The data of the present study, in combination with data from the literature,
allow a comparison of the composition of the PT along its pathway In the
medulla and the cervical spinal cord (Table I). In comparing the medullary PT
with the cervical PT, it should be noted that there have been reports of
additional PT pathways in the rat cervical spinal cord (Schreyer and Jones
1982, Stanfleld and O'Leary 1985), beside the principal PT In the dorsal
funiculus. These projections, that have not been confirmed by other
Investigators (Gribnau et al. 1986, Joosten et al. 1987b), reportedly are much
smaller than the principal PT In the dorsal funiculus (Schreyer and Jones
1982).
In adult rats, the number of myelinated PT axons decreases In rostrocaudal
direction (Table I ) . The reported numbers of unmyelinated axons vary
considerably between the different studies (Table I ) , probably because of
difficulties in distinguishing unmyelinated axons from glial processes
(Ralston et al. 1987). It has been shown by anterograde tracing that at least
some of the unmyelinated profiles In the adult PT represent corticospinal
axons (Joosten and Gribnau 1988). In the present study, unmyelinated axons
were Identified In the cross-sections of the adult PT by the presence of
microtubull and occasional neurofilaments in elliptic to round profiles
(Peters et al. 1976, Langford and Coggeshall 1981), and these axons. In fact,
resembled closely the unmyelinated axons In the developing PT (Chapter 2a,
Schreyer and Jones 1988b). Furthermore, these ultrastructural criteria appear
to be valid, since immunocytochemical studies show that the neuron-specific
phosphoproteln B-50 (- GAP-43) is present In such profiles In both developing
and adult PT (Chapter 4 b ) , whereas glial marlcers are predominantly present in
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radially oriented processes (Liuzzi and Miller 1987, Joosten and Gribnau
1989b).
Taking Into account these differences in Identifying unmyelinated axons,
table I shows that the number of unmyelinated axons tends to decrease In
rostrocaudal direction. This Is substantiated by the fact that in the present
study the decrease in number of unmyelinated axons between the medulla and
C3 Is statistically significant. The decrease m number between C3 and
Cg is not statistically significant, but on the other hand, clearly no
evidence was found for Increased numbers of axons in the cervical intumescence
as result of axon branching, neither during development, as suggested by
locally increased labeling Intensity of anterogradely transported WGA-HRP
(Gribnau et al. 1986), nor in the adult, as might have been deduced from
previous light microscopic axon counts (Brown 1971).
In conclusion, the present study describes the timing and extent of axon
Ingrowth, axon loss and myellnatlon In the PT at medullary and cervical
levels. These data may serve as a basis for future experimental research on
the development of the PT.
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ABSTRACT
In order to examine the mode of outgrowth of the pyramidal tract in the rat,
the ultrastructure of its pathway In the dorsal funiculus of the spinal cord
was analysed. The analysis was performed by means of serial sections of the
third cervical segment before and during the arrival of pyramidal tract axons,
and focussed on the morphology and mlcroenvlronment of the growth cones.
Growth cones appear as elongated terminal enlargements without side
branches. Two zones could be discerned: The distal, usually lamel Iipodlal fine
granular zone, containing no organelles, except for an occasional clear
vesicle, and the proximal core region, containing various organelles, like
agranular reticulum and vesicular structures. In addition, the core region
contains round or elliptic structures, limited by 2 concentric membranes, that
enclose reticular and vesicular elements. The electron-density of these
structures varied from as low as the surrounding growth cone matrix to as dark
as lysosomal structures, suggesting their Involvement in turnover processes.
At embryonic day 20, the most ventral part of the dorsal funiculus, where
the first pyramidal tract axons are due to arrive within 2 days. Is populated
by axons that are relatively small as compared to those in the rest of the
dorsal funiculus. At birth, the arrival of the first pyramidal tract axons is
marked by the presence of numerous large growth cone profiles in between small
axons In the most ventral part of the dorsal funiculus, but no circumscr Ipt
bundle, separated from the ascending sensory fiber tracts. Is present yet. The
growth cones are descending, club-shaped and 1 to 2 μη in diameter, without
lamel IIpodla or filopodla. Within the same area a second growth cone type is
present, which contains dense-core vesicles and has spread-out lamel I i podia.
Most of these growth cones are ascending and they probably belong to primary
afferent or propriospinal fibers. At postnatal day 2, a distinct PT bundle Is
present, that can be readily delineated from the adjacent fasciculus cuneatus
where myellnatlon has already started, but no glia boundary is present. The
abundant growth cones are 1-2 μιη wide and extend a single unbranched
lamel 11 pod I um, up to 15 μιη long, that often enfolds parallel axons or other
growth cones. At P4, growth cones are scarce in the tract. They measure 1 μη
or
less In diameter and extend a single, straight lamel IIpodium or
filopodlum over 1 to 7 μη In the caudal direction.
At all ages examined, most of the surface of the growth cones Is apposed to
aligned longitudinally oriented axons and growth cones. The caudally
outgrowing growth cones also make contact with glial elements. These are
predominantly oriented perpendicularly to the longitudinal axis and are not
joint together
Into continuous arrays in the longitudinal direction.
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Furthermore, growth cones form synaptic contacts with dendrites that extend
into the dorsal funiculus from the adjacent spinal grey.
These observations Indicate that the morphology of growth cones changes
during the formation of the pyramidal tract in the cervical spinal cord. It is
discussed that the outgrowing axons are probably guided into their pathway by
selective fasciculation on their precursors, and by local differences in
oligodendrocyte and axon maturation within the dorsal funiculus. Furthermore,
It is suggested that the leading growth cones of the pyramidal tract grow Into
the most immature region of the ascending sensory fiber tracts without
actively fasciculatmg on the axons of these tracts.

INTRODUCTION
The pyramidal tract represents a major descending fiber system in the
mammalian central nervous system (CNS), originating from the neocortex and
projecting to the brain stem and the spinal cord (Wise et al. 1979, Armand
1982, Kuypers 1982). The time table of its outgrowth In the medulla oblongata
and the spinal cord of the rat has been established using various techniques
(DeMyer 1967, Donatelle 1977, Schreyer and Jones 1982, De Kort et al. 1985,
Gribnau et al. 1986). The PT Is characterized by a relatively late
development. In the rat, the first corticospinal axons arrive around birth in
the cervical spinal cord, where they grow into the dorsal funiculus (DF),
which contains at that time already the fasciculi cuneatus and gracilis
(Altman and Bayer 1984). The formation of the PT In the most ventral part of
the DF comes about by successive arrival of new fibers over a period of at
least one week (Chapter 2a, Schreyer and Jones 1982, Gribnau et al. 1986).
Several mechanisms have been proposed for the guidance of outgrowing axons
and for the formation of axon tracts. These mechanisms focus on interactions
between the growth cones, the motile enlargements at the tips of the
outgrowing axons, and their local environment: The growth cones might be
guided mechanically by boundaries or channels of extracellular space, formed
by glial cells (Singer et al. 1979, Poston et al. 1988). Since growth cones In
vitro move along substrates to which they adhere best (Letourneau 1975), they
might In vivo also follow an adhesive pathway, laid down in the distribution
of adhesion molecules In the extracellular matrix and at neuronal and nonneuronal cell surfaces in the developing CNS (Katz et al. 1980, Edelman 1983,
Letourneau 1982, Dodd and Jesse I 1988). Recent In vitro studies demonstrated
that axon outgrowth inhibitory factors may contribute In defining the pathways
of outgrowing axons as well (Patterson 1988, Schwab and Caronl 1988). Apart
from these contact-mediated guidance cues, In vitro experiments have Indicated
that gradients of diffusible substances (Gundersen and Barrett 1980, Lumsden
and Davies 1983, Heffner et al. 1990), and weak electrical fields (Hmkle et
al. 1981, Patel et al. 1985) can direct axon outgrowth.
The morphology and ultrastructural characteristics of growth cones have
been described in detail (Skoff and Hamburger 1974, LandIs 1983, De Kort et
al. 1985). In vitro studies have demonstrated that the shape of growth cones
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is Influenced by the geometry and chemical properties of the substrate
(Letourneau 1982, Harris et al. 1985), by contact with other cells (Kapfhammer
and Raper 1987), and by focal applications of neurotransmitters (Mattson
1989). In vivo, the morphology of growth cones in developing nerve tracts
vanes with their position along the pathway, which In part may reflect
differences In the local microenvironment of the growth cones (Tosney and
Landmesser 1985, Bovolenta and Mason 1987, Nordlander 1987, Kal ι I 1988).
In the present study, the outgrowth and formation of the PT in the dorsal
funiculus of the spinal cord Is studied by examining the ultrastructure of
Its pathway In serial sections of the third spinal cord segment over the
period from embryonic day 20, two days before the arrival of the first PT
axons, to postnatal day 4, when most of the PT axons have arrived and growth
cones have become scarce In the tract (Chapter 2, Schreyer and Jones 1982,
Gribnau et al. 1986). The analysis focusses on the precise shape, contents and
cellular relationships of the growth cones, that successively pass this
segment.

MATERIALS AND METHODS
The animals used In this study were Wlstar albino rats, aged the 20* h day
of gestation (embryonic day 20 - E20), and 0, 2, and 4 days postnatal I y (PO,
P2, P 4 ) . Embryonic age was calculated by regarding the day upon which
spermatozoa were observed In vaginal smears taken from the dams as embryonic
day 1. In our colony, bred at the central animal laboratory of the University
of Nijmegen, litters were usually born on the 22nd day of gestation (E22 PO). Animals designated as PO were sacrificed within 2 hr after birth.
Embryos were delivered by Caesarian section and fixed immediately by
perfusion through the heart with 2% glutaraldehyde, 2% formaldehyde In 0.1 M
sodium cacodylate buffer, pH 7.4, containing 2 mM СаСІг· Postnatal animals
were anesthetized by intraperitoneal Injection with sodium pentobarbital (40
mg per leg body weight) prior to perfusion. After perfusion fixation, the
cervical spinal cord was removed and Immersed in the fixative overnight at
4'C. The next day, the third cervical segment (C3) was transversely cut out
of the cord, rinsed in buffer and postflxed m ^% 0s04
with 0.05 M
K4Fe(CN)e m buffer (modified from Karnovskl 1971) for 2 hr and, after
rinsing In bldlstllled water, stained en bloc for 2 hr in 0.5% aqueous uranyl
acetate. Subsequently, the tissue was dehydrated in ethanol and embedded in
Epon. Series of ultrathln sections (80-90 nm thick) were cut and collected on
single slot formvar coated copper grids, contrasted with uranyl acetate and
lead citrate and examined In a Philips EM 300 electron microscope at 60 kV.
Serial section electron microscopy was employed to allow for identification
of the neuronal and glial elements and to reconstruct the 3-D shape of growth
cones in the developing PT. In total 6 series of 200-300 transverse sections
and 8 series of 50-200 horizontal sections were prepared. Growth cones, that
were at each age randomly selected in various parts of the tract, were traced
in the series of transverse sections. At least every fifth section was
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photographed at a primary magnification of 3600 to 5700 X, and printed at an
enlargement of 4 X higher. In total 51 sets of micrographs were obtained, that
contained parts of several hundred growth cones. Graphical reconstructions
were made of the growth cones that terminated In the series of sections: The
outlines of these growth cones were traced onto transparant paper, together
with the outlines of at least 5 cross-sectioned axons that served as points of
reference (Stevens et al. 1980). Next, the successive transparencies were
superimposed and aligned by manoeuvring the points of reference in the "best
fit" position (Hinds and Hinds 1974). A 3-D drawing of the growth cone then
was made by placing successively the aligned growth cone profiles at
appropriate distances, on a z-axis oriented at an angle of 30' to the x-axis
of the individual drawings.
Measurements of the size of growth cones and axons were made using a
Kontron videoplan measuring system, calibrating the magnification with a
diffraction grating replica (2160 lines per m m ) . For elliptic to round
structures the minimal diameter was measured.

RESULTS
Ultrastructural

features

of PT growth cones

Before describing the variation in morphology of growth cones encountered in
the development of the PT, it Is necessary to give a detailed description of
the general ultrastructural characteristics of PT growth cones, in order to
set up a frame of reference on growth cone morphology and terminology. This
description is mainly based upon data from the cervical PT of the 2-d-old rat,
since at this stage growth cones are abundant and well elaborated.
In horizontal sections growth cones appear as elongated terminal
enlargements, oriented longitudinally m the tract. On the basis of an uneven
distnbuton of organelles, two subdivisions can be distinguished in the
longitudinal direction. In the distal part of the growth cone, a fine granular
cytoplasmic matrix Is present without organelles, except for an occasional
clear vesicle (Fig. 1 ) . Small indentations caused by neighbouring axons into
this part of the growth cone, are frequently observed (Fig. 1 ) . The distal,
fine granular part of the growth cone has In transverse sections an Irregular
contour and forms an undulating, lamel Iipodlal extension of the growth cone.
Proximal to this fine granular, lamel Iipodial zone, the core region is
present, that contains a great variety of organelles with agranular reticulum
as the most prominent content (Fig. 1 ) . The agranular reticulum consists of
predominantly longitudinally oriented, presumably Interconnected strands of
membranes. In transverse sections these have the appearance of small strands,
triangles, or dots composed of 2 membranes. In contrast to perinuclear
agranular reticulum (e.g. Figs. 7, 8, 10) the agranular reticulum in the
growth cones has no lumen or only a very narrow one with an electron-dense
content (Fig. 2E). In transverse sections also larger, more or less straight
profiles of 2 tightly apposed membranes are observed that sometimes span
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nearly the full width of the growth cone (Figs. ID, 2D,F, 7A, 15A). In serial
sections, these membranous profiles turn out to be sections of discs of two
tightly packed membranes.
Apart from the meshwork of agranular reticulum, the core region of the
growth cone contains vesicles of various sizes and contents, Including
clusters of clear vesicles of approximately 45 nm (Fig. 1 ) . Occasionally, the
fusion or formation of a coated vesicle was discerned at the growth cone
membrane (Fig. I D ) . Furthermore, the core region contains microtubules, but
neurofilaments were not observed (Fig. 1A). Mitochondria are also present in
the growth cones, although not In great abundancy. Rlbosomes and glycogen
granules were not observed.
In the core region of the growth cone frequently, round or elliptic
structures were observed that appear to be portions of growth cone cytoplasm,
limited by 2 concentric membranes, containing several strands of agranular
reticulum and occasionally some vesicles (Figs. 1С, 2 ) . Serial sectioning
showed that these structures, which will be referred to as growth cone
parcels, are in general completely enclosed by the two enveloping membranes.
These two membranes are often tightly packed together, without interstitial
space (Fig. 2 E ) . Occasionally, a growth cone parcel was observed in close
apposition to a membranous disc (Fig. 2F). The electron-density of the matrix
within growth cone parcels Is variable Often the density Is similar to the
density of the surrounding growth cone cytoplasm, but also more electron-dense
growth cone parcels are found. The darkest growth cone parcels with a mottled,
electron-dense matrix and strands or whorls of membranes (Figs. 2A,B) resemble
lysosomal structures (Peters et al. 1976). In addition, the core region of the
growth cone contains electron-dense bodies, presumably lysosomes, with a
homogeneously dense granular matrix (Fig. 2 ) .
In the distribution of organelles In the core region, a gradual transition
was noticed. Microtubules become rare in more distal parts and stop close to
the transition of core region into the fine granular, lamel Ι ι podia I zone. In
contrast, agranular reticulum prevails m the distal part of the core region,
where It forms a dense meshwork, and gradually decreases In the proximal part,
where in transverse sections, only Individual, small strands or dots are
observed. Electron-dense bodies are most frequently found In the proximal part
of the core region.
The shape of the core region of PT growth cones is, except for the distal
part close to the lamel IIpodium, more or less tubular, measuring generally 1 2 /im In diameter, which Is considerably larger than the surrounding axon
shafts of on average 0.3 /um. In general, no sharp transition of the growth
cone into the axon shaft was observed. In serial sections, the growth cone
proximally decreases gradually in diameter. The borderline between the axon
and growth cone cannot be indicated precisely, since local constrictions and
swellings occur and axon shafts often contain, apart from microtubules, also
strands of agranular reticulum and vesicles, while neurofilaments are usually
absent. This means that the length of the growth cone cannot be determined
precisely.
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Fig.
1: Electron
micrographs
of a
horizontal section of the PT at the third
cervical spinal cord segment in a 2-d-old
rat, illustrating the general features of
PT growth cones. A: a growth cone profile
(asterisks) oriented rostrocaudally In the
tract. B,C,D: details of the proximal part
or core region, containing strands of
agranular reticulum, and various other
organelles.
Including
microtubules
(arrowhead In A ) , a cluster of small clear
vesicles (small arrow In B ) , a coated
vesicle (small arrow in 0 ) , a membranous
disc (arrowhead in D) and a so called
growth cone parcel (asterisk in С ) . E:
detail
of
the
distal
part,
the
lamel Iipodium with a fine filamentous
ground substance. Bars = 1 μπι (A) and 0.25
Am (B.C.D.E).

Fig. 2: Growth cone profiles (asterisk In
A) in horizontal (A) and transverse
sections (B-F) of the cervical PT in a 2-dold rat, illustrating the morphology of
growth cone parcels (arrows in A-F),
electron-dense bodies (white asterisks in
B, F ) , and membranous discs (arrowheads in
D.F). The electron-density of the matrix
within growth cone parcels often may be
similar to that of the surrounding growth
cone matrix (B.D.E.F), but also darker
(A.B). Growth cone parcels are surrounded
by two generally tightly packed membranes
(E,
arrow).
D.F:
membranous
discs
(arrowheads), visible as more or less
straight profiles of two tightly packed
membranes that span nearly the full width
of the growth cone profiles. Figure F shows
the apposition of a growth cone parcel to a
disc. Bars • 0.5 μα (Α-D) and 0.25 μη
(E.F).
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Flg. 3: Ultrastructure of the most ventral part of the dorsal funiculus In transverse sections of
the third cervical segment at E20, prior to the arrival of the PT. Figure A shows the presence of
unmyelinated axons without apparent fascicular organization. B: a growth cone profile in the DF,
Identified by Its relatively large size and the presence of agranular reticulum and vesicles. С: a
growth cone profile at the transition between the core region and the lamel I ipodiun. Note the
presence of dense-core vesicles In these growth cones (B,C). Bars • 1 /я (A) and 0.25 /д (В,С).

Embryonic
axons.

day 20: Ultrastructure

of the dorsal

funiculus

prior

to arrival

of PT

At E20, the ascending sensory f i b e r t r a c t s are present In the DF. In the most
ventral part of the DF, where the PT is due to a r r i v e w i t h i n 2 days, mainly
small unmyelinated axons are present, which are not organized into f a s c i c l e s
( F i g . 3 ) . These axons measure 0.2 - 0.4 μηι in diameter and contain mlcrotubuli
and only se I dom I y neurofilaments. More dorsal ly In the DF, the axons are on
average considerably larger and frequently contain neurofilaments. There is a
gradual t r a n s i t i o n from the ventral part of the DF to more dorsal regions
without a d i s t i n c t g l i a l boundary or d i f f e r e n c e s In g l i a l
organization.
L o n g i t u d i n a l l y o r i e n t e d growth cones were observed In both ventral and dorsal
regions of the DF. Apart from the general growth cone organelles as described
above, these growth cone p r o f i l e s contain c h a r a c t e r i s t i c a l l y dense-core
vesicles ( F i g . 3B). The diameter of the core region of these growth cones
r a r e l y exceeds 1 μπ ( F l g . ЗС).
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Flg. 4: 3-D graphical reconstructions based on every tenth section of the terminal parts of growth
cones traced in series of transverse sections at PO. Black profiles represent sections through the
core region of growth cones, whereas sections through the fine granular, lamel Iipodial zone are
dotted. Arrow points In caudal direction. Two distinct types of growth cones were discerned. Type
A growth cones terminate all in caudal direction without or with only very small filopodial
extensions. Type В growth cones may ascend (No 1) as well as descend (No 2) and have long and
branching lamelllpodla and filopodia. Scale drawing - 1 μι.

Postnatal

day 0: Two types of growth cones

In the 6 animals examined at t h i s age, a considerable v a r i a t i o n
In
u l t r a s t r u c t u r a l appearance of the ventralmost part of the DF was found. In 2
animals, a d i s t i n c t PT was r e a d i l y observed with a substantial number of
axons, whereas In 1 animal not the least indication for the a r r i v a l of PT
axons was observed. In the remaining 3 animals there were several indications
for the a r r i v a l of some PT axons, but a d i s t i n c t bundle was not yet formed, in
p a r t i c u l a r the l a t t e r s i t u a t i o n is most s u i t a b l e for the analysis of the
outgrowth of the f i r s t PT axons and the following d e s c r i p t i o n is based upon
observations made on 2 of these animals.
The most s t r i k i n g d i f f e r e n c e in u l t r a s t r u c t u r a l appearance of the DF at PO
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Fig. 5: 3-0 graphical reconstruction based on every f i f t h section of the terminal part of a PO
type A growth cone (Fig. 4, No 6), with electron micrographs illustrating the ultrastructure at or
close to the levels of the profiles Indicated in black. Arrow points In caudai direction. In the
growth cone, agranular reticulum Is the most prominent constituent and remains present up to the
leading edge of the growth cone (arrows). Scale drawing - 1 μη.

compared with E20 is the presence of numerous large growth cone p r o f i l e s in
between small unmyelinated axons in the ventralmost part of the DF. The area
r i c h in growth cones is l i m i t e d to the ventralmost part of the DF, but is not
d i s t i n c t l y separated from the rest of the DF. Neither a clear g l i a l boundary
nor a d i s t i n c t bundle is present. There is a gradual decrease in growth cone
density in dorsal and l a t e r a l d i r e c t i o n .
The examination of s e r i a l sections and reconstruction of growth cones
revealed the presence of two types of growth cones in the most ventral part of
the DF ( F i g . 4 ) . Most of the growth cone p r o f i l e s belong to a type indicated
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Fig. 6: 3-D representation based on every tenth section of the terminal part of a PO type В growth
cone (Fig. 4, Bl), with electron micrographs Illustrating the ultrastructure at or close to the
levels of the profiles indicated In black. Arrow points in caudal direction. Note that this growth
cone terminates In rostral direction with two perpendicularly oriented lamel IIpodia. The core
region and the proximal part of the lamel Iipodia contain dense-core vesicles. Scale drawing = 1

as type A. These growth cones terminate in the caudal d i r e c t i o n and thus
belong to descending axons. Their core region is characterized by a loose
meshwork of agranular reticulum. Other organelles are r e l a t i v e l y s c a r c e ,
although the f u l l complement of general growth cone elements as described
above Is present, in transverse sections, the p r o f i l e s are g e n e r a l l y round to
e l l i p t i c and measure 1 - 2 μη In diameter. In the d i s t a l . I . e .
caudal,
d i r e c t i o n the meshwork of agranular reticulum gradually becomes more dense.
Type A growth cones end rather abruptly in d i s t a l d i r e c t i o n , where a f i n e
granular zone, devoid of o r g a n e l l e s , is v i r t u a l l y absent: Agranular reticulum
extends into one or two sections ( 0 . 1 - 0.2 μτη) from the leading edge of the
growth cone ( F i g . 5 ) . Only one of the type A growth cones traced in the s e r i a l
sections ( F i g . 4, No A l ) , terminated in a very s m a l l , 0.3 μηι long, f i l o p o d i a l
protrusion ( F i g . 7 ) . Clear vesicles are observed frequently close to the
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leading edge of the growth cone. The generally blunt ending, tubular form and
large diameter gives type A growth cones the overall appearance of clubshaped, bulbous endings.
Most of the type A growth cones were longer than the 25 /an covered by the
series of 300 transverse sections used for reconstruction. In horizontal
sections, profiles of type A growth cones of 30 to 40 /лп length can be readily
observed. In tracings of about 100 growth cones over the length of the series
of transverse sections (25 μπ\), lateral protrusions were never observed.
Twice, a growth cone bifurcated with both parts extending In parallel In the
longitudinal direction.
Apart from the club-shaped type A growth cones just described, another,
less abundant type of growth cone. Indicated as type B, was present in the
ventral most part of the DF (Fig. 4 ) . Six out of 7 randomly selected growth
cones of this type, that were traced In the serial sections, terminated in
rostral, ascending direction, whereas one was oriented m caudal direction.
The core region of type В growth cones contains all the general growth cone
organelles, as described above. In addition, type В growth cones contain
dense-core vesicles, which Is a major difference with type A growth cones The
dense-core vesicles are present in the core region as well as in the proximal
part of the lamellipodia (Fig. 6) and are also found within growth cone
parcels. The diameter of the core region is relatively small and Increases
steadily In distal direction up to approximately 1 /um at the transition to the
fine granular zone. The fine granular zone consists of a single or, more
often, multiple lamellipodia, that may break up distally in fllopodla (Fig. 4,
No B 2 ) . The lamellipodia and fllopodia extend over 8 to 15 /лп m longitudinal
direction, spanning 3 to 7 μιη in lateral direction. The overall shape of these
type В growth cones with a funnel-shaped core region and spread-out
lamellipodia, contrasts sharply with the bulbous, club-shaped type A growth
cones, that lack lamellipodia. In addition to these differences between the
two types of growth cones, the cytoplasmic matrix in the type В growth cones
appears to be slightly more electron-dense. Type В growth cones belong most
likely to primary afferent or proprlospmal fibers, and not to corticospinal
axons as will be discussed in the discussion section.

Environment

of P0 growth cones

Axons and growth cones.
The cellular environment of both types of growth
cones in the PT consists of axons and other growth cones, glial elements and
dendrites. Most of the surface of growth cones is apposed to aligned, parallel
oriented axons and growth cones. Serial sections show that this also holds
true for the most distal parts of the growth cones. Immediately In front of
the growth cones no enlarged extracellular space was observed in between the
longitudinal axons and growth cones. The aligned axons are small and
unmyelinated. They contain a few microtubuli, agranular reticulum and
occasional vesicles, but no neurofilaments (Figs. 5, 6 ) . At the contactzone
between growth cones and aligned axons distinct membrane specializations or
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Flg. 7: A: the ultrastructure of the ventral part of the DF at PO, with several large profiles of
type A growth cones with agranular reticulum, discs and mitochondria, and In addition, a
lamel Iipodlum of an ascending type В growth cone (arrow). The termination of the type A growth
cone Indicated by a white asterisk (= Fig. 4 No Al) is shown in the graphical reconstruction
representing every tenth section. A, B, and С represent micrographs, taken at levels of the growth
cone as indicated in the drawing. This growth cone terminates in caudal direction in a small
protrusion (arrows in C,D) into a neighbouring growth cone (black asterisks in A.B.C.D). The
electron micrograph In Figure D, taken between В and C, shows the protrusion more clearly. Scale
drawing - 1 /я.

sub-membrane c o a t i n g s were not observed, but p r o t r u s i o n s and i n v a g i n a t i o n s can
occur f r e q u e n t l y , most notably of axons Into lamellipodia ( F i g s . 1 , 1 5 ) . A
s l i g h t tendency of the bulbous type A growth cones was n o t i c e d t o group
together.
Several
mutual
protrusions
can
be observed
between
these
neighbouring type A growth cones and one growth cone terminated as a small
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filopodial protrusion Into a neighbouring growth cone (Fig. 7 ) . Appositions
between type A and type В growth cones were not observed.
Glial
elements.
Both type A and type В growth cones were occasionally
observed to be apposed to glial elements in the tract. The glial processes
predominantly lie perpendicular to the longitudinally oriented growth cones,
and are not Joint together into continuous arrays in the longitudinal
direction. The glial elements generally lack bundles of intermediate
filaments, a characteristic of mature astrocytes. They equally do not show
continuity with myelin sheets, a characteristic of mature oligodendrocytes. At
the contactzone of growth cones and these immature glial elements, frequently
synapse-like specializations and protrusions of the growth cone into the glial
cell were observed. These contacts are dealt with In more detail in chapter
3b.
Glial elements do not seem to form physical boundaries around the PT,
except for the posterior median septum (Fig. 8 C ) , that separates the right and
the left PT. Growth cones were occasionally observed along this septum, but
close to the septum, no Increased growth cone density was apparent.
Dendrites.
Dendrites of neurons located in the spinal grey are present in
the most ventral part of the DF, where the caudal outgrowth of the PT takes
place (Fig. 8 ) . These processes are predominantly oriented within the
transverse plane and extend more or less radially from the grey matter Into
the DF. Mlcrotubuli, mitochondria, granular and agranular reticulum, and free
ribosomes are present m the proximal part of these processes, whereas these
organelles, apart from microtubules were only scarcely observed in the distal
parts. Along their course they frequently have varicosities (Figs. 9B,C) with
a relatively elect ron-lucent cytoplasm In which a few microtubull and
occasionally agranular reticulum, vesicles and vacuoles were observed.
Examination of serial sections revealed that some of these varicosities are
terminal, with small filopodial protrusions, thus probably representing
dendritic growth cones (Hinds and Hinds 1972, Skoff and Hamburger 1974, Vaughn
et al. 1974).
The dendrites observed In the ventralmost part of the DF at PO, make
several synaptic contacts with distinct pre- and postsynaptic densities. The
presynaptic elements Involved contain round synaptic vesicles or, very rarely,
elliptic vesicles. The presynaptic elements include axons as well as axonal
growth cones (Figs. 8, 9 ) . Presynaptic growth cones are usually oriented
longitudinally, thus perpendicular to the dendrites (Figs. 9A,B) and included
both type A and В growth cones. In addition, however, 4 growth cones were
observed that were oriented along the transversely running dendrite with which
they make contact (Figs. 9C,D). These growth cones all contained dense-core
vesicles, characteristic of type В growth cones. For two of these growth cones
it was established by examining serial sections that they had lamellipodia
pointed at or Into the grey matter.
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Flg. 8: Axodendritic synapses In the DF at PO. С: the most ventral part of the DF, the adjacent
spinal grey matter and the posterior median septum (PMS). A dendrite (asterisk) of a neuron (N)
located In the spinal grey, extends Into the DF. A.B: details of the sites indicated by arrows in
C, either in the same section (B) or In a nearby section (A), showing axodendritic synapses
(arrowheads). These synapses are made by an axon oriented parallel to the dendrite (A) and by an
axon oriented perpendicular to the dendrite (B). In figure A, dense-core vesicles are present in
the presynaptic element (bent arrow). Bars · 0.5 /ли (Α,Β) and 2 jura (C).

Postnatal

day 2: Large growth cones with

a single

unbranched

lamel I ipodium

In the 2-d-old r a t the PT can be discerned as а с i rcumscr i p t , homogeneous
bundle in the ventralmost part of the DF, located ventral and medial to the
f a s c i c u l i cuneatus and g r a c i l i s . Although t h i s bundle is not separated from
the rest of the DF by g l i a l boundaries, a b o r d e r l i n e can be r e a d i l y drawn
between the PT and the ascending sensory f i b e r t r a c t s ( F i g . 1 0 ) : The former
contains numerous growth cones and small immature axon s h a f t s , whereas the
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Flg. 9: Synaptic contacts of growth cones on dendrites at PO, In transverse (A.C.D) and horizontal
(B) sections. A and B: synaptic contacts of longitudinally oriented growth cones (asterisks) with
perpendicular dendrites (triangle In B ) . Note the varicosity In the dendritic process in figure B.
C: two profiles of the same growth cone (asterisks) oriented within the tranverse plane and
pointing toward the grey matter. The growth cone is situated along a presumably dendritic process
(triangles) with varicose swellings, with which it makes synaptic contact (large arrow). D: the
borderzone of the DF (top) and the grey matter (bottom). A growth cone (asterisk) oriented into
the grey matter makes synaptic contact on a dendritic process (triangle). Note the presence of
dense-core vesicles in the growth cones in С and D (small arrows). Bars - 1 ¿a.
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Fig. 10: Electron micrograph of the border between the fasciculus cuneatus and the pyramidal tract
in a transverse section of the 2-d-old rat. The borderline runs approximately along the diagonal
separating the pyramidal tract containing numerous growth cone profiles and small immature axons,
from the fasciculus cuneatus, that contains many larger axons, including myelinated axons, and
many oligodendrocyte processes. Bar - 1 μη.
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Fig. 11: 3-D graphical reconstructions based on every tenth section of the terminal parts of
growth cones traced in series of transverse sections of a 2-d-old rat. Black profiles represent
sections through the core region of growth cones, whereas sections through the fine granular,
lamel Iipodial zone are dotted. Arrow points in caudal direction. The growth cones extend a single
lamel Iipodium of highly variable length, width, and shape. The larger iaielllpodla tend to fold,
forming S shapes or more complex forms in the transverse direction, while enfolding longitudinally
oriented axons and growth cones (No 7,8,9). Scale drawing > 1 /т.

Growth cone Morphology ina guidance

69

Fig. 12: 3-0 representation based on every f i f t h section of the terminal part of a P2 growth cone
(Fig. 11, No 5), with electron micrographs illustrating the ultrastructure at or close to the
levels of the profiles Indicated in black. Arrow points In caudal direction. There, where a glial
process (G) lays accross the growth cone, the growth cone bifurcates with both parts (asterisks)
extending in the caudal direction. Scale drawing * 1 ¿a.

l a t t e r contains many larger axons with neurofilaments. In the fasciculus
cuneatus myelinating oligodendrocyte processes are abundantly present ( F i g .
10).
A l l growth cones that were traced in the series of sections in various
parts of the t r a c t ,
terminate
in caudal d i r e c t i o n and thus belong to
descending axons. As described above, PT growth cones at P2, terminate in a
f i n e g r a n u l a r , lamel I i p o d i a l zone. This f i n e granular zone v a r i e s g r e a t l y in
shape and s i z e at P2, but consists b a s i c a l l y of a single unbranched
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Fig. 13: 3-D graphical reconstruction based on every tenth section of part of a lamel Iipodium of a
growth cone at P2. The lamel Iipodium enfolds 3 longitudinally oriented axons, as illustrated m
the micrograph. Scale drawing • 1 /лі. Arrow points in caudal direction.

I ame II i pod I um which is directed caudali/ (Fig. 1 1 ) . The length of this lameII ipodium varies from 1 to 15 μπι. In transverse sections these I ame I Ι ι pod i a
can span up to 10 μπι, but most typically they tend form S shapes or more
complex forms In the transverse direction, since they fold around contiguous
axons and growth cones (Fig. 11, No 6 - 9 ) . Distally, the lame!Iipodium may
terminate in 1 or 2 small filopodial protrusions.
The diameter of the core region is variable along the length of the growth
cone. Generally, the core region of the P2 growth cones is a 1 to 2 /ли wide
tubular
varicosity
that
flattens
in distal
direction
to form
the
lamel I Ipodium. Most growth cones are longer than the 25 μπι length of the
series of transverse sections. Lateral branching of the growth cone was not
observed. Incidentally, the growth cone is split into two parts that are both
directed caudal ly (Fig. 11, No 5,6, Fig. 1 2 ) . At the site of bifurcation a
glial process was observed laying across the growth cone (Fig. 1 2 ) .
In comparison to the club-shaped Po type A growth cones, the P2 growth
cones appear to contain a higher density of organelles. In contrast with PO
type В growth cones, P2 growth cones do not contain dense-core vesicles.

71

GroHth cone eorphology and gu;dance

Environment

of P2 growth

cones

At P2, growth cones appear t o be randomly d i s t r i b u t e d w i t h i n the t r a n s v e r s e
plane o f the t r a c t and a r e , as at PO, p r e d o m i n a n t l y located in between
p a r a l l e l axons and o t h e r growth cones ( F i g . 1 0 ) . The large l a m e l l l p o d i a of P2
growth cones c o n t a c t many axons and growth cones and f r e q u e n t l y f o l d around
them over d i s t a n c e s o f up t o 10 /an ( F i g s . 1 1 , 1 3 ) . T h i s c o n t r a s t s markedly
w i t h the large spread-out l a m e l l l p o d i a o f PO type В growth cones which were
not observed t o e n f o l d axons.
The r e l a t i o n s between growth cones and g l i a l elements are e s s e n t i a l l y t h e
same as d e s c r i b e d f o r PO. S y n a p t i c c o n t a c t s between growth cones and d e n d r i t e s
appear t o be less numerous than at PO, and were o n l y observed between
l o n g i t u d i n a l growth cones and p e r p e n d i c u l a r l y o r i e n t e d d e n d r i t e s . F r e q u e n t l y ,
axons and g l i a l processes were observed l y i n g along the scarce d e n d r i t e s in
the t r a c t .

Postnatal

day 4: Small,

simple

growth

cones

At P4, growth cone p r o f i l e s are much less numerous in the t r a c t . In g e n e r a l ,
they t e r m i n a t e in a f i n e g r a n u l a r zone which extends in the caudal d i r e c t i o n
as a s i n g l e , unbranched, s t r a i g h t lame I I Ipodium or
f i l o p o d i u m of 1 t o 7 μπι
length ( F i g . 1 4 ) . The b r e a d t h o f the l a m e l l l p o d i a of P4 growth cones can
measure 2 /ші but g e n e r a l l y i s much s m a l l e r . The diameter o f the core r e g i o n o f
P4 growth cones does not exceed 1 μηι. Thus in comparison t o P2 growth cones,
P4 growth cones are small and have a s i m p l e shape. S t i l l a l l the growth cone
o r g a n e l l e s d e s c r i b e d above are present in these growth cones ( F i g . 1 5 ) .

Fig. 14: 3-D graphical reconstructions based on every tenth section of the terminal parts of
growth cones traced in series of transverse sections in a 4-d-old rat. Black profiles represent
sections through the core region of growth cones, whereas sections through the fine granular,
lamel Iipodial zone are dotted. Arrow points in caudal direction. All growth cones are
longitudinally oriented In the tract and terminate in caudal direction (arrow). Note that the
diameter of the core region of the growth cone does not exceed 1 /m and that these growth cones
have only a single straight lamel I Ipodium or filopodium. Scale • 1 μη.
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Flg. 15: 3-D graphical reconstruction based on every fifth section of a P4 growth cone (Fig. 14,
No 2 ) , illustrating the ultrastructure at or close to the levels of the profiles indicated in
black. Note the invagination of an axon into the laiellipodiui (arrow). Scale drawing - 1 /m.
Arrow points in caudal direction.
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of P4 growth cones

At P4, the growth cones are distributed throughout all parts of the tract
without an apparent distribution pattern in the transverse plane. As at PO and
at P2, the growth cones are predominantly situated In between axons and
several Invaginations between axons and growth cones, most frequently into the
lamel Iipodial parts are present (Fig. 15). Lame I I i pod i a of P4 growth cones
were not observed to enfold axons. The relations with glia are essentially the
same as described for PO and P2. Dendrites are scarce in the tract and at P4
synaptic contacts between P4 growth cones and dendrites were not observed.
Frequently, axons and glial processes were observed lying along these
dendr ites.

Degenerating

growth cones

During the analysis of growth cones incidentally growth cone profiles with
abnormal ultrastructural features were observed, suggesting degeneration. Most
of such growth cone profiles display ruptures of the plasma membrane,
disorganization of the meshwork of agranular reticulum, and an accumulation of
vesicular structures, including electron-dense bodies. These growth cones were
generally
apposed
to electron-lucent
glial
processes,
that
possess
intermediate
filaments and consequently probably
represent
astrocytic
processes which may even surround such growth cones (Fig. 16A). In addition,
large profiles (2 - 15 μπι in diameter) with densely packed mitochondria and
electron-dense bodies, were present which display growth cone characteristics,
like strands of agranular reticulum and growth cone parcels, and frequently
also glial characteristics like intermediate filaments and glycogen granules
(Fig. 16B). Such profiles were observed most frequently at P4, only rarely at
P2, but not at PO. Finally, a few growth cone profiles were observed with an
abnormally electron-dense cytoplasm. Two of the only four of such growth cones
encountered during the analysis were traced in the series of sections. One
changed gradually Into a growth cone with a normal appearance, whereas the
other was continuous with a very small, relatively electron-dense axon shaft.
Vacuoles, electron-dense bodies and a disorganization of the membrane were
observed In this growth cone (Fig. 16C-E), which suggest that the growth cone
was degenerating. These growth cone profiles were not apposed to glial cells.
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Flg. 16: Electron micrographs of putative signs of degenerating growth cones in the PT at P2 (A),
at PA (B), and at PO (C-Ε). A: a growth cone profile is completely surrounded by an astrocytic
process, identified by the presence of a small group of intermediate filaments (arrow). In the
growth cone profile electron-dense bodies are present and the organization of the agranular
reticulum appears to be distorted. B: a large profile, containing electron-dense bodies, abundant
mitochondria, agranular reticulum and a growth cone parcel. C,D,E: serial sections of a growth
cone with an abnormally electron-dense cytoplasmic matrix. The presence of electron-dense bodies
and many vacuoles as well as the irregular outline (D) may indicate that the growth cone is
degenerating. This growth cone was continuous with a relatively small and electron-dense axon
shaft (E, arrow). Bars = 0.5 /ді (A.C.D.E) and 1.0 /ли (B).
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DISCUSSION
Ultrastructural

features

of PT growth

cones

The PT growth cones examined in serial sections for the present study are
elongated,
virtually
unbranched,
terminal
enlargements,
oriented
longitudinally in the dorsal funiculus. On the basis of an uneven distribution
of organelles, the growth cone could be divided Into 2 zones A distal fine
granular zone, which contains a fine fliamentuous matrix with no organelles
except for a few small clear vesicles, and a proximal core region, containing
a great diversity of organelles.
Although the ultrastructure of PT growth cones corresponds on major points
well to previous ultrastructural descriptions of growth cones in situ (Skoff
and Hamburger 1974, Landls 1983, Williams et al. 1986), there are nonetheless
some remarkable differences, like the absence of neurofilaments in PT growth
cones, as noted before by De Kort et al. (1985). Another remarkable feature of
the growth cones examined in the present study, is the abundant presence of
peculiar structures, designated as growth cone parcels, which contain
agranular reticulum and vesicles, surrounded by 2 generally tightly packed
membranes. These organelles probably occur In other growth cones as well,
since a great variety of vesicular and lysosomal structures is usually present
in growth cones (Landis 1983). Lampert (1967) has described similar portions
of axoplasm enclosed by 2 or 3 membranes in the tip of regenerating axons. In
the present study, a fixation with Κ 4 Ρ Θ ( 0 Ν ) 6 reduced ОзОд was employed
which is known to enhance preservation of membranes and membrane contrast
(Langford and Coggeshall 1980). This fixation method may render these
organelles more conspicuous, since their enclosing layer of typically 2,
tightly packed, membranes stands out clearly. The electron-density of the
growth cone parcels is variable and ranges up to as dark as lysosomal
structures, which suggests that they are involved in the turnover of growth
cone material or of endocytosed material.
In addition, growth cones in the PT contain discs of 2 tightly apposed
membranes, that often span nearly the full width of the growth cone. Similar
structures were described by Cheng and Reese (1985) in growth cones of quickfrozen and then freeze-substιtuted chick optic tectum, where stacked and
single discs appear to replace the abundant agranular reticulum found in
conventionally, chemically fixed tissue. In the present study, both membranous
discs and abundant strands of agranular reticulum were observed within the
same growth cones after chemical fixation, suggesting that these different
forms of organization of membrane structures coexist In PT growth cones. Cheng
and Reese (1987) suggested that the discs are Involved in the recycling of the
plasmalemma. The resemblance of the layer of 2 membranes that constitute the
discs and surround the growth cone parcels, may indicate that both organelles
are Interrelated, and play a role In the recycling of growth cone components.
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Degenerating

growth cones

A small fraction of the growth cones exhibited a set of ultrastructural
features that suggest that they are degenerating. Most of these growth cones
have ruptures of the plasma membrane, a disorganization of the meshwork of
agranular reticulum, and accumulations of vesicular structures including
electron-dense bodies. They resemble growth cones in the cat's optic nerve
that have been interpreted as necrotic growth cones by Williams et al. (1986).
The suggestion that these PT growth cones are actually degenerating is
supported by the observation that they frequently are apposed to or even
surrounded by glial processes. The large profiles that contain, in addition to
electron-dense bodies, growth cone parcels, and strands of agranular
reticulum, also abundant mitochondria, some intermediate filaments and
glycogen granules might well represent glial processes that have taken up
growth cone material. Glial cells have been implicated in phagocytosis and
removal of degenerating axons in various nerve tracts (Peters et al. 1976,
Chu-Wang and Oppenheim 1978), including the developing PT (Chapter 2b, Das and
Mine 1972, Reh and Ka11 I 1982). Consequently, these observations suggest that
the massive axon loss in the development of the PT, which is apparent from the
decreasing numbers of axons in the cervical PT from P4 onwards (Chapter 2 a ) ,
already starts with the elimination of growth cones during the outgrowth of
the tract. Growth cone degeneration was most frequently observed at P4, which
may suggest that the survival chances of growth cones become smaller during
ongoing formation of the pyramidal tract.

Differences

In growth cone morphology

Examining the morphology of growth cones In the PT pathway at the level of the
third cervical segment over the period from PO, when the first PT axons
arrive, to P4 when the majority of growth cones has grown past this level and
growth cones have become scarce (Chapter 2a, Schreyer and Jones 1982, G n b n a u
et al. 1986), two major findings were made: First, the morphology of growth
cones differs at different stages. Second, two different types of growth cones
are simultaneously present at PO.
Differences m growth cone morphology can be attributed to Intrinsic
factors, like origin and age of the parent neuron, as well as to extrinsic
factors. I.e. factors In the mlcroenvironment of the growth cone (Letourneau
et al. 1979, Argiro et al. 1984, Tosney and Landmesser 1985, Bovolenta and
Mason 1987, Nordlander 1987, Kal ι I 1988). At PO, 2 discrete types of growth
cones were observed within the same environment: Funnel-shaped growth cones
with dense-core vesicles and spread-out lamel Iipodia, and large, club-shaped
growth cones without lamel Iipodia. These differences probably relate to a
different origin of these growth cones. The lamel Iipodial growth cones are
predominantly ascending and resemble In the presence of dense-core vesicles
and in shape, the growth cones that are already present In the ascending
sensory fiber tracts at E20, before the arrival of PT axons. Therefore, most
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probably these growth cones belong to primary afferent or possibly
proprlosplnal axons (cf. Patterson et al. 1989). The club-shaped, descending
PO growth cones and the other types of exclusively descending growth cones at
P2 and at PA, most probably represent corticospinal, PT growth cones. The
timing of their massive appearance In the PT area agrees well with the arrival
of corticospinal fibers as determined in tracer studies (Schreyer and Jones
1982, Grlbnau et al. 1986).
The age-related differences between the PT growth cones, appear to be
gradual in nature when the variability at each age Is taken into account, but
still a different type can be discerned at each age: At PO, growth cones are
club-shaped without lamel IIpodia; At P2, they have a single unbranched
lamel IIpodlum; At P4, they are comparatively small and simple.
This change in morphology of growth cones during the formation of the PT,
might result in part from differences in location of the parent neurons in the
cortex. In the development of the corticospinal projection a topographic
organization emerges In the distribution of neurons projecting to cervical and
lumbar regions of the spinal cord. Involving in Its extreme form the
elimination of transient PT axon collaterals originating from ectopic cortical
areas, like the occipital cortex (Stanfield et al. 1982). This collateral
elimination is caused by factors within the cortex (O'Leary and Stanfield
1989). Tracer studies (Joosten et al. 1987b, Schreyer and Jones 1988a, Uozumi
et al. 1988) did not establish firmly whether a differential timing exists in
the outgrowth of axons projecting to either the cervical or the lumbar spinal
cord, but probably a large overlap exists (Joosten et al. 1987b). However, the
transient projections from ectopic cortical areas seem to lag behind In their
outgrowth: Projections from the occipital cortex do not arrive until P2 at
upper cervical levels (Stanfield and O'Leary 1985, Joosten et al. 1987b).
Therefore, the smaller size of P4 growth cones and the apparent increase In
signs of degenerating growth cones at P4, might to some extent relate to a
different cortical origin of these growth cones.
In vitro studies have shown that the elaboration of lamel Iipodia and the
size of the growth cone are positively correlated with growth speed and
negatively correlated with neuronal age (Letourneau 1982, Argiro et al. 1984).
In the present study, the differences In neuronal age amount only to a few
days. Still, the smaller size of P4 growth cones in comparison with the P2
growth cones, might reflect differences In neuronal age or growth speed. The
shape of the PT growth cones that are the first to arrive in the spinal cord,
at PO, however, cannot be explained on the basis of these intrinsic factors.
Despite the lack of lamel Iipodia, these growth cones probably do move rather
fast, since the extension of the corticospinal projection spreads swiftly in
caudal direction through the spinal cord (Schreyer and Jones 1982, Grlbnau et
al. 1986).
In addition to these intrinsic factors like cortical location, age of the
parent neuron and growth speed, also changes in the local environment may
account for the age-related differences in PT growth cone morphology, since In
vitro studies have indicated that the local environment influences growth cone
morphology substantially (Letourneau 1982, Harris et al. 1985, Kapfhammer and
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Râper 1987, Matt son 1989). Conversely, the change in morphology of growth
cones during the formation of the pyramidal tract, may reflect changes In the
local environment, like a change In adhesive properties of the substrate
elements: In vitro, growth cones elaborate lamel I¡podia upon contact with
adhesive substrates (Letourneau 1979) and when offered a choice among various
substrates they move on the most adherent substrate (Letourneau 1975). The
configuration of the growth cones and their relations with the surrounding
elements might therefore give an Indication of the local substrate properties
and the preferences of PT growth cones. The substrate elements in the tract
consist of axons and growth cones, glial elements, and dendrites. The
following may be noticed on the significance of the relations between
outgrowing PT axons and these elements.

Relations

of growth

cones with

axons and other

growth

cones

Most of the surface area of PT growth cones, Including their most distal
parts, is apposed to aligned small axons and other growth cones. Therefore, it
appears that the longitudinally oriented axon shafts In the DP represent a
preferred substrate for PT growth cones.
A distinction has to be made between the axonal substrate of the first PT
growth cones and that of subsequently arriving PT growth cones. The latter
growth cones grow into the most ventral part of the DF, where the axon shafts
of previously arrived PT axons are already present. The observation that these
later arriving growth cones in the PT elaborate lamel I¡podia that for the
largest part are contiguous with axons and other growth cones, and often even
fold around them, suggests that these growth cones selectively fasciculate on
their PT precursors (Fig. 17). Such a fase i cu I at i ve outgrowth of the PT, that
has been suggested previously on the basis of studies of the outgrowth of
corticospinal axons after lesioning the pathway (Schreyer and Jones 1983), Is
supported by immunocytochemical studies on the expression of the cell adhesion
molecule LI, that is involved in the extension of growth cones along axons and
in the bundling of axons (Rathjen and Schachner 1984, Chang et al. 1987,
Rathjen et al. 1987): The highest levels of L1 immunoreactivity In the DF of
the early postnatal rat are found In the area where the outgrowth of the PT
takes place (Joosten and Gribnau 1989a).
The first PT growth cones encounter axons of a different origin In the most
ventral part of the DF. The origin of this population of axons is not known
with certainty. The apparent continuity with the ascending sensory fiber
tracts and the presence of ascending growth cones that resemble the growth
cones In the sensory tracts at E20, suggests that these axons pertain to the
sensory tracts. Within the DF, the ventralmost axons seem to be the most
immature ones, Judging from their relatively small diameter and the absence of
neurofilaments. Consequently, It seems that the first PT axons preferentially
grow in the region of the most immature axons of the sensory tracts. In this
environment, PT growth cones display a slight tendency to group together and
do not extend lamel IIpodia, in contrast to the growth cones of presumably
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Fig. 17: Artists impression of the growth cone in
the 2-d-old rat that enfolds Kith its
lamel Iipodlun 3 axons as shown in figure 13,
illustrating the fasciculative outgrowth of
trailing PT growth cones. Caudal is to the
bottom.

primary afferent or propriosplnal axons, which have large lamel Iipodia. This
suggests that although the most immature region of the DF represents a
permissive environment for PT outgrowth, the PT growth cones do not
fasciculate with these axons of noncortical origin. The nonfasci cu I at I ve
outgrowth of the leading PT growth cones might facilitate the proper
segregation of the different fiber tracts in the DF when subsequently PT axons
arrive, that selectively fasciculate on their PT precursors.

Relations

of growth cones with glial

cells

Growth cones were only occasionally observed to be apposed to glial elements.
Dispersed glial elements are predominantly oriented perpendicularly to the
longitudinal axis of the spinal cord (Joosten and Gribnau 1989b). They are not
joint together into continuous arrays In the longitudinal direction within or
around the PT except for the glial processes In the posterior median septum
that separates the left and the right PT. Since along this septum no Increased
growth cone density was observed (Chapter 2 a ) , the septum does not represent a
preferred substrate for the caudal outgrowth of the PT, although it may serve
as a barrier to prevent PT axons from decussating (Joosten and Gribnau 1989b).
Consequently, PT growth cones do not grow along glial cells but instead grow
predominantly in between or along axons, and make only "en passant" contacts
with perpendicularly oriented glial elements.
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These observations on the relations between PT growth cones and glial
processes are not In line with a previous ultrastructural study on the
outgrowth of the corticospinal tract by Schreyer and Jones (19Θ2). These
authors suggested that the first corticospinal axons grow out as tight
fascicles of small
axons through a dense
fabric of predominantly
longitudinally
oriented
glial
processes.
However,
in
a
recent
inrniunocytochemlcal study using vlmentin and glial fibrillary acidic protein as
glial markers, Joosten and Gribnau (1989b) could not visualize such
longitudinally oriented glial fibers. De Kort et al. (1985) suggested on the
basis of serial section electron microscopy, that the structures tentatively
identified as glia by Schreyer and Jones (1982), in fact represent varicose
axons, a view which Is supported by the localization of the neuron-specific
phosphoprotein B-50 in virtually all longitudinally oriented processes in the
developing PT (Chapter 4 b ) .
Although glial cells do not form a continuous adhesive substrate pathway
for the caudal outgrowth of PT axons, glial cells probably still play an
important role in PT outgrowth. During the outgrowth of the PT, growth cones
grow in a region which contains immature glial cells, while In the adjacent
fasciculus cuneatus myel¡nation has already started and mature, myelinating
oligodendrocyte processes are abundantly present. In vitro studies have
demonstrated that mature oligodendrocytes and CNS myelin represent, in
contrast to Immature oligodendrocytes, a nonpermissive substrate for axon
outgrowth (Schwab and Caroni 1988), probably due to inhibitory proteins at the
surface of mature oligodendrocytes and myelin (Caroni and Schwab 1988). These
inhibitory surface proteins appear In CNS nerve tracts Just before the onset
of myel¡nation (Caroni and Schwab 1989). In the cervical spinal cord,
maturation of oligodendrocytes and the onset of myellnation occur in the
fasciculus cuneatus just after birth (Matthews and Duncan 1971, Schwab and
Schnell 1989), which may canalize the outgrowth of PT fibers Into the most
ventral part of the DF and contribute to the separation of these fiber tracts.
Interestingly, PT growth cones show junctional specializations consisting of
synapse-like specializations and Invaginations, at the site of contact with
immature glial cells, which may suggest that outgrowing PT axons themselves
exert Influence on the timing of glial maturation and appearance of inhibitory
substrate properties in the developing PT (cf. Chapter 3 b ) .

Relations

of growth cones with

dendrites

Neurons of the spinal grey matter extend dendrites Into the most ventral part
of the DF, during the outgrowth of the PT. At PO and at P2, several growth
cones may establish synaptic contacts with these dendrites. Most synapses are
made by longitudinal growth cones, thus oriented perpendicularly to the
dendrites, but occasionally also by growth cones that were pointing toward or
into the grey matter and were oriented along the dendrite.
Similar structural relationships have been described In the developing
lateral marginal layer in the mouse embryonic spinal cord, where the synapses
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have been postulated to influence both dendrite morphology and axon
col lateral I zat ion (Vaughn et al. 1974, Vaughn and Sims 1978). The former
effect is supported by In vitro studies of neurotransmitter influence on
dendrite morphology (Mattson 1989). Glutamate selectively prunes dendrites of
hippocampal neurons in culture (Mattson et al. 1988). Since glutamate Is a
putative neurotransmitter of the PT (Giuffrida and Rust ioni 1989), the
synapses of the growth cones in the developing DF possibly subserve a similar
function. On the other hand, the lengthy appositions between growth cones and
axons along dendrites within the transverse plane indicates that dendrites
might guide or even Induce the outgrowth of axons or axoncollaterals into the
spinal grey. Since such parallel appositions were only observed for the growth
cones of presumably primary afferent or propriospinal axons, and only at PO
when outgrowth of PT axons into the spinal grey does not yet occur (Schreyer
and Jones 1982, Grlbnau et al. 1986), the present study does not provide
morphological Indications that PT outgrowth Into the grey matter occurs by
contact with dendrites.
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ABSTRACT
The ultrastructure of contacts between axonal growth cones and glial cells In
the developing pyramidal tract was examined by serial sectioning at the third
cervical spinal cord segment in 0, 2, and 4-days-oId rats. At the contact zone
between growth cones and glial elements frequently junctional specializations
were observed, composed of synapse-like contacts and Invaginations. The
synapse-like contacts consist of clear, round vesicles of 43 ± 6 nm In the
presynaptic growth cone, a pre- and a postsynaptic density, separated by a
cleft of 12.1 ± 0.9 nm. The invaginations consist of small protrusions of the
growth cone into the glial element. The invaginated glial membrane Is coated.
Within the glial element, close to the Invagination, frequently organelles
were observed that closely resemble endosomes and prelysosomes. Therefore, it
is suggested that the Invagination represents a stage In endocytosis or
possibly phagocytosis of the protruding part of the growth cone by the glial
cell. The junctional specializations are formed by growth cones and, less
frequently, by axon shafts. The target of these specialized contacts are, in
general, immature glial cells located within the tract area. Incidentally,
however, Invaginations were also observed in myelinating oligodendrocytes,
suggesting
that
the population of
Immature
target
cells
Includes
oligodendrocyte precursors.
The presence of Junctional specializations that combine features of
synaptic transmission and endocytosis, suggests that the outgrowing axons of
the pyramidal tract provide immature glial cells with functionally relevant
signals, possibly affecting glial maturation.

INTRODUCTION
The formation of the ordered network of connections in the central nervous
system (CNS) depends on a delicate Interplay of outgrowing neurltes and
maturing glial cells. The spatial distribution of glial cells in the
developing CNS suggests that they are Involved In guidance of outgrowing axons
and In the formation of axon tracts by forming barriers and channels of
extracellular space, or by serving as pathway for axon outgrowth (Singer et
al. 1979, Poston et al. 1988). Both in vivo and In vitro, a preference of
growing axons for glial surfaces has been observed (Noble et al. 1984, Silver
and Rutishauser 1984, Fallon 1985). The outgrowth promoting properties of

84

Chapter 3b

astrocytes are apparently dependent on their developmental stage (Smith et al.
1986, Kalderon 1988), and oligodendrocytes become upon maturation even
inhibitory for axonal outgrowth (Carom and Schwab 1988, 1989, Schwab and
Caronl 1988). This developmental change, which may constitute an important
factor in CNS failure to regenerate (Schnell and Schwab 1990), might influence
the guidance of axons during CNS development, since striking regional
differences exist In the timing of oligodendrocyte maturation (Schwab and
Schnell 1989). Conversely, an influence of axons on glia survival or
development has been postulated In order to account for the impaired
gliogenesis observed after optic nerve transection (David et al. 1984, Valat
et al. 1988). Furthermore, fiber tracts differ in the timing of the glial
maturation (Schwab and Schnell 1989), and the time course of astroglial
maturation over the length of axon tracts Is correlated with the timing of
axon outgrowth (Bovolenta et al. 1987, Joosten and Grlbnau 1989b). These
observations suggest. In spite of the fact that a properly timed glial
maturation can occur in vitro In absence of axons (Abney et al. 1981, Temple
and Raff 1985, Zeller et al. 1985), that outgrowing axons influence glial cell
maturation (Hatten and Mason 1986).
The developing pyramidal tract (PT) in the rat spinal cord represents an
attractive system to analyse the relation between axon outgrowth and glial
cell maturation, because of its late development in comparison to neighbouring
fiber tracts: In the rat, the PT occupies the most ventral part of the dorsal
funiculus, ventrally and medially to the ascending fiber tracts, the fasciculi
gracilis and cuneatus. A differential
timing
m
both astrocyte and
oligodendrocyte maturation in the different fiber tracts has been reported
(Valentino et al. 1983, Schwab and Schnell 1989). By the time that the first
pyramidal tract axons arrive in the cervical spinal cord (Schreyer and Jones
1982, Gribnau et al. 1986), the adjacent fasciculus cuneatus already starts
myelinating (Matthews and Duncan 1971). The onset of myelmation of the PT
takes place 10 days later (Chapter 2a).
During the outgrowth of the PT, growth cones contact with immature glial
cells in the tract (Chapter 3a, Joosten and Gribnau 1989b). In the present
study, these contacts between growth cones and glial cells are examined by
serial section electron microscopy, with particular emphasis on the precise
ultrastructural characteristics of these contacts and on the ultrastructural
characterization and identification of the axonal and glial elements involved.

MATERIAL AND METHODS
The material and method used are basically the same as described previously
(Chapter 3a). Briefly, Wlstar albino rats, 0-, 2-, and 4-day-old (PO, P2, P 4 ) ,
were anaesthetized by intraperitoneal Injection with sodium pentobarbital (40
mg per kg bodyweight) and fixed by transcardlal perfusion with 2%
paraformaldehyde, 2% glutaraldehyde in 0.1 M sodium cacodylate buffer,
containing 2 mM СаСІ2, pH 7.4. The Isolated third cervical spinal cord
segments were immersed overnight in the same fixative, postfixed for 2 hr in
1% OSO4 with 0.05 M K 4 F e ( C N ) 6 in buffer (adapted from Karnovsky 1971),
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stained en bloc for 2 hr In 0.5% aqueous uranyl acetate and embedded in Epon.
Series of (up to 300) transverse ultrathin sections were cut and collected on
single slot, formvar coated copper grids. After counterstaining with lead
citrate and uranyl acetate, the sections were examined in a Philips EM 300
electron microscope. Magnification was calibrated using a diffraction grating
replica (2160 lines per m m ) .

RESULTS
Ultrastructure

of growth cone-glial

contacts

In the neonatal r a t ( P 0 - P 4 ) , t h e PT a t t h e l e v e l o f t h e t h i r d c e r v i c a l segment
is mainly composed o f l o n g i t u d i n a l l y o r i e n t e d s m a l l , unmyelinated axons and
growth
cones.
Intervening
glial
elements
are
predominantly
oriented
p e r p e n d i c u l a r t o t h e axons and growth cones. Where growth cones c o n t a c t g l i a l
elements, j u n c t i o n a l s p e c i a l i z a t i o n s were f r e q u e n t l y o b s e r v e d , c o n s i s t i n g o f
s y n a p s e - l i k e c o n t a c t s and i n v a g i n a t i o n s
(Figs.
1 , 2 ) . The s y n a p s e - l i k e
c o n t a c t s , which growth cones make w i t h g l i a l c e l l s , c o n t a i n t h e 4 d e f i n i n g
components o f i n t e r n e u r o n a l synapses ( P e t e r s e t a l . 1976): c l e a r v e s i c l e s in
the p r e s y n a p t i c e l e m e n t , a p r e - and a p o s t s y n a p t i c d e n s i t y , and a s y n a p t i c
cleft
( F i g . 1 ) . The p o s t s y n a p t i c d e n s i t y g e n e r a l l y
i s q u i t e modest. The
s y n a p t i c c l e f t i s 12.1 ± 0.9 nm wide (n - 1 5 ) . A moderate e l e c t r o n - d e n s e
s t a i n i n g was observed w i t h i n t h e c l e f t , and r a r e l y , midway t h e p r e s y n a p t i c and
the p o s t s y n a p t i c membranes a l i n e o f higher e l e c t r o n - d e n s i t y was d i s c e r n e d . In
t r a n s v e r s e s e c t i o n s , t h e s y n a p s e - l i k e c o n t a c t s are up t o 500 nm long w i t h a
mean v a l u e o f 248 ± 130 nm (n - 2 4 ) . In l o n g i t u d i n a l
direction,
they
have

Fig. 1: A synapse-1 ike contact formed by a
growth cone (asterisk) on a glial process In
the cervical pyramidal tract of a 2-d-old rat.
The synaptic characteristics
include the
presynaptic vesicles, the pre- and postsynaptic
membrane densities, and the synaptic c l e f t . The
postsynaptic element contains a relatively
electron-dense cytoplasmic matrix. Bar - 0.25
fM.
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similar dimensions, since they mostly extend over only 3 - 4 sections (200 300 n m ) . The synapse-like contact generally has a concave shape and in an
extreme form, the contact is observed at the base of a protrusion into the
postsynaptic element (Fig. ЗА). Incidentally, however, also slightly convex
synapse-like contacts are found (Fig 3B). The presynaptic vesicles are round
and measure 43 ± 6 nm (n - 27) in diameter. The number of synaptic vesicles is
usually small (but see Fig. 3 B ) . Because of the close resemblance of these
growth cone-glial contacts to interneuronal synaptic contacts, the constituent
elements will be referred to as the presynaptic and the postsynaptic element.
In addition to the synapse-1 ike specialization. Invaginations of the
presynaptic element Into the postsynaptic element were frequently observed,
next to or even within the region of the synapse-like contact (Figs. 2, 3D).
This invagination consisted as a rule of a 100 to 200 nm long, more or less
drop-shaped protrusion of the growth cone, that was enveloped by the glial
process. The membranes of the growth cone and the glial cell were not fused
but maintained a fairly constant distance, roughly similar to the width of the
synaptic cleft. In the cleft and in the protrusion, material of a moderate
density was observed. The Invaginated glial membrane displayed the furry
submembrane coating of coated pits and coated vesicles (Peters et al. 1976).
Although this was the general appearance of the invaginations (Fig. 3D),
occasionally the protrusion of the growth cone did not extend far into the
coated pit and rarely, a coated pit was observed at the glial membrane without
a protrusion, which was verified by examining the adjacent sections as well
(Figs. 3C, 5D, С ) . Within the postsynaptic element frequently vesicular or
tubular structures with a smooth-surface (Fig. 2A, 9) were observed as well as
profiles of a larger diameter with an often irregular, tubular outline,
containing vesicular and reticular elements embedded In a matrix of variable
electron-density (Fig. 3B, 4C, 4E, 4F, 9 ) . These structures resemble closely
endosomes, prelysosomes and multivesicular bodies, organelles that are
implicated in the process of endocytosls (Geuze et al. 1983, Helenius et al.
1983, Griffiths 1989). In the approximately 150 Invaginations examined in the
present study, coated vesicles with a single membrane and elect ron-lucent
content were never observed in the postsynaptic element. Incidentally,
vesicles with some coating and a moderately electron-dense content (Fig. 9) or
consisting of two concentric membranes (Fig. 5C) were observed in the
postsynaptic element. These vesicles were not in contact with the growth cone,
as was ascertained by examining serial sections.
The junctional specializations at glial cells were found at all ages
examined. The number of synapse-1 ike contacts and invaginations, that were
counted In single transverse sections of the left PT, decreases, however, from
27 at P2 to 7 at P4. At P0, no counts were made since at this age the PT axons
do not yet form a circumscrlpt bundle (Chapter 2a).
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Flg. 3: Variation observed In the morphology of the specialized contacts between growth cones and
glial cells in the 2-d-old rat PT. A: a small concave synapse-like contact (arrow) at the base of
a protrusion of a growth cone Into a glial process. B: a slightly convex synapse-like contact with
a large accumulation of vesicles. In the postsynaptic element the cap of an invagination is
present and also an Irregularly formed, tubular, probably prelysosomal organelle (arrow). С: a
coated pit at a glial membrane without a protrusion of the growth cone membrane, as verified by
serial sectioning. D: the growth cone membrane extends into the glial process with a fairly
constant cleft between the growth cone membrane and the glial membrane. Note the coating of the
glial membrane and the moderately electron-dense material In the cleft and in the protrusion. Bars
- 0.25 μη.
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The presynaptic element
Growth cones in the PT generally consist of a distal, lamel Iipodlal part,
devoid of organelles except for an occasional clear vesicle, and a proximal,
more or less tubular, core region, containing predominantly agranular
reticulum and vesicles. The diameter of growth cone profiles generally
measures 0.5 - 2 μιη, whereas the immature axon shafts in the tract measure
approximately 0.3 μιη (Chapter 2a, 3a, De Kort et al. 1985). On the basis of
this description, the presynaptic element generally was identified as the core
region of the growth cone. Invaginations were made
Incidentally by
lamel IIpodia as well (Fig. 48). Furthermore, invaginations and small synaptic
contacts were sometimes made by small axon shafts, containing a few
microtubull (Fig. 4C,D). Examining the presynaptic elements of 21 synapse-1 ike
contacts, that were randomly sampled at PO, P2 and P4, 13 were identified as
the core region of a growth cone and 3 as an axon shaft. The remaining 5
presynaptic elements probably represent the transition zone of the growth cone
into the axon shaft, but might also include lamel IIpodia.
At PO, two different types of growth cones are present in the ventralmost
part of the dorsal funiculus: The more frequently occurring, descending PT
growth cones, that are club-shaped and possess no lamel Iipodia, and In
addition, lamel Iipodial growth cones, that probably belong to cells In the
sensory ganglia or in the spinal cord. The latter growth cones typically
contain dense-core vesicles (Chapter 3a). Most of the contacts observed at PO
were made by growth cones with characteristics of the PT growth cones, i.e.
large profiles, containing predominantly agranular reticulum. One of these
profiles was traced in the series of sections toward its ending in descending
direction, confirming its similarity to club-shaped descending PT growth
cones. Incidentally, however, presynaptic growth cones were observed, that
contain dense-core vesicles (Fig. 4E,F).

The postsynaptic element
The synapse-like contacts are situated on the processes or sometimes the cell
body of glial cells located within the PT. These processes contain
microtubull, small mitochondria, occasional rough endoplasmic reticulum and
free ribosomes embedded in a relatively dense cytoplasmic matrix (Fig. 1, 2,
4B). The ultrastructural features of the cell body pertinent to the
postsynaptic element were examined for 14 cells, which had either the synapse
like contact situated directly on their cell body, or were traced In the
series of sections. In these cells, a small, round or elliptic nucleus with
dispersed aggregates of chromatin, was located at one side of the cell body
(Figs. 5, 6 ) . The cytoplasm was characterized by a relatively dense
cytoplasmic matrix and contained many free ribosomes, that only seldomly form
rosettes, small mitochondria and microtubull. Cisterns of narrow bore
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Flg. A: Electron micrographs. Illustrating the different axonal elements involved In the
specialized contacts on glial cells, at PO (E,F) and at P2 (A,B,C,D). A: The core region of an
axonal growth cone containing predom menti y agranular reticulum, that forms a small synaptic
contact (arrowhead) and an invagination Into a glial cell body. B, an invagination (arrow) with
local membrane coating, formed by a lamel IIpodlum. C: an Invaginaton, and D: a synapse-like
contact between small axons and glial elements. E and F: a synapse-like contact (E) and an
invagination (F) formed by growth cone profiles that contain dense-core vesicles. Note the
presence of multivesicular bodies and prelysosome-llke structures in the postsynaptic, glial
element In C, E, and F (arrows). Bars · 0 . 2 5 ^ .
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Flg. 5: Serial sections of a Junctional specialization at an immature glial cell, located within
the PT at PO. A: A synapse-like contact formed by a growth cone (asterisk), shown in В at higher
magnification (arrowheads). D: A nearby section showing a coated pit at the postsynaptic membrane
(arrow), where the growth cone hardly protrudes Into, as verified by examining the adjacent
sections. C: A vesicle In the postsynaptic element, consisting of 2 concentric membranes (arrow).
This vesicle did not contact the growth cone membrane as verified by serial sectioning. Bars = 0.5
/я (A) and 0.25 /ді (B.C.D).
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Flg. 6: An Immature, multipolar glial cell in the PT. Two synapse-like contacts (arrows) are
present on the processes. Bar • 1 μι.

endoplasmic reticulum are present, Irregularly studded with rlbosomes (Fig.
4B, 5 ) . Electron-dense bodies and glycogen granules were not observed. The
shape of the cells was variable. Examining the cells in serial sections it
appears that they vary from unipolar cells with one broad process (Fig. 5) to
multipolar cells possessing several, although not numerous, slender processes
(Fig. 6 ) . Especially on the processes of the latter cell subtype, the
specialized contacts are abundant. On one such processes, that was traced In
the series of sections over a length of approximately 15 μπι, 8 junctional
specializations were counted.
The cell type described above is the most common glial cell type in the
cervical PT during the first postnatal days, but other glial elements are
present in the neonatal PT as well. The surface of these elements was scanned
in order to assess the full spectrum of glial elements, involved in the growth
cone-gllal interaction (Figs. 6, 7, 8 ) . In the neonatal PT, electron-lucent,
thin processes are present that contain accumulations of glycogen granules and
can often be observed extending from the posterior median septum that
separates the right and the left PT. On these processes, presumably of radial
glia (cf. Henrikson and Vaughn 1974), no junctional specializations were
found. Occasionally, synapse-like contacts were observed on processes, that
resemble these processes in shape and in abundancy of glycogen granules, but
that contain a slightly more electron-dense matrix (Fig. 7 C ) .
Astrocyte processes, containing bundles of intermediate filaments were only
rarely observed in the neonatal PT. No specialized contacts were detected on
their surface. In addition, although rarely, cells were observed within the
tract that lack groups of intermediate filaments, but exhibit several features
of astrocytes, like an electron-lucent cytoplasm with cisterns of wide bore
endoplasmic reticulum, some glycogen granules and furthermore, a highly
elongated nucleus with a thin rim of condensed chromatin at the nuclear
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Fig. 7: A: a glial cell, that exhibits some astrocytic characteristics like an electron-lucent
cytoplasia and an elongated nucleus. In this cell, however, distinct bundles of intermediate
filaments were not observed. At the site pointed at by the arrow, in a nearby section a synapse
like is observed (Fig. B ) . C: a synaptic contact of a growth cone (asterisk) situated on a glial
process that contains lany glycogen granules. Bars > 1 /л (A) and 0.5 /LA (B,C).
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Fig. 8: An oligodendrocyte, Identified by the continuity m t h a myelin sheath (arrow in B ) , shewn
at higher magnification in A. C.D: invaginations of growth cones into this cell in nearby
sections. Note the close proximity of synaptic vesicles to the invagination In C. Figure E, taken
of the same section as figure D, indicates the location of these invaginations at the
oligodendrocyte cell body by arrows. Bars = 1 ¿яі (B, E) and 0.1 /ді (A.C.D).
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envelope (Figs. TA.B, Skoff et al. 1976, Vaughn 1969). On these cells that
extend many processes, a few synapse-like contacts and invaginations are
present.
At last, oligodendrocytes are present in the tract, myelinating large axons
located within the PT. These axons contrast sharply with the other axons in
the PT by the presence of numerous neurofilaments and the large diameter, and
might represent aberrant cunéate fibers (Dunkerley and Duncan 1969, Joosten et
al. 1989). Growth cones make invaginations m these cells, with a morphology
similar to the invaginations observed In Immature glial cells (Fig. 8 ) . The
incidence of these contacts is low: On one oligodendrocyte that was present
nearly entirely in the series of sections, in total 4 Invaginations were
counted. Synaptic vesicles are often found close to these invaginations, but
contacts showing convincingly the full set of morphological characteristics of
synapses were not observed on oligodendrocytes.

DISCUSSION
In the present study the ultrastructure of contacts between growth cones and
glial cells was examined in the PT during the outgrowth of its fibers in the
dorsal funiculus of the rat cervical spinal cord. At the contact zone,
Junctional specializations were observed, consisting of synapse-like contacts
and invaginations.

The presynaptic

element

On the basis of previous ultrastructural descriptions of the developing PT
(Chapter 2a, 3a, De Kort et al. 1985), the presynaptic element was mostly
identified as a growth cone, and occasionally as an axon shaft. Furthermore,
the specialized contacts are less numerous at P4 when growth cones profiles
become scarce In the PT (Chapter 2 a ) . These two observations indicate that the
Junctional specializations are temporary and predominantly formed by the tips
of the outgrowing axons.
The formation of these temporary junctional specializations is probably not
an exclusive feature of the PT growth cones. Similar contacts were observed
between glial cells and a different type of growth cone of presumably primary
afferent or proprlospmal fibers, that is present in the most ventral part of
the dorsal funiculus at birth (Chapter 3a).

The postsynaptic

element

The target of the specialized
located within the tract area.
characteristics of mature glial
filaments of mature astrocytes,

contacts of growth cones are glial cells,
In general, these are immature, lacking the
cells, i.e. the groups of the Intermediate
and the continuity with myelin sheaths of
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mature oligodendrocytes. In the developing rat optic nerve, the best studied
nerve tract with respect to gliogenesls, two glial cell lineages can be
distinguished serologically: the A1 progenitor cell giving rise to type 1
astrocytes, and the b(potential 0-A2 progenitor cell giving rise to both
oligodendrocytes and type 2 astrocytes (Raff 1989). The postsynaptic, immature
glial cells In the PT, resemble In shape and ultrastructural characteristics
optic nerve glial precursors, most notably those that have been tentatively
identified as immature oligodendrocytes by Skoff et al. (Vaughn 1969, Skoff et
al. 1976). Although currently no decisive ultrastructural criteria are
available for the identification of glial cell lineages, this may suggest that
the postsynaptic cells In the PT belong to the 0-A2 cell line. This view is
supported by Immunocytochemical studies on gliogenesls m the developing rat
spinal cord that indicate that astrocytes and oligodendrocytes develop in the
perinatal period from radial glia cells which might be analogous to the 0-A2
precursor (Mirano and Goldman 1988). Furthermore, when the PT was searched for
more mature, more readily identifiable glial cells to exhibit similar
contacts, it was found that Invaginations In the presence of synaptlc-slze
vesicles were present on myelinating oligodendrocytes, and that synapse-like
contacts and invaginations were present on the scarce glial cells that exhibit
some, although not definitive, astrocytic features. On these, more mature
cells the specialized contacts were rare. These findings indicate that the
specialized contacts are predominantly made on immature glial cells, but at
the same time, they suggest that this cell population includes both
oligodendrocyte and astrocyte precursors. Since
in the cervical PT,
immunocytochemical staining for the astrocyte specific, glial fibrillary
acidic protein, is virtually absent from cell bodies In the PT, until several
days after the start of myelination (Valentino et al. 1983), it might be
speculated that the postsynaptic cells In the neonatal PT, being the
prevailing cell type, predominantly give rise to oligodendrocytes during the
first postnatal weeks.

Junctional

specialIzatIons:

Synapse-like

contacts

and Invaginai

ions

The morphological specializations at the contact zone of growth cones and
glial cells fit well descriptions of Interneuronal synapses (Peters et al.
1976, Vaughn 1989). The size of the synaptic vesicles is similar to values
provided for Interneuronal synapses (Peters et al. 1976). The cleft width
(12.1 ± 0.9 n m ) , however, is only just in range of values (ranging from 12.5 ±
0.57 to 14.9 ± 0.38 nm) provided for interneuronal synapses in the developing
nervous system using OSO4 fixed tissue (Markus et al. 1987), the growth
cone-gllal contacts tending to be smaller. This might be caused by the use of
K4(FeCN)g reduced OSO4, that
is known to enhance membrane contrast
(Langford and Coggeshall 1980). On the other hand, it may represent a real
morphological difference between Interneuronal and growth cone-gllal synaptic
contacts.
The second

aspect

of the temporary

Junctional

specializations are the
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Fig. 9: Hypothetical scheue of the formation of the specialized growth cone-glial contacts. In the
simplified drawing, pre- and postsynaptic densities as well as coating of the invagination are
represented by the same symbols. Stage 1 is a synapse-1 ike contact, that is followed by the
formation of a coated pit at the postsynaptic membrane (Stage 2 ) . The growth cone membrane
protrudes into the coated pit (stage 3 ) . Next, at the invagination, endocytosis or possibly
phagocytosis of growth cone material occurs (stage 4 ) , which is transferred to the endosóme
compartment (Stage 5 ) . The successive stages are tentatively indicated in the line drawing of the
electron micrograph taken in the 0-d-old rat PT. Bar = 0.25 /л.
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coated pits In the postsynaptic glial process, that are generally invaginateci
by small growth cone protrusions. Similar Invaginations have been found
associated with
Interneuronal
puncta adhaerentia
(Privat
1974), with
developing neuromuscular Junctions (James and Tresnan 1969), and with
developing axo-dendrit ι с synapses (Vaughn and Sims 1978). Furthermore, coated
pits, without invaginations, occur frequently at developing synaptic contacts,
where they have been implicated either In exocytosls involving the fusion of
coated vesicles with the postsynaptic membrane, or In endocytosis (Burry et
al. 1984, Vaughn 1989). In the present growth cone-glial contacts, organelles
that are involved
In endocytosis,
like endosomes, prelysosomes and
multivesicular bodies (Geuze et al. 1983, Helenius et al. 1983, Griffiths
1989), are present In the glial process close to the Invagination, which
strongly suggests that the Invagination represents a stage in the process of
endocytosis by the glial cell. It is not clear, however, how the endocytosed
material is transferred from the invagination to the endosóme compartment.
Electron-lucent coated vesicles, that are supposed to subserve this function
(Petersen and Van Deurs 1983, Van Deurs et al. 1989) and that are present In
developing axo-dendrItic synapses (Burry et al. 1984, Vaughn 1989) were not
observed in the postsynaptic glial element. In this respect, the incidental
observation of moderately electron-dense vesicles with some coating or
consisting of 2 concentric membranes, might hint that the growth cone
protrusion Is phagocytosed by the glial cell.
Invaginations and synapse-1 ike contacts generally occur
together.
Therefore, they probably constitute two related aspects of the junctional
specializations between growth cones and glial cells. A hypothetical scheme of
the formation of this contact is depicted in figure 9. In this figure, the
different forms of the junctional specialization, that were encountered during
the analysis, are tentatively arranged in a temporal sequence: The formation
of a coated pit by the glial membrane close to or at the synaptic contact, is
followed by a protrusion of the growth cone membrane. At the invagination,
growth cone material is endocytosed or possibly phagocytosed and transferred
to the endosóme compartment.

Functional

significance

Interneuronal synapses are implicated In signal transmission between nerve
cells. It is not known whether the present growth cone-glial contacts subserve
a similar signal function. Synapse-like contacts of axons on radial glia, that
occur In the mouse embryonic spinal cord, have been suggested to represent
merely errors or rehearsals in preparation for axo-dendritIc contact formation
(Hennkson and Vaughn 1974) and invaginations at developing synapses have been
suggested to reflect a communication between the pre- and the postsynaptic
element that decides over the maintenance of the synaptic contact (Vaughn
1989). On the other hand, however, axo-glial synaptic contacts have been
described in the adult CNS (Palaclos-PrU et al. 1983, D'Amelio et al. 1986,
Vernadakls 1988), and mature as well as Immature glial cells possess receptors
for and show uptake of neurotransmitters such as excitatory a m m o acids
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(Murphy and Pearce 1987, Gallo et al. 1989), the most likely neurotransmitters
of the PT (Giuffrida and Rustioni 1989). Therefore, it Is likely that at the
temporary growth cone-glial Junctions, that combine features of synaptic
transmission and endocytosis, signals are transmitted to the glial cell.
The function of these signals remains speculative. Axons have been
suggested to influence glial cell survival (David et al. 1984), as well as
maturation or differentiation (Hatten and Mason 1986, Giulian et al. 1988,
Hunter and Bottensteln 1988, Valat et al. 1988). As noted above, the
junctional specializations are situated on immature glial cells, that probably
consist of both oligodendrocyte and astrocyte precursors. The time course of
astrocyte and oligodendrocyte maturation In the PT over the length of its
pathway In the spinal cord (Joosten and Gribnau 1989b, Schwab and Schnell
1989), is roughly In phase with the rostro-caudal advance of PT axons
(Schreyer and Jones 1982, Gribnau et al. 1986, Joosten et al. 1989b). In the
cervical spinal cord, maturation of oligodendrocytes and astrocytes occurs in
the PT several days later than In the adjacent fasciculus cuneatus (Valentino
et al. 1983, Schwab and Schnell 1989). It might therefore be suggested that
the contacts between PT growth cones and glial cells Influence the timing of
the glia maturation in the tract. Since upon maturation oligodendrocytes
become inhibitory for axon outgrowth (Careni and Schwab 1988, 1989, Schwab and
Careni 1988), this would not only affect the myel¡nation of the tract but also
the outgrowth of the PT, which continues at cervical levels at least until the
end of the first postnatal week (Chapter 2a).

GROWTH-ASSOCIATED

CHAPTER 4a
PROTEIN B-50 IN THE PYRAMIDAL

Developmental

TRACT

expression

ABSTRACT
The neuron-spec I fIc phosphoprotein B-50 Is a major substrate of kinase С in
fetal nerve growth cones, neonatal neural and synaptosomal plasma membranes.
B-50 Is Identical to a growth-associated protein GAP43. Similarly, Increases
In B-SO occur during rat brain development, neuronal differentiation and axon
regeneration. To document the relation between the expression of B-SO and the
outgrowth of central axons, we studied B-50 in the developing pyramidal tract
in rats at postnatal days 2, 7 and 90 (P2, P7 and P90), at the third cervical
spinal segment (C3), using aff mity-purified antibodies to B-50. At P2 and
P7, when outgrowth
of pyramidal
tract
fibers
Is occurring, B-50
immunoreact1 vity (BIR) is intense in these fibers. BIR is reduced from P2 to
P7 in the ascending fiber tracts of the cuneatus and the gracilis, which
develop earlier. At P90 when most of the dorsal funiculus fibers have reached
their targets and many are myelinated, BIR Is dramatically reduced. In
agreement, a ten-fold decrease in B-50 content was measured at P90, as
compared to P7. Therefore, our results indicate that B-50 Is only expressed
relatively abundant in axons of the funiculus posterior during outgrowth. By
inference, B-50 may be a differentiating marker to detect elongating fibers.

INTRODUCTION
The ontogenesis of the spinal pyramidal tract In the rat occurs during the
postnatal development. Shortly after birth, the leading corticospinal fibers
are entering the upper cervical segments of the spinal cord (Schreyer and
Jones 1982), where they occupy the most ventral part of the dorsal funiculus.
The spatial and temporal outgrowth of these corticospinal fibers in the spinal
white and grey matter in the neonatal rat have been described by Gribnau et
al. (1986). They demonstrated that the corticospinal fibers have reached the
upper thoracic segments of the spinal cord at P2 and the sacral segments at
P7. A delay of two days was observed between the arrival of the corticospinal
axons at a given spinal cord level and their outgrowth into the adjacent
spinal gray. Electron microscopic analysis revealed the presence of numerous
growth cones In the growth zone of the developing pyramidal tract (De Kort et
al. 1985).
Recently, the presynaptic neuron-specific phosphoprotein B-50 (Zwiers et
al. 1980, Gispen et al. 1985, Gispen 1986) is shown to be a member of the
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class of growth-associated proteins (GAPs) (Skene and Willard 1981a, b ) ,
presumably identical to GAP43 (Jacobson et al. 1986, Zwiers et al. 1987),
GAP48 (Perrone-Bizzozero et al. 1986), F1 (Gispen et al. 1986) and pp46 (Mein
et al. 1986, Pfenninger 1986). This protein Is a prominent substrate to
protein kinase С in growth cones membranes and outgrowing neurites In fetal
and postnatal rat brain (Oestreicher et al. 1982, De Graan et al. 1985,
Oestreicher and Gispen 1986) and in outgrowing processes of differentiated
PC12 cells (Van Hooff et al. 1986). By means of radioimmunoassay for B-50
(Oestreicher et al. 1986), the highest levels of B-50 are determined in
developing nervous systems and in regenerating axons following lesion of
peripheral nerve (Verhaagen et al. 1986, Zwiers et al. 1987). From these
studies, it Is apparent that the B-50 (GAP43) protein can be used as a
selective marker of neunte outgrowth in developing neural tissue. Indeed,
Kal ι I and Skene (1986) have shown that the biosynthesis of GAP43 (B-50) is
enhanced during development of the pyramidal tract neurons m hamsters and
declines at the time when the axons stop elongating. In the present study
using aff mity-purif led ant i-B-50 immunoglobulins (IgGs) (Oestreicher et al.
1983b), we document changes in B-50 distribution m the developing pyramidal
tract of the rat reflecting different stages of maturation.

MATERIALS AND METHODS
Wistar rats aged 2 days, 7 days and 90 days were anaesthetized by injections
with Nembutal and perfused intracardlal ly with a fixative consisting of 2%
paraformaldehyde, 0.5X glutaraldehyde, and 0.1X dimethyIsulfoxide in 0.1 M
phosphate buffer, pH 7.4 (Gispen et al. 1985). After perfusion the cervical
spinal cord was removed and immersed for 2 hr in the fixative. Subsequently,
the third cervical segment was dissected out, rinsed In buffer, dehydrated and
embedded in Epon. Transverse sections of 1 μπ\ were cut and mounted on glass
slides coated with chrome-alum gelatine. Epon was removed from the tissue
according to Lane and Europa (1965). Endogenous peroxidase activity was
blocked with 0.3% hydrogenperox Ide in methanol for 20 m m . After hydration the
sections were stained for B-50 using the peroxIdase-antiperoxidase (PAP)
technique (Sternberger 1979). This involved an incubation of the sections in
0.03X normal goat serum m 0.05 M Tris HCl buffer containing 0.9* NaCI, pH
7.6, (TBS), followed by an overnight incubation at 4'C in aff Inity-purI f led
rabbit ant I-B-50 IgGs (Oestreicher et al. 1983b, Oestreicher and Gispen 1986)
diluted 1:500 in TBS. After rinsing in TBS, the sections were treated for 30
m m with goat anti-rabbit igG (Nordic), diluted 1:30 in TBS. The sections were
rinsed m TBS and Incubated for 1 hr m PAP complex (Dakopatts) diluted 1:90
in TBS. After rinsing in TBS the sections were incubated for 15 min In 0.05%
diaminobenzidme tetrahydrochloride in 0.05 M Tris-HCI buffer, pH 7.6,
containing 0.01% hydrogen peroxide. The staining reaction was terminated In
distilled water. Subsequently, the sections were dehydrated and embedded In
Entellan. The controls with the pre-immune serum and without primary
antibodies were negative. Two animals per age group were examined, giving
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similar results.
To determine the B-50 content of spinal cord sections, B-50 was assayed by
means of a rad lo-immunoassay (RIA) as reported by Oestreicher et al. (1986).
Wistar rats at P7 and P90 were sacrificed by decapitation. The cervical
segment 3 (approx. 3 mm thick) was dissected from the spinal cord and
homogenized as described previously. Protein content was determined by the
procedure of Lowry et al. (1951): n-3, mg proteln/g wet weight tissue, mean ±
SD: at P7, 60 ± 2 and at P90, 94 ± 10.

RESULTS
During postnatal development of the rat CNS, at P2 and P7, B-50
immunoreactivity (BIR) is found in the grey as well as in the white matter of
the third cervical segment (Fig. 1, panel 1 and 3 ) . In the young adult rat at
P90, BIR is considerably reduced In the spinal cord (Fig.1, panel 5 ) . In this
study we focus on the outgrowth of the pyramidal tract In comparison to the
two other fiber tracts In the funiculus posterior, which are differentially
stained. At P2 the pyramidal tract shows the most intense Immunoreaction,
whereas the long ascending fiber tracts, the fasciculus gracilis and notably
the fasciculus cuneatus are less intensely stained (Fig. 1, panel 1 and 2)
The posterior median septum is not stained. The unstained profiles in the
pyramidal tract probably represent glial cells and blood vessels. At P7 BIR is
differentially distributed in the grey and white matter (Fig. 1, panel 3 ) . In
the dorsal funiculus the densely stained pyramidal tract stands out against
the adjacent ascending fiber tracts, in which BIR is strongly reduced as
compared to P2 (Fig. 1, panel 3 and 4 ) . By three months of age (P90) BIR has
decreased and is sparsely distributed In discrete areas of the grey and white
matter (Fig. 1, panel 5 ) . The area of the pyramidal tract in the dorsal
funiculus displays clear, although reduced, reaction to the B-50 antibodies in
tiny dots. The fasciculi gracilis and cuneatus however, are devoid of BIR
(Fig. 6, panel 6 ) .
Independently, the amount of B-50 present In
the spinal cord at P7 and P90 was determined by
Oestreicher et al. (1966). A ten-fold decrease
compared to P7, was found (n-3: P7, 500 ± 60
protein).

the cervical segment C3 of
means of a RIA according to
In B-50 content at P90, as
vs P90, 50 ± 6 ng B-50/mg

DISCUSSION
Using affinity-purified ant i-B-50 IgGs (Oestreicher et al. 1983b) we described
changes in the pattern of BIR in the cervical segment C3 of the spinal cord
of the rat related to the developmental stage. The work of Grlbnau et al.
(1986) indicates that elongation of corticospinal axons in the white matter
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Flg. 1: Distribution of B-50 inmunoreactivity (BIR) In transverse sections of the spinal cord at
the third cervical segment in the 2-d-old rat (P2: panel 1 and 2), the 7-d-old rat (P7: panel 3
and 4) and the 3-month-old rat (P90: panel 5 and 6). High BIR was detected in the pyramidal tract
(PT) at P2 and P7, while at P90 s t i l l a reduced BIR is observed. The fasciculus gracilis (FG) and
the fasciculus cuneatus (FC) show at P2 less BIR than the pyramidal tract. Moreover, the
inmunoreact i on in the FG and FC is reduced at P7 and virtually absent at P90. Bars = 200 μτι.

and t h e i r o u t g r o w t h I n t o the grey matter are s t i l l In p r o g r e s s at P2 as w e l l
as at P7. I t Is at these stages t h a t we found most BIR In the d e v e l o p i n g
pyramidal t r a c t axons. In the f u l l grown pyramidal t r a c t o f the young a d u l t
r a t , however, t h e immunoreacti v i t y in the axons passing the c e r v i c a l segment
C3 was c o n s i d e r a b l y reduced.
In the ascending f i b e r systems of the d o r s a l

funiculus,

i.e.

the

fasciculi
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gracilis and cuneatus, of the neonatal rat, В IR was less intense than in the
axons of the pyramidal tract. Moreover, BIR in the ascending tracts decreased
considerably from P2 to P7, whereas In the young adult no immunostaining could
be observed. The differential BIR of the pyramidal tract versus the ascending
fiber systems might be explained by the fact that the fasciculi gracilis and
cuneatus develop earlier than the pyramidal tract. According to Altman and
Bayer (1984) these tracts develop several days before birth in the upper
cervical segments of the spinal cord. MyeI¡nation starts at the time of birth
in the fasciculus cuneatus and at about P4 in the fasciculus gracilis, whereas
the first signs of myel¡nation In the pyramidal tract are not observed before
P10 (Matthews and Duncan 1971). Hence It can be deduced that in the neonatal
rat large numbers of ascending fibers have completed their outgrowth and have
entered a stage of maturation, while pyramidal axons are still growing to
their targets. Ka I i I and Skene (1986) reported that the period of elevated
synthesis of a GAP43-lilce protein in the pyramidal tract of the hamster,
coincides with the period in which normal axon growth and axon regrowth after
neonatal pyramidal tract injury occurs. The present study demonstrates high
levels of B-50 by Immunocytochemlcal localization and RIA that coincide with
axon growth. This gives further support to the hypothesis that B-50 plays a
role In axon growth (De Graan et al. 1986, Zwlers et al. 1987).
The significance of the persistance of a low amount of B-50 in the
pyramidal tract of the young adult rat remains to be established. In line with
the proposed function of B-50 in the adult (De Graan et al. 1986, Gispen 1986,
Routtenberg 1986) and In the developing nervous system, one might speculate
that the B-50 present In the pyramidal tract of the young adult rat reflects a
capacity for remodeling in this system at this age. The differential staining
of the tracts in the dorsal funiculus indicate that the neuron-specific B-50
probe is a useful marker for the study of differentially outgrowing fiber
tracts.
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G R O W T H - A S S O C I A T E D P R O T E I N B - 5 0 I N THE P Y R A M I D A L
Ultrastructural
localization
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ABSTRACT
The neuron-specific phosphoproteln B-S0/GAP43 has been Implicated In axonal
outgrowth, since high levels of B-50/GAP43 are found in growth cones and
during development of the nervous system. In adult brain, the B-50 levels are
decreased. B-50 is primarily found In axons and presynaptic terminals. It is
phosphor/Iated by protein kinase C, and this process has been implicated in
the modulation of membrane signal transduction.
During the outgrowth of the pyramidal tract, high levels of B-50 have been
reported, whereas a low amount of B-50 persists into the adult stage. By
immunoelectron microscopy, using immunogold labeling on cryosections and preembeddlng peroxidase labeling, we examined the distribution of B-50 in the
pyramidal tract at the third cervical segment In developing 2-d-old and adult
90-d-old rats. B-50 immunoreactI ν Ity was found in axons and growth cones of
the outgrowing tract. In the adult pyramidal tract, both unmyelinated and
myelinated axons contained B-50 immunoreactIvity. The immunogold label was
predominantly located at the plasma membrane. Since the peroxidase reaction
product was observed exclusively intracellularly, we conclude that the B-50
ImmunoreactIvity Is predominantly located at the cytoplasmic side of the
plasma membrane of axons and growth cones.
The high ImmunoreactIvity in growth cones and axons of the outgrowing
pyramidal tract further supports the hypothesis that B-50 plays a role in
neurite outgrowth. The presence of B-50 In the adult pyramidal tract cannot
merely be attributed to transport to the synapse. Therefore, It Is suggested
that B-50 plays, in addition, a local, growth-associated role In the adult
tract.

INTRODUCTION
During the development of the nervous system, nerve cells extend neuritas that
grow over long distances, navigating by means of growth cones toward their
targets to establish synaptic contacts. In the peripheral nervous system, this
ability Is preserved throughout life and Is called on in the process of
regeneration. Although in the adult mammalian central nervous system (CNS) the
capacity of axonal growth Is largely lost, modifications can occur during
adult life at a smaller scale of the axonal terminal arbor and the synapse
(Cotman and Nleto-Sampedro 1984). Work on the molecular basis of these
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processes has shown an interesting convergence by the identification in
different laboratories of a neuron-spec ι fic phosphoproteln, known as B-50,
GAP43, Fl, pp46, and P-57, which has been found to be Involved In
neurιtogenesis, axon regeneration, and synaptic plasticity (Benowitz and
Routtenberg 1987).
B-50/GAP43 Is a member of a small group of growth associated proteins
(GAPs, Skene and Willard 1981a,b, Willard et al. 1985) characterized by a
dramatic increase in synthesis during axonal regeneration m nonmamma11 an
nervous system and in vertebrate peripheral nervous system. Furthermore, high
levels of B-50/GAP43 are correlated with n e u n t e outgrowth during CMS
development (Jacobson et al. 1986, Zwlers et al. 1987) and with NGF-induced
neurIte outgrowth In pheochromocytoma PC12 cells (Van Hooff et al. 1986,
1989a). B-50 is also identical to pp46, a major phosphoprotem constituent of
nerve growth cone fractions isolated from fetal rat brain (Katz et al. 1985,
De Graan et al. 1985). By Immunocytochemistry, B-50 has been localized in
outgrowing neuntes during CNS development (Chapter 4a, Oestreicher et al.
1983a, Oestreicher and Gispen, 1986, McGuire et al. 1988), m regenerating
axons of peripheral nerve in situ (Verhaagen et al. 1986, 1988) and in
outgrowing neuntes and growth cones in vitro (Moiri et al. 1986). The
expression of B-50 is developmenta Ily regulated, and highest levels are found
in neonatal rat brain (Jacobson et al. 1986, Zwiers et al. 1987). B-50
persists into the adult rat CNS. It is then predominantly located in neuropilrich areas (Oestreicher and Gispen 1986, Benowitz et al. 1988), where It
appears to be restricted to presynaptic terminals (Gispen et ai. 1985). In
membranes of growth cones and outgrowing neuntes isolated from fetal and
postnatal rat brain and m synaptosomes, B-50 acts as a major substrate of
protein kinase С (Oestreicher et al 1982, De Graan et al. 1985, 1986, Van
Hooff et al. 1988, Dekker et al. 1989c). Phosphorylation of B-50 may serve to
modulate membrane signal transduction In these structures (Gispen 1986).
The pyramidal tract (PT) represents an adeguate model system to document
the relation between the expression of B-50 and the development of central
nerve tracts. The ontogeny of the pyramidal tract has been widely studied,
especially in rodents. The spatial and temporal outgrowth of Its fibers in the
spinal cord have been described (e.g. in the rat: Schreyer and Jones 1982,
Grlbnau et al. 1986; In the hamster: Reh and Kal ι I 1981). Concurrent with its
proposed role in n e u n t e outgrowth, high levels of B-50/GAP43 have been
reported during the outgrowth of the PT m the rat and in the hamster (Chapter
4a, Kal 11 and Skene 1986). Although low levels of B-50 persist into the adult
stage, the failure of the adult PT to regenerate has been correlated with a
lack of increase of B-50/GAP43 synthesis on transection of the mature tract
(Kal 11 and Skene 1986, Reh et al. 1987). In the present study, we analyzed by
immunocytochemistry the ultrastructural localization of B-50 In the outgrowing
PT as well as In the adult PT.

Ultrastructural local/zation of 8-50
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MATERIALS AND METHODS
Animals and tissue

processing

Two-d-old
and adult
(90-d-old) WI star
rats
were
anesthetized
by
Intraperitoneal injection of an aqueous solution of sodium pentobarbital and
perfused intracardlaIly with a fixative consisting of 2% paraformaldehyde and
2% giutaraldehyde in 0.1 M phosphate buffer, pH 7.4. The third cervical spinal
cord segment was then removed and Immersed overnight In the fixative at 4'C.
Experiments were also carried out with a fixative containing 0.5%
giutaraldehyde instead of 2% giutaraldehyde, without apparent change in
immunoreactIvlty. For pre-embedding peroxidase Immunocytochemistry, 50 μπ>
thick transverse Víbrateme sections were cut of this segment into chilled
Trls-buffered
saline
(TBS: 0.1 M Tris, 0.9% NaCI, pH 7.6). For
cryoul tramicrotomy, the tissue segments were stored up to 4 days In 1%
paraformaldehyde in PBS (0.1 M phosphate buffer, containing 0.9% NaCI, pH 7.4)
until further processing.

Pre-embedding

peroxidase

labeling

Free floating Vibratome sections were incubated in 5% normal goat serum In TBS
containing 0.1% bovine serum albumin (TBS/BSA) for 30 min. Next, the sections
were rinsed in TBS/BSA (3 times 5 min) and incubated for 48 hr at 4'C in
affinity-purified rabbit ant I B-50 immunoglobulins (a-B-50 IgGs of rabbit
8420; Oestrelcher et al. 1983b, Oestrelcher and Gispen 1986), diluted 1:6000
in TBS/BSA. Control sections were incubated in TBS/BSA or In preimmune IgGs
diluted In TBS/BSA. Immunodetection was performed using the avidlne blotln
procedure (ABC kit, Vector). Sections were rinsed in TBS/BSA (3 times 5 min)
and incubated for 90 min In biotinylated goat ant I rabbit antibodies in TBS/BSA
and subsequently, after rinsing in buffer, in avidine-HRP complex In TBS/BSA
for 90 min. Next, the sections were rinsed in buffer and incubated in 0.05%
diamlnobenzidine tetrahydrochloride (DAB) In 0.05 M Trls-HCI buffer, pH 7.6,
containing 0.01% hydrogen peroxide. The staining reaction was terminated after
5 min by rinsing the sections in TBS. Some sections were washed in bldistilled
water, mounted on glass slides, and embedded In Ente I Ian for light microscopic
analysis. Other sections were postflxed for 1 hr In 1% OSO4, 1.5%
КдРеСМс In 0.1 M phosphate buffer, pH 7.4. After rinsing In phosphate
buffer and in bldistilled water, the sections were stained en bloc In 0.5%
aqueous uranyl acetate for 1 hr. Sections were dehydrated in an ascending
series of ethanol and in propylene oxide, transferred into a mixture of
propylene oxide and Epon (1:1) for 2 hr and left overnight in Epon. The
sections were flat embedded in Epon between slides coated with Repel coat
(dimethyIdichlorsilane). After polymerization, the tissue was reembedded on
Epon blocks, and ultrathln sections were cut. The sections were not
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c o u n t e r s t a ¡ n e d and were analyzed in a P h i l i p s EM 300 e l e c t r o n microscope at an
a c c e l e r a t i n g v o l t a g e o f 60 kV.

Immunogold

labeling

of

cryosections

The t i s s u e segments were r i n s e d In PBS and incubated f o r 1 hr in 5% g e l a t i n in
PBS in small Eppendorf cups at 3 7 ' C . The g e l a t i n c o n t a i n i n g the t i s s u e b l o c k s
was f i x e d o v e r n i g h t in 2% paraformaldehyde, 2% g l u t a r a I d e h y d e in PBS, and the
PT was d i s s e c t e d out u s i n g a razor b l a d e . A f t e r immersion in 1.15 M s u c r o s e ,
I S * p o l y v i n y l - p y r r o l i d o n e - 1 0 (PVP) in PBS, the t i s s u e was r a p i d l y f r o z e n in
l i q u i d n i t r o g e n . Transverse u l t r a t h i n c r y o s e c t i o n s were cut at -100'C on a
R e i c h e r t U l t r a c u t microtome (Tokuyasu 1984). S e c t i o n s were p i c k e d up from the
k n i f e and mounted on n i c k e l g r i d s u s i n g a drop o f 2.3 M sucrose in PBS. The
g r i d s were r i n s e d on drops of PBS c o n t a i n i n g 50 mM g l y c i n e and on drops o f PBG
( 0 . 1 % g e l a t i n , 0.5% BSA in PBS) and Incubated o v e r n i g h t at 4'C in a f f i n i t y p u r i f i e d r a b b i t a n t i - B - 5 0 IgGs ( o f r a b b i t 8613, O e s t r e i c h e r et a l . 1983b,
O e s t r e i c h e r and Gispen 1986) d i l u t e d 1:300 in PBG. C o n t r o l s e c t i o n s were
incubated in PBG or In preimmune IgGs d i l u t e d in PBG. Next, the g r i d s were
r i n s e d in PBG and incubated In goat ant I r a b b i t c o n j u g a t e d g o l d (GAR-gold,
d i a m e t e r : 9 . 3 nm. Van Bergen en Henegouwen and Leunissen 1986) in PBG f o r 1
h r . A f t e r r i n s i n g in b i d i s t i l l e d w a t e r , the g r i d s were incubated f o r 10 min in
1.1% t y l o s e , 0.5% u r a n y l a c e t a t e , pH 4 . 0 , on i c e . The g r i d s were a i r d r i e d and
examined in a P h i l i p s EM 300 e l e c t r o n microscope at 60 kV.
For both Immunol abe I ing p r o c e d u r e s , at
examined, g i v i n g s i m i l a r r e s u l t s .

least

2 animals per

age group were

Fig. 1: Distribution of B-50 inimunoreactivity as detected with the PAP method in transverse
Vibratome sections of the third cervical segment In the 2-d-old rat (A) and in the 90-d-old rat
(B). In the 2-d-old rat, intense iimnunoreactιvlty was found in the dorsal funiculus, where the PT
occupies the ventralincst position. In the adult rat, the iimnunoreact ivity In the dorsal funiculus
was greatly reduced. Some iimnunoreactινιty persisted, however, In the PT, whereas the ascending
sensory tracts in the dorsal funiculus, the fasciculus gracilis (FG) and the fasciculus cuneatus
(FC) were essentially negative. Bars - 0.25 mi« (A) and 0.5 m (В).
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RESULTS
Light microscopic examination of the Víbrateme sections confirmed the
developmental pattern In B-50 expression in the spinal cord as has been
described previously using different techniques (Chapter 4 a ) . In the 2-d-old
rat, immunoreact i vi ty was high in the gray and even higher in the white
matter, whereas In the adult rat, the immunoreactivity was greatly reduced,
especially in the white matter. In this study, we focussed on the expression
of B-50 In the PT during Its outgrowth phase (at P2) and at the mature stage
(at 90 days of age). In the 2-d-old rat, high immunoreactivity was present in
the dorsal funiculus, including the PT (Fig. 1A). The posterior median septum
consisting of glial cells was not stained. In the 3-month-old rat, the
Immunoreactivity was greatly reduced in the dorsal funiculus, but in contrast
to the ascending tracts, the PT still displayed a reduced but distinct
immunoreactIvity (Fig. IB).

Immunoelectron

microscopy

of the outgrow i ng pyramidal

tract

The ultrastructure of the developing cervical PT In the rat has been described
by De Kort et al. (1985). The bundle consists of small, unmyelinated axons and
Interlaced glial elements. At their distal ends, the axons bear growth cones
characterized by their larger diameter, the presence of vesicles, and a
meshwork of smooth endoplasmic reticulum. Distally, these growth cones taper
Into filopodia.
At the electron microscopic level, the immunoreact ion for B-50 in the
sections stained with the pre-embedding technique was revealed by the presence
of the electron-dense osmi cated DAB reaction product. The intensity of
Immunol abe I Ing was greatest on the surface of the Víbrateme sections and
decreased with depth. The maximal penetration of the immunoreaction was
4-5
μιη. In ultrathin sections close to the surface of the Vi bra tome sections of
the 2-d-old rat, practically all PT axons were heavily stained, whereas glial
cell bodies and their processes were not stained (Fig. 2A). Growth cones and
filopodia were more readily identified in less superficial sections, since in
these sections, the intensity of the immunoreact ion was reduced and more
intracellular details could be discerned (Fig. 2B,C,D). In these tissue
sections containing slices of labeled growth cones, the reaction product was
predominantly deposited near the plasma membrane, whereas the meshwork of
smooth endoplasmic reticulum in the central region of the growth cone showed
no immunoreactIon (Fig. 2B,C). In filopodia, the reaction product was
deposited throughout the whole cytosollc compartment (Fig. 2 D ) . No reaction
product was detected extracellularly.
In the cryosections stained with the Immunogold technique, all axons in the
PT of the 2-d-old rat were labeled (Fig. ЗА). To a great extent, the label was
located at the axolemna. In growth cones similarly, the majority of the gold
particles were located at the plasma membrane (Fig. 3C). Occasionally, some
label was encountered in the cytoplasm of axons and growth cones. Although
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Fig. 2: Immunoelectron microscopic localization of B-50 in the PT at the third cervical segment In
the 2-d-old rat, using pre-embeddmg peroxidase labeling. In ultrathln sections taken close to the
surface of the Víbrateme section (A), essentially all axons were intensely labeled, whereas the
glial elements (black asterisk) were devoid of label. In less superficial sections, the intensity
of the immunoreaction was reduced, and labeled growth cones (B, white asterisk; C) and filopodia
(D) could be identified. The reaction product was deposited in growth cones near the plasma
membrane (C), whereas in the filopodia, it was detected also in the cytosol (D). No label was
observed extracellularly. Bars = 0.5 μη.

t h i s label sometimes was found close to v e s i c l e s , no consistent labeling of
v e s i c l e s was observed. Mitochondria were mostly f r e e of Immunol abe I ing. The
meshwork of agranular reticulum in the central part of the growth cone showed
hardly any l a b e l . Filopodia could not unambiguously be i d e n t i f i e d in the
cryosections. Control sections Incubated in the preimmune serum ( F i g . 3B) or
in buffer showed only a few scattered gold p a r t i c l e s .
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Flg. 3: Immunogold labeling of cryosections of the 2-d-old PT, using GAR-gold particles (9.3 nm)
following Incubation with affinity purified antl-B-50 IgGs (A,C) or with preimmune IgGs as
negative control (B). The gold particles were mainly located at the axolemna of the axons (A).
Note the absence of label in sections stained with preimmune IgGs (B). In growth cones (C,
asterisk) similarly, the majority of gold particles was found at the plasma membrane. Some label
was observed in the cytoplasm of axons and growth cones. Bars • 0.5 μα.
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In the adult PT detected with pre-einbeddlng peroxidase

unmyelinated

(arrows)

as well

myelinated axons were not stained. The reaction product

as

In

myelinated

axons

was contained within

labeling.

(A).

Large

the axon (B).

Astrocyte process (asterisk) was not stained. Bars • 0.5 /л (A) and 0.1 μα (В).

Immunoelectron

microscopy

of the adult

pyramidal

tract

The mature PT contains, in a d d i t i o n to myelinated axons, unmyelinated axons
(Chapter 2a, Leenen et a i . 1982, Joosten and Gribnau 1988). in the mature PT
stained with the pre-embedding technique, the i n t e n s i t y of the immunoreaction
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Fig. 5: Immunogold labeling of B-50, using GAR-gold particles (9.3 nm) in cryosections of the
adult rat PT at the third cervical segment. Unmyelinated as well as myelinated axons were stained
predominantly, although not exclusively at the plasma membrane. Virtually no label was observed on
oligodendrocyte processes (0 : outer tongue process). Bar - 0.5 /лп.

even in superficial layers of the Vibratome sections was reduced as compared
to the early postnatal PT. Even so, many unmyelinated axons as well as
myelinated axons were stained (Fig. 4 ) . The reaction product was exclusively
contained within the axons, indicating that the antigen
is located
intracellularly. The intensity of the immunoreaction varied greatly. In
general, however, large myelinated axons (diameter > 1 μτη. Chapter 2a) were
hardly stained. Processes of astrocytes and oligodendrocytes were not labeled.
The immunogold technique applied to the cryosections of the adult PT showed
B-50 immunoreacti ν ity predominantly at the axolemna of unmyelinated and
myelinated axons. In addition, some label was encountered in the axoplasm
(Fig. 5 ) . Although occasionally the cytoplasmic label was found close to
vesicles, in general no specific association with organelles was apparent.
Practically all axons were labeled. The intensity of the Immunol abe I ing was
quite variable. On screening many sections. It appeared that the largest
myelinated axons ( > 1 /um) were less intensely labeled.

DISCUSSION
Previous studies on B-50 expression in the PT have shown that during the
outgrowth of its fibers high levels of B-50 are present in the tract, and some
B-50 persists into the adult stage (Chapter 4a, Kal i I and Skene 1986). In the
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present study, this general developmental pattern was corroborated and m
addition, the ultrastructural localization of B-50 was established using
immunogold labeling on cryosectlons and pre-embeddIng peroxidase labeling. The
results of both techniques demonstrate B-50 immunoreact ι vi ty in axons and
growth cones of the outgrowing PT, as well as m unmyelinated and myelinated
axons of the adult
tract. By
immunogold
labeling, we found that
immunoreactivity was located predominantly at the plasma membrane of axons as
well as growth cones. Since with the pre-embedding peroxidase technique no
label was detected extracellularly and because the primary structure of B-50
contains no membrane spanning domain (Nielander et al. 1987), we conclude that
B-50 Is predominantly located at the cytoplasmic side of the plasma membrane.
Localization of the antigen by Immunocytochemistry depends on the antlboby
and the method specificity. The latter was tested by incubation with the
preimmune serum and with buffer. The specificity of the af f Inity-purIf led
antibodies has been characterized in previous studies (Oestreicher et al.
1983a,b, Oestreicher and Gispen 1988, Van Hooff et al. 1988, 1989a, Van
Lookeren Campagne et al. 1989). The polyclonal antibodies used in the present
study recognize B-50 irrespective of its phosphorylation state (Oestreicher et
al. 1986, De Graan et al. 1989) and Irrespective of Its binding to calmodulin
(A.B. Oestreicher and P.N.E. De Graan, unpublished observations). We,
therefore, think that the distribution of B-50 immunoreactivity corresponds to
the actual distribution of B-50 in the rat PT (Oestreicher et al. 1986).
By immunocryoultramicrotomy, B-50 has been localized at the cytoplasmic
face of the plasma membrane in presynaptic terminals, synaptosomes, and nerve
growth cone particles (Gispen et al. 1985, Van Lookeren Campagne et al. 1989).
The present in vivo study indicates that this localization also holds true for
growth cones and myelinated and unmyelinated axons in the PT. B-50 also is
present in filopodia, as shown by peroxidase labeling. Since the DAB reaction
product generated by the peroxidase technique can diffuse away from the site
of generation (Courtoy et al. 1983), the subcellular localization of B-50
within the filopodia could not be determined. Van Hooff et al. (1989a) showed
that In filopodia of outgrowing n e u n t e s of PC12 cells, B-50 is also
predominantly associated with the inner side of the plasma membrane.
Apart from the localization at the plasma membrane, a small fraction of the
B-50 Immunoreactιvlty was found in the cytoplasm of growth cones and axons.
Although some of this cytoplasmic label might be associated with vesicles, in
general, no specific association with organelles could be determined. Similar
observations were made by Van Lookeren Campagne et al. (1989), studying
isolated growth cones and synaptosomes. A possible explanation for this
cytosolic B-50 comes from a recent study by Skene and Virág (1989). who showed
that B-50/GAP43 maintains reversible interactions with the growth cone
membrane by fatty асу lat ion, probably of the cysteine residues at the a m m o
terminus. On the other hand artlfactual dissociation of the highly hydrophllic
B-50 (Nielander et al. 1987) during the fixation and the immunocytochemical
procedure cannot be ruled out.
The high immunoreactivity In the outgrowing PT supports the hypothesis that
B-50 is important for axon growth. Furthermore, the B-50 localization in the
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growth cone suggests a role for B-50 in neurlte elongation and target-directed
navigation (Lockerbie 1987). Biochemical experiments on synaptosomes and
growth cone particles have Indicated that B-50 Is a prominent substrate of
protein kinase C, which is shown to be activated as a result of receptormediated hydrolysis of phosphatidyl Inositol blsphosphate (Van Hoof f et al.
1988, Dekker et al. 1989c). In this neuronal membrane signal transduction,
phosphorylation of B-50 Is supposed to serve as a negative feedback control by
Inhibition of the membrane-associated PIP kinase (Gispen 1986). The
localization of B-50 at the cytoplasmic side of the plasma membrane agrees
well with this model. Another mechanism of B-50 function is suggested by the
identity of B-50 to P-57, an atypical calmodulin binding protein, which
releases calmodulin and then can be phosphorylated (Cimier et al. 1987). The
importance of calmodulin and local C a 2 + levels on nerve growth cone
functioning has been well documented (Lockerbie 1987, Kater et al. 1988).
Previous studies on the localization of B-50 In the adult rat brain have
emphasized Its localization in neuropil-rich areas (Oestreicher and Gispen
1986, Oestreicher et al. 1986, Benowitz et al. 1988, McGuire et al. 1988),
particularly In presynaptic terminals (Gispen et al. 1985). Nonetheless, In
the adult PT some B-50 immunoreactivlty remains present in unmyelinated and
myelinated axons. Part of this immunoreactivity might reflect transport of B50 to the synapse. In addition, however, the predominant localization of B-50
at the axolemna of unmyelinated and myelinated axons suggests a local role for
B-50 within the adult PT. Interestingly, the distribution of protein kinase С
In the dorsal funiculus of the rat cervical spinal cord is very similar to
that of B-50, the ascending fiber tracts being essentially devoid of
ImmunoreactIvity and the PT being moderately densely stained (Saito et al.
1988). The function of B-50 in the adult rat PT is unknown. The implication of
B-50 m axonal growth and our observation that the largest myelinated axons
are less B-50 immunoreacti ve suggest that PT axons retain a neuroplastic
capacity for increase in diameter, elongation, or possibly sprouting.
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GENERAL DISCUSSION AND SUMMARY

In the present thesis, a description is given of some ultrastructural features
of the development of the pyramidal tract (PT) in the rat, as determined by
morphometry (Chapter 2) and serial section electron microscopy (Chapter 3 ) . In
addition, the expression and ultrastructural localization of the growthassociated protein B-50 in the development of the PT was documented (Chapter
4 ) . The findings relate to three aspects of the development of the PT, I.e.
the initial outgrowth of the axons, the naturally occurring axon loss, and the
maturation of the axons.

OUTGROWTH OF THE PYRAMIDAL

TRACT

The first axons of the outgrowing PT arrive in the caudal medulla oblongata
around E20, and enter the cervical spinal cord around birth (Schreyer and
Jones 1982, G n b n a u et al. 1986). After the arrival of the first axons the
axon number In the PT at these levels Increases steadily for 4 - 6 days, and
growth cones remain present in the tract at these levels for at least one
week, which Indicates that the PT is formed by a continuous influx of axons
over a period of at least one week (Chapter 2 ) .
Examination of cross-sections of the medullary and cervical PT during the
phase of influx of axons, showed that the growth cones of arriving PT axons
are more or less randomly distributed over the tract area (Chapter 2 ) . This
indicates that the elements of which the tract Is composed (i.e. axons and
glial elements) rather than elements which form the boundaries of the tract
represent a favourable substrate for outgrowth of PT axons (Chapter 2 ) . The
outgrowth of the PT was analysed more in detail by serial section electron
microscopy at the level of the third cervical spinal cord segment (Chapter 3 ) .
Particular emphasis was placed on the morphology and mlcroenvironment of the
growth cones. The following observations were made:
At birth, the first PT axons enter the cervical spinal cord, where they
grow into the dorsal funiculus (DF), which contains at that time already the
ascending sensory fiber tracts, the fasciculi cuneatus and gracilis. The first
PT axons grow in the most ventral part of the DF in between axons, that are
relatively small as compared with those in the rest of the DF. No distinct
bundle, separated from the ascending sensory fiber tracts. Is present yet. The
growth cones of the leading PT fibers are large and club-shaped without
lamelllpodia or filopodla. At postnatal day 2, the PT is present In the DF as
a distinct bundle containing numerous growth cones and small unmyelinated
axons. The growth cones are large, 1-2 μπ\ in diameter, and extend a single
lamel IIpodium that often folds around parallel axons and growth cones in the
tract. At postnatal day 4, growth cones become scarce in the tract. They are
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generally smaller than 1 μη in diameter, and have a relatively simple shape
with a single, straight I ame 11 I pod I um or filopodium.
At all ages, growth cones predominantly grow In between parallel axons and
growth
cones. Growth
cones may also contact
and form
Junctional
specializations consisting of synapse-like contacts and Invaginations, on
glial elements In the tract. In addition, synapses may occur between growth
cones and dendrites, that extend radially from the adjacent spinal grey matter
into the DF.
A great variety of environmental cues may serve to direct the outgrowth of
growth cones (Dodd and Jesse I 1988, Raper et al. 1988). Among these guidance
cues are mechanical constraints, like boundaries or channels of extracellular
space formed by glial cells, outgrowth promoting as well as outgrowth
inhibitory molecules located at cell surfaces or In the extracellular matrix,
neurotransmitters, and diffusible, chemotropic molecules. On the basis of the
ultrastructural observations the following can be deduced and speculated with
regard to the guidance of the outgrowth of the PT In the rat cervical spinal
cord:

Mechanical guidance

factors

Channels of extracellular space, which reportedly guide outgrowing axons in
the spinal cord of the newt (Singer et al. 1979) are not present in front of
the outgrowing PT axons. The posterior median septum may serve as a barrier
preventing the outgrowing fibers from decussating (Joosten and Gribnau 1989b).

Outgrowth promotmg,

adhesive

factors

The growth cones In the PT are for the largest part contiguous with parallel
axons which suggests that they preferentially grow along these axons. The PT
growth cones choose the ventralmost part of the dorsal funiculus apparently
fasciculatmg on their PT precursors, which they often enfold with their
lame 11ipodla. This fasciculatI ve outgrowth may be mediated by cell adhesion
molecules, like L1 (Rathjen and Schachner 1984, Chang et al. 1987, Rathjen et
al. 1987), which is highly expressed In the PT during the outgrowth of the
bulk of its fibers (Joosten and Gribnau 1989a, Joosten et al. 1990).
The very first PT axons grow in the most ventral part of the dorsal
funiculus in between axons, that probably represent the most immature axons of
the ascending sensory tracts, but may also include propriospmal fibers. The
leading PT growth cones apparently do not fasciculate on these axons, since it
was observed that these growth cones tend to group together and do not extend
lamellipodia that are supposed to be involved m adhesive contact-mediated
outgrowth mechanisms and m substrate selection (Letourneau 1979, Marsch and
Letourneau 1984).
Taken together. It appears that the PT is formed In the spinal cord by a

119

General Discussion

non-fase I cu I at I ve outgrowth of the leading fibers m the most immature region
of the sensory tracts, followed by selective fasciculation of the trailing
axons on their precursors.
No indications were found during the analysis for outgrowth of PT axons
along a continuous, adhesive pathway formed by glial cells.

Outgrowth

inhibitory

factors

During the outgrowth of the PT, the adjacent fasciculus cuneatus already
starts myelinating.
In vitro sudies have demonstrated
that
mature
oligodendrocytes
and CNS myelin
represent.
In contrast
to Immature
oligodendrocytes a nonpermlsslve substrate for axon outgrowth (Schwab and
Carom 1988). This is probably due to inhibitory proteins at the surface of
mature oligodendrocytes and myelin (Careni and Schwab 1988), which appear in
CNS nerve tracts just before the onset of myelmation (Caronl and Schwab
1989). Consequently, the mature oligodendrocytes in the fasciculus cuneatus
may canalize the outgrowth of PT fibers into the most ventral part of the DF.

Interactions

of growth cones with

glia

As described in chapter 3b, growth cones make "en passant" contact with glial
elements, which are predominantly oriented perpendicular to the rostrocaudal
outgrowth of the PT axons. At the contact zone, junctional specializations
consisting of synapse-like contacts and invaginations were frequently observed
which suggest that signals are transmitted to the glial cell by a combination
of synaptic transmission and endocytosis or possibly phagocytosis.
Most of the glia cells present In the tract engage in this interaction with
growth cones. They are, for the largest part, still Immature and as discussed
m chapter 3b, probably belong to the 0-A2 glial cell lineage, giving rise to
the type 2 astrocytes, which are predominantly associated with nodes of
Ranvler, and to oligodendrocytes (Chapter 3b, ffrench-Constant and Raff 1986,
Hi rano and Goldman 1988, Raff 1989).
The function of these signals remains speculative. Since the time course of
astrocyte and oligodendrocyte maturation In the PT over the length of its
pathway In the spinal cord (Joosten and Grlbnau 1989b, Schwab and Schnell
1989), Is roughly in phase with the rostro-caudal advance of PT axons
(Schreyer and Jones 1982, G n b n a u et al. 1986, Joosten et al. 1989) and since
in the cervical spinal cord, maturation of oligodendrocytes and astrocytes
occurs In the PT several days later than in the adjacent fasciculus cuneatus
(Schwab and Schnell 1989, Valentino et al. 1983), it was suggested In chapter
3b that the contacts between growth cones and glial cells influence glial cell
maturation in the tract. As discussed above, the postsynaptic glial cells
probably belong to the 0-A2 cell lineage. In vitro, when cultured in a serumfree medium,
0-A2 precursors stop dividing
and differentiate
into
oligodendrocytes within 2 days (Temple and Raff 1985). Hence, It might be

Chapter S

120

speculated that the relatively late maturation of the oligodendrocytes in the
PT is brought about by the induction of cell proliferation by which immediate
maturation is prevented and the size of the cell population Is adjusted.
Furthermore, since upon maturation oligodendrocytes become Inhibitory for axon
outgrowth. In this way the continuing outgrowth of PT axons, which lasts at
cervical levels at least until the end of the first postnatal week (Chapter
2a), would be ensured.

Synaptic

contacts

between growth cones and

dendrites

Growth cones make synaptic contacts with dendrites that extend radially from
the adjacent spinal grey matter Into the dorsal funiculus. In the adult PT,
synaptic contacts are only rarely observed (Unpublished observations). It was
therefore suggested in chapter 3a that the synapses between growth cones and
developing dendrites subserve in addition to an electrophysiological function
also a developmental, morphogenetic function. Similar structural relations
have been described in the developing lateral marginal layer of the mouse
spinal cord (Vaughn 1989, for review). Here, it was proposed that the synaptic
contacts influence the dendritic arborization pattern. In vitro studies on the
effects of neurotransmitters on n e u n t e growth give support to this assumption
(Mattson 1969, for review). For example, excitatory amino acids, the most
likely neurotransmitters of the PT, have been shown to prune dendrites of
hippocampal neurons in culture (Mattson et al. 1988). Therefore, while Vaughn
and his co-workers suggested that the synaptic contacts in the developing
lateral marginal layer might stimulate dendritic growth (Vaughn et al. 1974,
Vaughn and Sims 1978, Vaughn 1989), the synaptic contacts in the developing PT
might do just the opposite, and restrict the outgrowth of dendrites into the
PT pathway.
On the other hand. In the aforementioned studies on the developing lateral
marginal layer of the mouse spinal cord, it was also noticed that synaptic
contacts were frequently situated at sites where longitudinally oriented axon
shafts gave off collateral sprouts. These observations were taken to suggest
that the formation of axon collaterals that project perpendicularly from their
stem axons in the direction of the adjacent motor columns, might be induced or
facilitated by contact with dendrites (cf. Vaughn 1989). Since in the
developing PT frequently axons were observed situated in parallel to, along
the dendrites (Chapter З а ) , an involvement of dendrites in the distribution of
axon branches over the spinal cord segments represents an attractive
hypothesis. It should be noted, however, that the present study (Chapter 3a)
does not provide certainty with regard to the corticospinal nature of these
axons. Since In fact along the dendrites incidentally growth cones were
observed, that do not belong to corticospinal axons, anterograde tracing
techniques should be employed to further Investigate how PT axons Innervate
the spinal grey.
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factors

The use of co-cultures of expiants of neuronal and target tissue within threedimensional collagen gels has been successful m demonstrating the existence
of chetnotropic influences of target-derived molecules on axon outgrowth
(Lumsden and Davles 1983). By this procedure, it was recently shown that the
budding and directed growth of axon collaterals which project from their stem
axon In the PT into the basilar pons, is controlled at a distance by a
diffusible, chemotropic molecule released by the pons (Heffner et al. 1990).
It is tempting to speculate that in the spinal PT similarly chemotropic
molecules might elicit the formation of axon branches innervating the spinal
target tissue.
The suggestion that the spinal grey influences by chemotrop ism Its
innervation, as well as the suggestion contained in the previous paragraph
that dendrites influence axon collateral formation are both in line with the
Increasing evidence that the target tissue may exert control over its
innervation. Most of this evidence arose from work on nerve growth factor (cf.
Levi-Montalcim 1987). Nerve growth factor (NGF) enhances neuronal survival
and neurlte outgrowth In its projection population. The establishment of
synaptic contacts appears to be Important for the uptake of this targetderived growth factor (Oppenheim 1989), but NGF may also exert a chemotropic
action on outgrowing axons (Gundersen and Barrett 1980). Extrapolating from
these findings on nerve growth factor, the existence of many more targetderived growth factors has been postulated which may act as sculptors of
neuronal architecture (Barde 1988, Davles 1988, Purves et al. 1988, Mattson
1989). The evidence that the pons releases molecules with chemotropic
Influence on PT axons (Heffner et al. 1990), and the association of axons and
their growth cones with dendrites in the spinal PT, fit well In this
hypothesis and may indicate that spinal cord neurons produce molecules with a
trophic and/or chemotropic action by which they influence their innervation by
PT axons.
In addition, the absence of lamellipodia and filopodi a In the growth cones
which lead the outgrowth of the PT in the spinal cord, remains intriguing.
Since lamellipodia apparently are associated with adhesive, contact-mediated
outgrowth mechanisms (Letourneau 1979, Marsch and Letourneau 1984), their
absence might Indicate that these growth cones are not guided by adhesive
interactions with elements in their surroundings. The rostrocaudal direction
of their outgrowth might then be determined by outgrowth Inhibitory influences
In the surroundings, channelizing the outgrowing PT fibers down the spinal
cord. As discussed above, inhibitory surface proteins expressed by maturing
oligodendrocytes in the fasciculus cuneatus (Schwab and Carom 1988, Caroni
and Schwab 1988, 1989) might subserve such a function. However, studies on PT
outgrowth after lesloning its pathway show that PT axons that manage to grow
around the lesion resume their rostrocaudal course, although often In
anomalous pathways, and sometimes establish correct terminations (Kal 11 and
Reh 1982, Schreyer and Jones 1983, Tolbert and Der 1987, Bregman et al. 1989).
Although these studies are difficult to Interprete unambiguously, they do
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indicate that the substrate elements in the PT and its immediate surroundings
are not the only factors which determine the rostrocaudal direction of
outgrowth. In addition, more widely distributed factors, possibly rostrocaudal
gradients of chemotropic molecules may direct the rostrocaudal outgrowth of
the PT.

Outgrowth of the PT m the spinal cord, synopsis
The results discussed above can tentatively be combined in the following
hypothetical scheme of the formation of the PT m the spinal cord:
1. The first PT axons do not grow along a preexisting adhesive pathway, nor
do they selectively fasciculate on the already existing axon tracts In the
spinal cord. They rather choose the area of the easiest passage which is
defined by the uneven distribution of substrate properties within the
transverse plane of the spinal cord caused by differential oligodendrocyte
maturation and axonal maturation. In the dorsal funiculus they choose the most
immature part of the ascending sensory fiber tracts, possibly aided by
chemotropic Influences. This choice probably is a delicate one in view of the
reports of three additional, parallel pathways In the rat cervical spinal cord
(cf. Schreyer and Jones 1982) and the great variety in location of the spinal
PT in the different mammalian species (Armand 1982).
2. Once the first axons have found a passage they form with their axon
shafts a favourable substrate for the fasciculatIve outgrowth of their
followers. In addition, they might locally postpone the appearance of
inhibitory substrate molecules by delaying oligodendrocyte maturation.
3. The outgrowth of PT axons or axon collaterals Into the spinal grey
matter might be regulated by the spinal target neurons, mediated by direct
contact of dendrites with PT axons m the dorsal funiculus or, at a distance,
by chemotroplsm.

ROLE OF B-50/GAP-43 IN THE DEVELOPMENT OF THE PYRAMIDAL TRACT
The results reported In Chapter 4 show that B-50 is highly expressed during
outgrowth of the PT. When PT axons mature and In the three-month-old rat have
become myelinated for a substantial part, a decrease in B-50 is observed
relative to that found during the phase of axon outgrowth during the first
postnatal week. In the developing PT, B-50 is localized at the cytoplasmic
side of the plasma membrane of the growth cone and the axon shaft of
unmyelinated axons. The relatively low amount of B-50 that persists in the
adult PT is localized at the inner side of the axolemma of both unmyelinated
and myelinated axons. In the sections studied for localization of B-50
dendrites and glial elements were rarely observed, but the plasma membrane of
those observed was devoid of B-50.
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Developmental

expression

A developmental expression of B-SO with highest levels during axon outgrowth,
as determined In chapter 4 by immunocytochemistry and by rad io Immunoassay is
confirmed by metabolic labeling of B-50/GAP-43 In the development of the
hamster PT (Kal i I and Skene 1986). A similar correlation of B-SO levels with
axon outgrowth has been found In other developing nerve tracts (cf. Skene
1989). For example, Moya et al. (1989) showed recently by metabolic labeling
and by Immunocytochemistry that In the developing hamster retinofugal pathway,
high expression of GAP-43 coincides temporally with axon elongation, initial
target contact and collateral formation. In cultures of dissociated embryonic
cerebral cortex the expression of B-50 can be followed In detail. These
studies indicate that as neurons differentiate, during the first days in vitro
the neuronal cell bodies and all their neurites with growth cones are
immunostained for B-50 (cf. Meiri et al. 1988, Ramakers et al. 1990). On
further development the cell bodies loose their B-50 immunoreacti ν ity but the
extended
neurites
reveal
Intense
discontinue
B-50 immunoreactivity,
particularly in their growth cones (Ramakers et al. 1990). When a network of
fibers is formed in a culture of rat spinal neurons, the B-50 content is
reduced and only the peripheral free neurites retain B-50 Immunoreactivity,
indicating that B-50 expression is down-regulated on synaptogenesis (Van der
Neut et al. 1990).

B-50

localIzatIon

In agreement with the findings that within the pyramidal tract B-50 is only
present in the axons. Van Lockeren et al. (1990) demonstrated that In the
neonatal and adult rat hippocampus, B-50 Is localized at the cytoplasmic side
of the plasma membrane of growth cones, axon terminals and axon shafts,
whereas B-50 was not detected at the plasmamembrane of neuronal cell bodies
and dendrites nor In glial cells. B-50 may therefore be considered to be a
marker protein for axons and axon terminals.
This suggestion Is In line with the results of the aforementioned studies
of embryonic neurons grown in culture (cf. Melrl et al. 1988, Ramakers et al.
1990, Van der Neut et al. 1990). Moreover, Goslin et al. (1988) demonstrated
that B-50 is exclusively associated with axonal processes: Utilizing cell
cultures of dissociated hippocampal neurons and double immunostaining, they
found that at the times, when functional polarity of nerve cells takes place
(Dotti et al. 1988), only the axons and their growth cones reveal B-50/GAP-43
immunoreactIvity.
The dendrites and their
cones
are without B-50
ImmunoreactIvity, but these are identified by the presence of the dendrite
marker protein, mlcrotubule-associated protein MAP2 (Bernhardt and Ma tus
1984).
The localization of B-50 to the inner side of the plasma membrane as
determined by Immunocytochemistry (Chapter 4b, Van Lockeren Campagne et al.
1989, 1990) has recently been further supported by studies of Melrl and
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Gordon-Weeks (1990) and Skene and Virág (1989). Skene and Virág showed that
B-50/GAP-43 remains bound to the membranes of growth cones when washed out at
low and high Ionic strength, but extraction occurred on solubilization of the
membranes with Trlton-X-100 detergent. M e i n and Gordon-Weeks (1990) prepared
a membrane skeleton fraction from growth cones, and demonstrated that B50/GAP-43 was enriched in this fraction, containing various submembraneous
constituents, such as fodrm, a c t m , a-actmin and tubulin. They reported that
B-50/GAP-43 Is not present in the cytoskeleton. Sequence analysis of cDNA
reveals that B-50/GAP-43 is a very hydrophylic protein of 226 amino a d d s with
no potential membrane-spanning domains (Basi et al. 1987, Karns et al. 1987,
Nielander et al. 1987, Rosenthal et al. 1987). Assuming that the small
hydrophobic domain at the amino terminus of B-50/GAP-43 might serve as an
anchor for membrane-binding moieties, Skene and Virág (1989) assessed the
nature of B-50/GAP-43 attachment to growth cone membranes. They showed that B50/GAP-43 is posttransI at lona Ily bound to the membrane, probably by a
thioester-linkage of palmitic acid to the two cysteine residues at position 3
and 4 of the N-termmus. Recently, Zuber et al. (1989a) demonstrated by means
of mutational analysis and by laser-scanning confocal microscopy that a short
sequence of amino acid residues at the N-termlnus of B-50/GAP-43 suffices to
direct accumulation of B-50/GAP-43 in growth cone membranes, especially in the
f I lopodia.

UoI ecu lar mechanisms of B-50
Various studies, carried out in cell cultures (Mein et al. 1986, 1988),
hlppocampal slices (Dekker et al. 1989a), and with isolated growth cones (Katz
et al. 1985, Van Нею f f et al. 1988, 1989c) and synaptosomes (Dekker et al.
1988, 1989b), have tried to elucidate the molecular mechanisms in which B-50
is involved. Three possible mechanisms of B-50 emerged from these studies:

1. Feedback role In membrane signal transduction.
B-50 is phosphorylated by protein kinase С (Aloyo et al. 1983). Van Hooff et
al. (1988) demonstrated that this also occurs in growth cones. The
phosphorylation Is calcium dependent (Katz et al. 1985) and is stimulated by
receptor-mediated activation of the phosphomositol pathway (De Graan et al.
1986, Van Hooff et al. I989c). The phosphorylated B-50 may act as a negative
feedback
on
this
membrane
signal
transduction
by
inhibition
of
Phosphat idyl Inositol 4-phosphate (PlP)-klnase at the membrane (Gispen et al.
1989). The localization of B-50 at the inner side of the plasma membrane of
the growth cone and axon shaft Is consistent with such a mechanism.
2. Uodulatlon of effects of calmodulin and calcium.
A second mechanism is suggested by the property of B-50 to bind calmodulin: B50 binds calmodulin a-typically at low calcium concentrations and dissociates
from calmodulin when the calcium level Is Increased (Andreasen et al. 1983,
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Cimier et al. 1987). Phosphorylation of B-50 strongly Inhibits its binding to
calmodulin (Alexander et al. 19Θ7). Local rises in intracellular calcium
concentration, for example by a sti mul us-Induced calcium Influx, may result in
a release by B-50 of calmodulin (Alexander et al. 1987, Liu and Storm 1989),
while phosphorylation of B-50 by protein kinase С activated by the calcium
entry may prevent reassociation of calmodulin and B-50. The importance of
calmodulin and changes in free local calcium concentrations for movement of
growth cones has been well documented and may involve effects on the
cytoskeleton as well as on membrane addition (Kater et al. 1988, Letourneau
1989, Forscher 1989, Van Hoof f et al. 1989b). In view of these calmodulin
binding characteristics and the localization at the plasma membrane, B-50 may
regulate local free calmodulin concentrations and thus locally regulate the
growth-related effects of calmodulin and calcium (Gispen et al. 1989, Skene
1989, Van Hooff et al. 1989b).
3. Role ¡η membrane addition.
Direct evidence for the involvement of B-50 In membrane addition was obtained
In studies on synaptosomes. In these studies it was found that cai cium-Induced
neurotransmitter release is blocked by antibodies to B-50, which suggests that
B-50 may be essential for the fusion of synaptic vesicles with the plasma
membrane (Dekker et al. 1989b). An involvement of B-50 in membrane addition
during axon outgrowth is indicated by studies. In which non-neuronal cells are
transfected with B-50/GAP-43 cDNA. The non-neuronal cells that express the
protein extend many filopodia (Zuber et al. 1989b). Furthermore, Van Hooff et
al. (1989a) showed that in PC12 cells, on stimulation of neurita outgrowth by
NGF or other means, B-50 was translocated to the plasma membrane, especially
to the sites of protrusions and neurite extensions. The initial neurite
outgrowth in response to NGF is strongly increased in PC12 cells that overexpress the B-50/GAP-43 gene as result of transfection with human GAP-43 cDNA
(Yankner et al. 1989). These effects of B-50 on membrane addition may be
mediated by calmodulin as discussed above, but the localization of B-50 at the
inner side of the plasma membrane of growth cones (Chapter 4, Van Lookeren
Campagne et al. 1989) Is also consistent with a more direct involvement of B50 in membrane addition. In this respect it should be noted, however, that in
presynaptic terminals, B-50/GAP-43 apparently
Is not situated at the
presynaptic grid (Van Lookeren et al. 1990).
Taken together, the localization of B-50 at the Inner side of the
ρ I asma lemma and these studies on B-50 function suggest that B-50 may locally
modulate growth-related responses in axons and growth cones to environmental
st imul i .

До le of B-50 In PT development
The highest levels of B-50 are found during the outgrowth of the tract,
strongly suggesting the involvement of B-50 In this process. The outgrowth of
the PT consists of the rostrocaudal outgrowth in the dorsal funiculus and the
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subsequent innervation of the spinal grey matter. How PT axons leave the
dorsal funiculus to innervate the spinal grey matter is currently not known,
but by inference from data on PT innervation of the basilar pons (O'Leary and
Terashlma 1988), It might be suggested that this rather occurs by interstitial
budding of the main stem axon In the dorsal funiculus than by bifurcation of
the leading growth cone. Considering that B-50 may modulate growth-related
responses to environmental stimuli, Its localization In both growth cone and
axon shaft suggests that B-50 is Involved both in the rostrocaudal outgrowth
down the dorsal funiculus, and In the formation of axon collaterals, which
will innervate the spinal grey.
The function of the persisting, albeit reduced B-50 in the adult PT remains
speculative. It has been suggested that the PT retains a capacity for
collateral sprouting into adulthood (Kuçera and Wlesendanger 1985). In which
process the B-50 present in the unmyelinated axon shafts m the adult PT might
be involved. On the other hand, B-50 Is also localized In myelinated axons
with the largest axons apparently containing less B-50. This might indicate an
involvement of B-50 in radial growth of the axon and Interaction with the
surrounding myelin sheath.

AXON

LOSS

Estimation of the number of axons In the medullary and cervical PT during the
development, showed that after the initial rise In axon number, the number of
axons m both the medullary and the cervical PT is reduced by approximately
50%. The axon loss takes place over a protracted period, starting already with
degeneration of growth cones during the outgrowth of the tract (Chapter 3a),
and continuing to or beyond the second postnatal month (Chapter 2, Leenen et
al. 1989). The period of axon loss can be divided into 2 phases A rapid axon
loss until the end of the second postnatal week, followed by a gradual axon
loss.
A naturally occurring developmental loss of axons Is а сотлюп feature in the
development of nerve tracts (Cowan et al. 1984). A biphasic axon loss similar
to that found in the PT, has also been described, for example. In the
development of the corpus callosum (Berbel and Innocenti 1988) and the optic
nerve (Williams et al. 1986, Provis and Penfold 1988). Degeneration of growth
cones In the outgrowing tract as reported m chapter 3a, has been described
previously in the outgrowing optic nerve in the cat (Williams et al. 1986).

Axon loss by selective

dégénérât Ion of axon col

laterals

In many developing nerve tracts the axon loss coincides with a phase of
neuronal death in the population of projection neurons, suggesting that the
axon loss reflects the elimination of a proportion of the projection neurons
(Cowan et al. 1984, Vogel and Herrup 1989, Chu-Wang and Oppenheim 1978, Provis
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and Penfold 1988). There have been reports of neuronal death in the developing
cortex (Finlay and Slattery 1983, Neumann and Leuba 1983). Tracer experiments
have Indicated, however, that the axon loss In the development of the PT
should rather be ascribed to elimination of mere axon collaterals without the
death of their parent neurons (Stanfield et al. 1982, O'Leary 1987, Crandal et
al. 1985), which maintain axon collaterals to other subcortical targets
(O'Leary and Stanfield 1985). Elimination of axon collaterals may come about
either by local degeneration and removal of the axon collaterals by
phagocytosis, as occurs in axonal degeneration with concomitant neuronal death
(Chu-Wang and Oppenhelm 1978, Williams et al. 1986), or by retraction and
resorption of the axon branch by the parent neuron, as has been proposed for
the reduction of polyneuronal innervation at the neuromuscular junction
(Kernel lussen and Jansen 1976, Riley 1981). The first alternative is advocated
by the frequent association of degenerating growth cones with glial cells
(Chapter 3a) and by the accumulations of electron-dense debris In glial
elements (Chapter 2 ) . It is difficult, however, to exclude the second
alternative, since the morphology of axon retraction is not known with
certainty and the retraction of small terminal branches may even occur without
distinct morphological signs (Kernel lussen and Jansen 1976, Bixby 1981, Riley
1981, Ehrlich and Mills, 1985). It seems unlikely, however, that the long axon
collaterals In the PT could be retracted without at least an Increase m
retrograde transport of lysosomal structures. In fact, electron-dense bodies,
which have been implicated In retrograde transport and lysosomal turnover
processes (Smith 1980), were more often encountered m axons during the phase
of rapid axon loss than during the phase of only gradual axon loss (Chapter
2b). This could signify an Increase in retrograde transport due to resorption
of the distal part of the axon, but other explanations are possible: The
increased presence of electron-dense bodies during early development of the PT
may reflect an increased level of overall metabolism during this phase of axon
elongation and synaptogenesis (Lasek and Katz 1987). Moreover, the presence of
electron-dense bodies in axons may reflect an early stage in the local
degeneration of the axon shaft to be phagocytosed later. The latter view is
supported by the occasional absence of microtubules In these axons.

Factors

that

govern

1. Phase of rapid

the axon loss

axon loss:

in the PT

Яешю аІ of mlsrouted

axons.

The phase of rapid axon loss coincides with the phase of synaptogenesis of the
PT In the spinal cord (Fig. 1 ) . Furthermore, It coincides with the period in
which the Initial widespread and continuous distribution of PT projection
neurons within the tangential plane of the cortex becomes restricted to the
adult pattern (Stanfield et al. 1982, Joosten and Van Eden 1989). It should be
noted in this respect that a rostrocaudal decrease in axon number along the
length of the tract Is present during the development of the tract (Chapter
2b), Indicating that despite of the massive developmental reorganization, some
specific distribution is already laid down in the Initial projection, as has
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Fig. 1: Sufinnary of the development of the pyramidal tract at the third cervical segment (C3).
The rise and f a l l In axon number are shown In the graph (top), while the bars indicate the timing
of other relevant events. Black portions of the bars represent periods of peak intensity.
* The bar indicates the timing of the outgrowth of PT fibers into the spinal grey target f i e l d
over the length of the spinal cord (Schreyer and Jones 1982, Gribnau et a l . 1986), which probably
marks the start of synaptogenesis over the length of the spinal cord.
** The bar marks the timing of the appearance of forelimb and hindiimb placing reactions, which
are thought to involve PT function (Donatelle 1977).

been found also in tracer
Schreyer and Jones 1988a).

experiments

(Leong

1983,

Joosten

et

al.

1987b,

The period of synaptogenesis is a c r i t i c a l
period for survival
of
projections and p r o j e c t i o n neurons In other developing nerve t r a c t s as well
(Cowan et a l . 1984, Oppenhelm 1989). This temporal coincidence and the
discovery of nerve growth factor as a target d e r i v e d - f a c t o r enhancing neuron
survival in the population of p r o j e c t i o n neurons, have led to the formulation
of the trophic theory of neural connections (Barde 1988, Davies 1988, Purves
et a l . 1988, Oppenheim 1989). According to t h i s theory neurons compete with
t h e i r axons for access to t a r g e t - d e r i v e d trophic molecules r e s u l t i n g in an
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elimination of redundant axons and an adjustment of the size of the projection
by the target.
The studies that deal with the factors that influence the axon loss in the
PT all concentrate on the elimination of PT axon collaterals that originate
from the occipital cortex. These studies show that this axon loss does not
result from a competition for trophic molecules of spinal target tissue, since
these projections perish even when lesions are made In the sensorimotor cortex
(O'Leary and Stanfield 1989). Utilizing fetal cortical transplants Into
neonatal hosts, O'Leary and Stanfield (1989) demonstrated that neurons from
the occipital cortex maintain their PT projection when transplanted into the
rostral, sensorimotor cortex. These findings Indicate that the position of the
parent neuron within the tangential plane of the cortex is a critical factor
for the fate of the PT axon collateral. These tranplantatIon studies further
indicate that the fate of the PT axon collateral depends on epigenetic factors
In the local cortical environment, like the distribution of afferent Input
over the different cortical areas (cf. O'Leary 1989). On the other hand,
experiments In which the target tissue Is transplanted, indicate that also the
target tissue plays a role in the axon collateral elimination. When fetal
tectum, an appropriate target for occipital cortex neurons. Is transplanted
into the spinal cord, and at the same time the host tectum is removed, the
projections from occipital cortex to the spinal cord are sustained (Sharkey et
al. 1986). These results imply that PT axon collaterals from different
cortical regions are able to differentiate between different target tissues
and depend on their correct target for their maintenance. Both the findings of
tracer studies that the transient PT projections from ectopic cortical areas
do not invade the spinal grey matter (Stanfield and O'Leary 1985, Joosten et
al. 1987b, Joosten and Van Eden 1989) and the observation that growth cones
may degenerate already within the outgrowing tract (Chapter 3 a ) , agree well
with this view. Taken together, it appears that regionally specific influences
acting on neurons in the cortex specify which target the initially extended
projections will innervate and that this Innervation is necessary for the
projection to become stabilized.
At last, It should be added to this discussion that while the elimination
of axon collaterals originating in ectopic cortical areas does not result from
a competition for neurotrophic molecules In the spinal cord, It cannot be
excluded that the rapid phase of axon loss includes, In addition, elimination
of redundant axons from appropriate cortical areas, which may occur In a
competition for target-derived trophic substances, as postulated by the
neurotrophic theory of neural connections (Barde 1988, Davles 1988, Purves et
al. 1988, Oppenhelm 1989).
2. Phase of gradual axon loss: Function-dependent refining of the projection.
The gradual axon loss takes place after functional contacts In the spinal cord
have been established (Fig. 1 ) . It represents the loss of axons originating
from areas in the cortex that maintain a PT projection into adulthood.
With regard to the factors that govern this gradual axon loss In the PT, no
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direct data are available. Studies on other nerve tracts have indicated that
the gradual axon loss which occurs after the initial establishment of contacts
in the target tissue, depends on the functioning of the system and may result
¡n refinement of the connection pattern (Cowan et al. 1984, Fawcett 1988,
Provis and Penfold 1988, Vogel and Herrup 1989). This also holds true for the
callosa! projections of cortical neurons (Innocenti 1988). For example. In the
development of the visual callosa! projection, vision Is essential both for
the initial stabilization and for the subsequent selective elimination of a
fraction of the connections (Innocenti et al. 1985). Since the development of
cortico-subcortleal connections resembles the development of cortIco-cortleal
projections In a number of respects like In the developmental restriction of
an initial widespread distribution of projection neurons by selective
collateral elimination (Innocenti 1981, 1988, O'Leary 1989), It might be
inferred that the gradual axon loss in the PT similarly reflects a fine-tuning
of the projection under pressure of functional needs.
In summary. It appears that the mature corticospinal projection is sculpted
out of an Initially widespread, relatively unspeclflc projection by
elimination of m Isrouted axons, governed by regionally specific factors in the
cortex, and by a function-dependent fine-tuning of the connection pattern.

PT MATURATION

AND ADULT

COMPOSITION

The axon shafts In the outgrowing PT are small and unmyelinated and their size
remains virtually unchanged during the first week after the arrival of the
first PT fibers. Subsequently, some axons increase in diameter and myellnatlon
starts. The larger axons are the first to acquire a myelin sheath, followed by
progressively smaller axons during ongoing myellnatlon. The maximal de novo
myellnatlon takes place during the third postnatal week. Myel¡nation continues
at a slow pace Into adulthood, but the adult PT still consists for one third
of small unmyelinated axons. The axon number in the adult PT progressively
declines along the length of the pathway from 150,000 at the caudal medulla
oblongata to 69,000 at the cervical intumescence (Cg) (Chapter 2 ) . In
comparison to the ascending sensory tracts, the adult PT is characterized by
the persistence of a relatively high expression of the growth-associated
protein B-50. The B-50 is localized at the inner side of the axolemma of
unmyelinated and myelinated axons (Chapter 4 ) .

Increase In axon size and myelInatIon
The Increment of axon size and the onset of myellnatlon occur when outgrowth
of the PT appears to be completed (Fig. 1 ) . This separation of the phases of
axon outgrowth and myel¡nation has been observed In other nerve tracts as well
(cf. Schwab and Schnell 1989). It might relate to the recent findings that
oligodendrocytes upon maturation
become
Inhibitory for axon outgrowth
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(Schwab and Carón I 1988, Careni and Schwab 1989, 1989). This property of
oligodendrocytes has been suggested to serve in separating the different nerve
tracts during CHS development by sealing them off from neighbouring still
growing axons (Caroni and Schwab 1989) and may represent a major factor in the
failure of CNS nerve tracts to regenerate (Schnell and Schwab 1990).
In chapter 3b Junctional specializations between growth cones and Immature
glial cells, most likely Including oligodendrocyte precursors, were described.
As discussed above, the signals transmitted at these specialized contacts
might Influence oligodendrocyte maturation, possibly by Inducing proliferation
by which the size of the cell population is adjusted and immediate maturation
is prevented. It might then be argued, that the relatively late myelination of
the PT axons in comparison to the adjacent sensory fiber tracts results from
an absence of mature oligodendrocytes during the phase of PT outgrowth. Yet, a
few mature oligodendrocytes are present m the outgrowing PT (Chapter 3 b ) ,
myelinating putative aberrant cunéate fibers (Dunkerley and Duncan 1969,
Joosten et al. 1989). Moreover, there is no physical border between the
myelinating oligodendrocytes In the fasciculus cuneatus and the axon shafts in
the outgrowing PT (Chapter 3a). Therefore, the cause of the late myelination
of the PT axons must reside somehow in the PT axons themselves.
In the peripheral nervous system the increase in axon caliber above a
critical diameter apparently triggers myelination (Matthews 1968, Voyvodic
1989). In the pyramidal tract as well as in other CNS nerve tracts, generally
axons Increase In diameter before a myelin sheath is formed around them
(Chapter 2, Matthews and Duncan 1971). However, an overlap exists between the
size distributions of unmyelinated axons and myelinated axons in CNS nerve
tracts (Chapter 2, Matthews and Duncan 1971), suggesting that additional
determinants for myelination operate in the CNS, like expression of neuronglia adhesion molecules at the axolemma (Poltorak et al. 1987, Sims and
Gilmore 1989). How, on their turn, the Increase in axon caliber and the
expression of these adhesion molecules Is regulated remains speculative. In
this respect studies on the peripheral nervous system might give an
Indication: In postganglionic sympathetic axons, innervating the submandibular
gland, axon caliber and myelination are regulated by retrogradely transported
signals from the target (Voyvodic 1989). In the PT, the Increase in axon
diameter and the myelination occur after functional contacts in the target
area have been formed (Fig. 1, Donatelle 1977), and a similar correlation has
been noticed in the developing retinotectal projection (Siegrist et al. 1980,
Williams et al. 1986). Therefore, it might be suggested that the increase in
axon caliber and the myelination of the PT axons depends on their Interactions
with the target cells in the spinal cord.

Adult

PT

composition

In the PT of 3-month-old adult rats promyelln axons were still incidentally
noticed (Chapter 2 ) . Furthermore, Leenen et al. (1989) reported that the
number of myelinated axons still Increases between 2 and 14 months of age.
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This suggests that to some extent thickening and myel¡nation of unmyelinated
axons continues during adulthood, which may reflect an ongoing adjustment of
the PT to the functional needs. As discussed above, the persistence of the
growth-associated protein B-SO in unmyelinated and myelinated axons of the
adult rat PT may corroborate this assumption, and B-50 may be involved in the
radial growth of the axons.
These Indications for small changes to occur in the fiber composition of
the PT during adulthood, should not conceal that about one third of the axons
in the adult PT remains small and unmyelinated. The Identification of
unmyelinated axons In the adult PT, which was based on the presence of
microtubules and occasional intermediate filaments In elliptic to round
profiles, has been challenged recently by Ralston et al. (1987). They
suggested that most. If not all of the unmyelinated profiles in the PT of the
adult monkey represent glial processes instead of axons. However, the neuronspecific phosphoproteln B-50 which, as discussed above, may be regarded as an
axonal marker (Chapter 4, Goss I In et al. 1988, Van Lockeren et al. 1990), Is
present in virtually all such profiles in the adult rat PT (Chapter 4 b ) , which
strongly suggests that the morphological criteria for identification of
unmyelinated axons employed in chapter 2 are valid and that Indeed a
substantial proportion of the axons in the adult PT is unmyelinated.
Recently, Joosten and Gribnau (1988) demonstrated by anterograde tracing
experiments that at least some of the unmyelinated axons in the adult PT are
In fact corticospinal. Since reports of electrophysiological studies on
conduction velocities of PT fibers do not mention the existence of
unmyelinated corticospinal connections (Mediratta and Nicoli 1983, Landry et
al. 1984), It has been suggested that the unmyelinated axons branch off from
myelinated PT axons, representing parallel collaterals (Fig. 2-2) or
collaterals destined for the spinal grey matter (Fig. 2-1) (Chapter 2a,
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Fig. 2: Four possible explanations for the uniyellnated longitudinally oriented axon shafts in the
adult PT. Thin lines represent uniyellnated and thick lines represent lyel mated axon shafts. For
•ore explanation see text.
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Joosten and Grlbnau 1988). For this suggestion, however, no firm anatomical
evidence Is as yet available. The anterograde tracer Phaseolus vulgaris
I eucoagg I ut Ι η I η revealed in the spinal PT local nets of small fibers, which
might represent unmyelinated axon collaterals of the large labeled fibers, but
no such nets were observed In the medullary PT (Gribnau and Dederen 1989).
Furthermore, collaterals innervating the spinal grey appear to be oriented
predominantly within the transverse plane, running perpendicular to the
longitudinal stem axons (Futami et al. 1979, O'Leary and Terashima 1988). On
the other hand, other explanations for the longitudinal
unmyelinated
axonshafts In the adult PT should be considered. As discussed above, the
mature PT emerges from a homogeneous population of rather uniformly sized,
small unmyelinated axons. During maturation, some axons increase in diameter
and become myelinated, while others perish. Both these processes continue upto
or into adulthood and both may at least In part depend on the pattern of
connections of the Individual axon. The unmyelinated longitudinally oriented
axonshafts In the adult PT resemble closely In size and ultrastructural
features the axons present before the start of the myellnatlon. It might then
be suggested that they represent long unmyelinated corticospinal connections
(Fig. 2-3), or the distal unmyelinated continuations of myelinated axons (Fig.
2-4), which have remained small and unmyelinated because their connection
pattern Is not sufficiently elaborated to elicit an increase in axon caliber
and myellnatlon, yet strong enough to prevent elimination. These axons might
serve as a reservoir for plasticity In case of changing functional demands.
The persistence of the growth-associated protein B-50 in these axons, might
support this view. As discussed above, the persisting B-50 may indicate a
capacity for sprouting or for increase In axon caliber in the adult PT.
Remarkably, in the adult rat, the B-50 immuner «act ivity in the PT is much
higher than In the ascending fiber tracts, which suggests that the capacity of
remodeling In the PT is relatively high.
In summary, the development of the PT is characterized by a protracted period
of axon loss and myellnatlon, which extends well into adulthood, as well as by
the persistence of low but significant levels of B-50. These data may reflect
a relatively high functional plasticity in this sensory and motor control
system.
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De pyramldebaan Is een groot baansysteem dat zich bij vrijwel alle zoogdieren
over de gehele lengte van het centrale zenuwstelsel uitstrekt. Dit baansysteem
ontspringt uit pyramidecellen die In de vijfde laag van de schors van de grote
hersenen gelegen zijn. De axonen van deze cellen dalen af tussen striatum en
thalamus, waarna ze het ventrale oppervlak van de hersenstam bereiken. In
laatstgenoemde structuur vormen ze aanvankelijk een compacte bundel die deel
uitmaakt van de pedunculus cerebri. In de direct caudaalwaarts van de
pedunculus cerebri gelegen pons splitst de bundel zich In een groot aantal
kleine bundeltjes, doch eenmaal In het verlengde merg aangekomen verenigen
deze bundeltjes zich tot een compact bundel comp lex: de pyr ami s. Het is aan
deze structuur dat de bundel zijn naam ontleent. In het meest caudale deel van
het verlengde merg kruisen de pyramldebaanvezels geheel of grotendeels naar de
andere zijde. BIJ knaagdieren is de kruising nagenoeg totaal en mengen de
vezels zich In het meest ventrale deel van de achterstreng. In het verlengde
merg en In het ruggemerg hebben de axonen vertakkingen In de grijze stof
waarmee ze synaptisch contact maken met zenuwcellen. De pyramldebaan vormt zo
een verbinding tussen de hersenschors en deze lagere hersendelen waarlangs de
schors Invloed kan uitoefenen op bewegIngs- en waarnemingsfuncties.
In de rat begint de uitgroei van de pyramidebaanvezels vanuit de
hersenschors op of rond de 16 e ontwikkel ingsdag. Rond de geboorte komen de
eerste axonen in het cervicale ruggemerg aan. Uitgroeiende axonen bezitten aan
hun uiteinden een verdikking, de groe i conus, een gespecialiseerde structuur
waar de groei of beter, de verlenging van het axon plaatsvindt. Bovendien
bepaalt de groe i conus op geleide van omgevingsfactoren de richting van de
uitgroei. Het onderzoek naar de vorming van de pyramldebaan concentreert zich
derhalve op de vraag welke factoren In het zenuwweefsel dat door de groe i coni
van de uitgroeiende pyramldebaanvezels wordt doorkruist, deze groe leoni in hun
baan lelden. Na de uitgroei vindt de rijping van de axonen plaats hetgeen
onder meer Inhoudt dat axonen dikker worden en door ol Igodendrocyten met een
myelineschede worden omwikkeld, wat de geleldlngssnelheid van de elektrische
Impulsen langs het axon verhoogt. De anatomische studies die in dit
proefschrift beschreven zijn hebben betrekking op de uitgroei en de rijping
van de axonen in de pyramldebaan in de rat.
In hoofdstuk 3 worden de uitkomsten vermeld van een onderzoek naar de uitgroei
van de axonen en de vorming van de pyramldebaan In het ruggemerg. Met het
elektronenmlcroskoop is de morfologie van het meest ventrale deel van de
achterstreng onderzocht bij ratten in leeftijden waarop de groe Icon i van de
uitgroeiende axonen van de pyramldebaan dit segment passeren en de bundel
gevormd wordt.
De groe leoni van de eerste axonen van de pyramldebaan komen hier rond de
geboorte aan. In de zich vervolgens ontwikkelende bundel worden tot het einde
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van de eerste postnatale week nog groeiconl aangetroffen tussen de
axonschachten van hun voorgangers, hetgeen betekent dat de pyramidebaan
gevormd wordt door een voortdurende Instroom van axonen over de periode van
één week. De groe ι coni die achtereenvolgens dit η ivo in de bundel passeren,
verschillen in vorm. Een belangrijk verschil Is dat de groei coni van de eerste
axonen stomp eindigen, terwijl die van de volgende axonen uitlopen in een
lamel vorm ige uitstulplng, het lamel I i podi um. Dit lamel Ι ι pod ι um strekt zich uit
tussen de parallel gerangschikte axonen in de bundel en krult zich vaak om
deze axonen. Hierdoor wordt de Indruk gewekt dat deze groe Icon ι de
axonschachten van hun voorgangers als leidraad gebruiken, waarlangs ze afdalen
en zo de axonbundel vormen.
01Igodendrocyten spelen waarschijnlijk ook een rol bij de geleiding van de
uitgroei van de axonen van de pyramidebaan. Tijdens de uitgroei van deze
axonen vindt in de aangrenzende opstijgende vezelsystemen in de achterstreng
rijping van oligodendrocyten plaats. 01igodendrocyten brengen bij rijping
eiwitten aan hun oppervlak tot expressie die de uitgroei van axonen
belemmeren. De rijpe oligodendrocyten
In de opstijgende vezelsystemen
kanaliseren mogelijk de uitgroei van de pyramidebaan m het meest ventrale
deel van de achterstreng. Interessant In dit verband is de bevinding dat de
groei coni In de pyramidebaan contact maken met onrijpe glia cellen, waaronder
zeer waarschijnlijk onrijpe oIigodendrocyten. Deze contacten die o.a. bestaan
uit Synapsen, dulden erop dat de groe i con i signalen doorgeven aan onrijpe
gliacellen. Deze signalen beïnvloeden mogelijkerwijs de ontwikkeling van de
gllacellen en de expressie van ui t g r œ ι-remmende eiwitten.
Een andere intrigerende bevinding is dat zenuwcellen gelegen in de grijze
stof van het ruggemerg, met hun dendneten tot in de achterstreng reiken en
daar synaptische contact maken met de langsgroei ende groe ι con ι. Deze contacten
spelen mogelijkerwijs een rol bij de vorming van de axoncollateralen die
vanuit het axon In de bundel uitgroeien In de grijze stof en daar synaptische
contacten met zenuwcellen aangaan.
In hoofdstuk 4 zijn de uitkomsten vermeld van een onderzoek, dat uitgevoerd Is
In samenwerking met onderzoekers van het Rudolf Magnus Instituut te Utrecht.
Het betreft de betrokkenheid van het zenuwcel-specifieke fosfo-eiwit B-50 bij
de ontwikkeling van de pyramidebaan. B-50 behoort tot de kleine familie van
groei-geassocieerde eiwitten die gekenmerkt worden door een sterk verhoogde
synthese tijdens axon uitgroei. Bovendien is bekend dat B-50 calmoduline bindt
en betrokken Is bij signaal overdracht door de membraan. De expressie en
ultrastructurele localizatIe van het B-50 is immunocytochemisch onderzocht in
de pyramidebaan In het cervicale ruggemerg. Een hoge Immunoreactivltelt Is
gevonden in de pyramidebaan In de eerste postnatale week, wanneer de uitgroei
van de axonen plaatsvindt. Het eiwit Is dan voornamelijk gelokaliseerd aan de
binnenkant van de plasmamembraan van groeiconi en axonen. In de volwassen rat
Is de Immunoreacti vi telt In de pyramidebaan sterk afgenomen. De hoge expressie
van B-50 tijdens de uitgroei van de pyramidebaan ondersteunt de hypothese dat
dit eiwit een belangrijk aandeel heeft bij de uitgroei van axonen. De
lokalisatie aan de binnenkant van de plasmamembraan Is consistent met een
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werkingsmodel waarin B-50 in reactie op extracel lul a Ire prikkels dissocieert
van cal moduline en een rol speelt In processen die tot uitgroei van de
groei conus of tot col lateraal vorm ing in de axonschacht leiden.
In hoofdstuk 2 staan de resultaten van een kwantitatieve analyse van de
ontwikkeling van de pyramldebaan. Het aantal en de diameters van de axonen in
de bundel werden bepaald in dwarsdoorsneden, genomen uit het caudale deel van
het verlengde merg en uit het cervicale ruggemerg bij ratten, in leeftijd
variërend van 2 dagen vóór de geboorte tot het volwassen stadium van 3
maanden.
Het aantal axonen stijgt gestaag na aankomst van de eerste axonen, maar
bereikt In 4 tot 6 dagen een maximum, om vervolgens af te nemen. Zo stijgt het
aantal axonen in het caudale deel van het verlengde merg na aankomst van de
eerste axonen, 2 dagen vóór de geboorte, snel tot ca. 400000 op de vierde
postnatale dag en daalt daarna tot ca. 150000 in de volwassen rat. Er worden 2
fasen onderschelden tijdens de afname van axonen: een snel verlies van axonen
tijdens de tweede postnatale week, gevolgd door een geleidelijker verlies aan
axonen dat nog voortduurt na de eerste maand. Oit omvangrijke verlies aan
axonen tijdens de ontwikkeling van de pyramldebaan weerspiegelt waarschijnlijk
een verfijning van het In eerste Instantie globaal aangelegde patroon van
verbindingen tussen de zenuwcellen, een proces dat, gelet op de lange duur van
het verlies aan axonen voortduurt tot In volwassenheid.
Tijdens de uitgroei van de pyramidebaan blijft de gemiddelde diameter van
de axonen constant. Vanaf de tiende postnatale dag wanneer geen groe i coni meer
in de bundel aanwezig zijn, nemen sommige axonen in omvang toe en worden
gemyelInlseerd. De start van de myelinlsatie valt zo samen met het einde van
de fase van uitgroei van de axonen, hetgeen waarschijnlijk verband houdt met
het feit dat oligodendrocyten en hun myelineschedes uitgroei van axonen
belemmeren. Deze eigenschap van olIgodendrocyten vormt mogelijkerwijs een
belangrijk obstakel voor regeneratie na beschadiging van vezel verbindingen in
het centrale zenuwstelsel van zoogdieren.
Gedurende de derde en de vierde postnatale week worden veel axonen in de
pyramidebaan
gemyelInlseerd.
In het
cervicale
ruggemerg
bestaat
de
pyramidebaan aan het einde van de vierde postnatale week voor de helft uit
gemyeliniseerde axonen. Daarna neemt de intensiteit van de myelinisatie af. De
volwassen pyramidebaan bestaat op elk van de onderzochte nlvo's nog voor één
derde uit ongemyeliniseerde axonen. Deze zijn, gelet op grootte en
uitrastructurele kenmerken, identiek aan de onrijpe axonen waaruit de bundel
bestaat vóór de aanvang van de myelinlsatie. De functie van deze vezels is
onbekend. Mogelijk bezitten ze nog het vermogen om tot dikkere gemyelIniseerde
vezels uit te groeien of zelfs om col lateralen te vormen. Zo kunnen ze een
waarborg vormen voor plasticiteit In dit vezelsysteem. Interessant Is In dit
verband dat het groe i-geassocieerde eiwit B-50 aanwezig blijft in de volwassen
pyramidebaan, zij het In geringe mate. Het is gelokaliseerd aan de binnenkant
van het axolemma van ongemyeliniseerde en gemyeliniseerde axonen en is
mogelijk betrokken bij aanpassingen in axondiameter of col lateraal vorming In
de pyramldebaan In de volwassen rat.
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Graag wil Ik iedereen hartelijk bedanken die aan het tot stand komen van dit
proefschrift heeft bijgedragen.
Met name bedank ¡k wijlen Dr. E.J.M, de Kort voor de voorbereidingen voor
dit onderzoek en voor de intensieve en steeds zeer aangename begeleiding
gedurende de eerste 2)4 Jaar van mijn speurtocht In de wirwar van membranen en
microtubuli. Verder bedank ik mijn co-promotor Yessie Gribnau die mij
vervolgens met veel zorg naar de voltooiing van het proefschrift leidde. Mijn
promotor prof. Dr. R. Nieuwenhuys vervulde me met respect voor zijn inzicht en
kennis, waarmee hij de kwaliteit van het onderzoek bewaakte. Verder bedank ik
Harrie Van Aanholt, Monique Helsen en Jos Dederen die veel van het minutieuze
praktische werk voor dit proefschrift uitgevoerd hebben. Harrie vestigde
daarbij de gouden standaard voor het vervaardigen van lange, ononderbroken
series ultradunne coupes, die Ik voor het onderzoek nodig had. Mijn collega
promovendus Bert Joosten dank Ik voor de stimulerende gesprekken op de
afdeling, op kongres of daar tussenin.
Mijn co-promotor Beate Oestre¡cher en Prof. Willem Hendrik Gispen bedank ik
voor de vruchtbare en prettige samenwerking met het Rudolf Magnus Instituut,
waarvan de resultaten zijn vastgelegd In hoofdstuk 4. Daarnaast bedank ik
Beate voor haar betrokkenheid bij het gehele onderzoek en haar vele ideeën die
dit proefschrift hebben verrijkt. En passant hebben Jouw belangstelling en
positieve Instelling mij persoonlijk veel goed gedaan. Menno van Lockeren
Campagne stelde mij zijn uitgebreide kennis en vaardigheden op het gebied van
de cryo-ultramicrotomie ter beschikking, waarvan b.v. fig. 5 van hoofdstuk 4b
getuigt. Ruud Bloemen was verantwoordelijk voor de bereiding van de specifieke
antisera.
Van mijn (ex-)collega's op de afdeling Anatomie en Embryologie bedank ik
met name nog Hans Meek die me liet smullen van zijn heldere analyses. Zijn
talrijke notities in de kantlijn van voorlopige versies van de manuscripten
(т.п. hoofdstuk 3) heb Ik dankbaar, meestal integraal, overgenomen. Jan
RuIJter waakte onder meer voor een statistisch verantwoorde toetsing van de
resultaten. Theo Hafmans leverde voor veel van de illustraties in dit
proefschrift prachtige fotoafdrukken aan. Margreet Rieck en Cocky Udo waren
behulpzaam bij het verwerken van de tekst. Verder dank Ik Jan Kooloos en Henk
van der Locht voor hun hulp bij mijn IJdele pogingen het één en ander te
automat iseren.
De afdeling celbiologie (o.l.v. Prof. Dr. A. Stadhouders) ben Ik
erkentelijk voor het Intensief gebruik dat ik mocht maken van daar aanwezige
apparatuur. Gerdl Egberlnk en Gert van Ekeren leerden me de Zeiss Videoplan
bedienen en zorgden In stichtelijke gesprekken ervoor dat Ik me bij het
apparaat niet verveelde. Dankzij Hans Smits en Gerard Ens Ink op Kemna waren de
electronenmlcroscopen nagenoeg altijd gebruiksklaar. Voor de fotografische
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dienstverlening zorgde o.a. Günther Klinkermann. B I J Paul Jap putte ik
herhaaldelijk uit zijn gedetailleerde morfologische kennis.
Verder bedank ik Cees Ni co lasen, Joop Russon en Nol van Uden voor hun
fraaie tekeningen en de afdeling Medische Fotografie (Магу Reeb) voor de
talrijke reproducties en dia's. De Medisch Statistische Afdeling (Drs. A.F.J.
de Haan) diende van advies bij de uitwerking van de resultaten in hoofdstuk 2.
Tot besluit bedank Ik mijn ouders voor mijn vorming en Madeion voor elke dag.

Nijmegen, 25 mei 1990
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Theo Gorgels werd op 18 juli 1955 te Heerlen geboren. H I J doorliep het
gymnasium aan het St. Michiel lyceum te Geleen en schreef zich In 1973 als
student in aan de Katholieke Universiteit Nijmegen. In 1976 werd het
kandidaatsexamen biologie afgelegd en in het daaropvolgende jaar het
kandidaatsexamen psychologie. Na een langdurig verblijf in Zuid-Amerika en
Afrika begon hij in 1981 met de doctoraalfase biologie met als hoofdvak
Ontwikkelingsbiologie der Dieren (o.l.v. Dr. F. van Herp) en als bijvakken
Medische Fysica (o.l.v. Prof. Dr. J.J. Eggermont) en Chemische Cytologie
(o.l.v. Prof. Dr. Ch.M.A. Kuyper). Tevens werd een stage doorlopen op de
afdeling Medische Parasitologic (o.l.v. Dr. J.P. Verhave, Prof. Dr. J.H.E.Th.
Meuwlssen). Het doctoraalexamen volgde in 1985. Vanaf oktober van dat jaar tot
januari 1989 was hij verbonden aan de vakgroep Anatomie en Embryologie van de
Katholieke Universiteit Nijmegen en werd het In dit proefschrift vastgelegde
onderzoek verricht. Vanaf oktober 1989 tot januari 1990 was hij bij voornoemde
vakgroep aangesteld als wetenschappelijk medewerker en werd een bijdrage
geleverd aan de introductie van celkweektechnteken In het neurobiologisch
onderzoek van de vakgroep.
HIJ deelt het leven met Madeion Veenemans.

