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Abstract

The aim of the present study 1s to mvestigate the mechanism by which outgrowing rat corticospinal (CS) axons innnervate
their spinal gray target arcas. This study was carried out with the use of anterogradely transported horseradish peroxidase or
l,1-dioctadecyl-3,3,3" 3'-tetramethylindocarbocyanine perchlorate (Dil) after application in the sensorimotor cortex of rat pups
varying in age between 5 days postnatal (PS) and 10 days postnatal (P10). The CS axons of ncurons situated in the sensorimotor
cortex have recached the ventral most parts of the dorsal funiculus at mid-lumbar spinal cord levels at the fifth postnatal day (P5).
After a waiting period of 2 days some CS fibers change their direction and directly enter the adjacent spinal gray target arcas.
One day later, 1.e., P8, CS target innervation by the formation of collateral branches can be observed. Finally, the development of
collaterals by interstitial budding from their parent axons appcars to be the major, but not the exclusive, mechanism by which CS

axons innnervate the lumbar spinal gray matter target area.
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During the development of central nervous projec-
tions most studies on axon branching and target recog-
nition have focused on the behavior of the growth cone
of the primary axon [2.3,17.19]. Both in vertebrates and
In invertebrates growth cone morphology dramatically
changes as developing axons extend along their path-
way and reach so-called ‘decision points’. At a “deci-
sion point  the axonal growth cone decides either to
lcave the tract and subsequently enter an appropriate
target or to further extend via the tract [2,7,18,25.26].
However, during the target selection of rat cortical
axons the primary growth cone does not play a role
120.21]. Instead, layer V neurons extend out of the
cortex via the internal capsule and continue to grow
caudally via peduncle and deccussation to the spinal
cord, bypassing their targets in mid- and hindbrain. For
cxample the rat corticopontine projection from layer V

neurons develops by a delayed interstitial budding of

collateral branches from corticospinal (CS) axons
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[20,21]. The 2-day delay between arrival of the primary
growth cones and the ingrowth of the collaterals in the
pons at predetermined points, may either be intrinsi-
cally or extrinsically regulated. In vitro experiments
favor an extrinsic regulation of the corticopontine tar-
get selection [8,21). Collagen co-culture experiments
have shown that a diffusible chemotropic factor re-
lcased by the pons induces the interstitial branching of
cortical axons [8]. Also at the level of the spinal cord.
1Ic. cervical as well as lumbar spinal gray matter, a
ditfusible factor i1s involved in target selection of corti-
cospinal axons [13.16]. The latter in vitro observations
indicate that the development of branches of axons
originating from layer V neurons in sensorimotor cor-
tex explants is specifically induced by the presence of a
lumbar spinal target explant [13]. Nevertheless, the
question remains if the CS projection to lumbar spinal
cord gray matter in vivo develops by the back-branch-
ing of collaterals from parent axons. Anterograde tracer
experiments have shown that the first CS axons reach
cervical spmnal cord levels at birth (P0), mid-thoracic
spinal cord levels at postnatal day 2 (P2) and the
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Fig. 1. Initial ingrowth of corticospinal axons into the lumbar spinal gray matter at P7. A: horizontally sectioned spinal cord. The CST (asterisks)
is heavily HRP-labeled because of the bulk of later arriving axons. The first HRP-labeled CST axons enter lumbar spinal gray at an angle varying
between 130 and 170 degrees (arrows), gm: gray matter, Bar = 100 wm. B: detail of a Dil-labeled CST axons (arrowheads) directly deflecting and
entering the lumbar spinal gray matter. The corticospinal tract area is indicated by asterisks Bar = 20 um. C: detail of HRP-labeled CST axons

entering the lumbar spinal gray matter. gm, gray matter, bar = 50 pm.
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lumbar enlargement at postnatal day 5 (P5) [4.14.24]. means that either the parent CS axons do not respond
Between the arrival of the first labelled CS axons at a to cues which identity the lumbar spinal gray matter as
given spinal cord segment and their extension in the a correct target or that cucs probably released by the
respective spinal gray matter, a delay was noted of target interneurons in the spinal gray have vet to be
about 2 days [4,14,24] (for review see [24]). This delay developed. However, the possibility that during the

Fig. 2. Horizontally sectioned spinal cord and Dil labeled CST axons. A: target innervation by the formation of collaterals at PS. Collaterals enter
spinal gray at sharp turning angles nearly perpendicular to the parent axons 1n the tract. Bar=50 gm. B: detail of a Dil-labeled CST
axon-collateral at P8 (arrowheads indicate branching point parent axon and its collateral). Bar = 10 pm. C: massive ingrowth of Dil labeled CST
axon-collaterals into lumbar spinal gray at P10. Some directly deflecting CST axons can still be observed (arrows). Bar = 50 Lm.
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delay period the axons are responding to the cues, but
that there 1s no immediate morphological manifesta-
tion of their reponse can clearly not be ruled out.

The purpose of this study was to investigate the
mechanism by which anterogradely labelled CS axons
innervate the lumbar spinal gray target area in vivo.
The results may add to our understanding how central
nervous system tracts develop and the way 1ts axons are
guided towards their targets.

Thirty-five newborn Wistar rats aged between post-
natal days 5 (P5) and postnatal day 10 (P10) were used.
The day of birth was accounted as PO, whereas the age
of the animals given 1n the present paper were always
the ages at their respective days of tracer-injection.

Rat pups were anaesthetized with sodium-pento-
barbital (I8 mg per kg body weight). They were then
held 1n a stereotactic apparatus, the skin incised and
with the use of a fine ncedle small holes were drilled
into the skull and the underlying cerebral cortex. The
entire sensorimotor and frontal cortex of the left hemi-
sphere was labelled either by mimplantation of three
horseradish peroxidase (HRP) gels [11] or the injection
of the lipophylic fluorescent tracer 1,1-dioctadecyl-
3.3,3.3-tetramethylindocarbocyanine perchlorate (Dil,
Molecular Probes) [9]. The pups were allowed to sur-
vive tor 24 h.

After njecting a second lethal amount of sodi-
umpentobarbital the animals were perfused transcar-
dially with 30 ml sucrose in 0.1 M phosphate buffer
(PB), pH 7.2, followed by the fixative. For HRP-
histochemistry 40 ml 19 paraformaldehyde and 2%
glutaraldehyde 1n the same buffer. For an optimal
Dil-visualization rats were perfused with 4% paratorm-
aldehyde solution in 0.1 M PB (pH 7.2). After perfu-
ston the brains and spinal cords were removed. There-
after, transverse pieces were hand-cut through the sec-
ond and third lumbar spinal cord segment (L2-L3).
Then 50 um thick transverse or horizontal vibratome
sections were cut on an Oxford Vibratome.

A very intense HRP staining was obtained after
execution of the following procedure [11]: sections were
first incubated with tetramethylbenzidine (TMB) as a
chromogen and ammoniumheptamolybdate (AHM) as
a stabilizing agent [22]. After rinsing twice in 0.1 M PB,
pH 7.4, the HRP-TMB-(AHM) crystals were prevented
from being washed out by an additional diaminobenzi-
dine (DAB) nickel intensified incubation [1]. The latter
reaction was terminated by rinsing the sections twice 1n
PB. In order to obtain optimal lightmicroscopic visual-
ization of anterogradely HRP-labelled axons the sec-
tions were subsequently incubated in a DAB-cobalt
glucosidase mixture as described by Itoh et al. [10].
Finally, the sections were rinsed in 0.1 M PB twice,
mounted on albumin-coated slides, dehydrated in alco-
hol, cleared in xylene and coverslipped with Depex.
For Dil-visualization, vibratome sections were

mounted on albumin-coated slides, washed in PB-buffer
and coverslipped 1n gelvatol.

In order to visualize outgrowing CS axons, the cells
of origin 1n layer V of the sensorimotor cortex were
labelled either with HRP or Dil. Careful examination
of the injection- or implantation-areas revealed that
they 1nvariably encompassed both the sensorimotor
and motor arecas of the cerebral cortex as well as
adjacent cortical regions, at all ages studied.

The first CS axons entering the lumbar gray matter
can be observed at P7 (Fig. 1). These CS axons enter
the lumbar target area at an angle varying between 130
and 170 degrees (Fig. 1). The tract area, located in the
ventral most part of the dorsal funiculus, 1S very In-
tensely HRP-stained (Fig. 1A). Due to this accumula-
tion of HRP-labeling in the tract area it 1s very difficult
to determine if the labeled CS axons change their
direction and directly grow out into the spinal gray
matter. However, with the use of the anterograde label
Dil directly detflecting CS axons can be visualized at P7
(Fig. 1B).

One day later, i.e., P8, initial budding of collaterals
from the parent CS axons occurs (Fig. 2A). This devel-
opment of collaterals by the mechanism of budding
mainly occurs at sharp turning angles of 90 degrees
perpendicular to the parent axons (Fig. 2A.,B). This
process of budding does not seem to occur at predeter-
mined points (Fig. 2A).

A massive outgrowth of back-branches from CS
parent axons into the spinal gray target area can be
observed at P10 (Fig. 2C). The mechanism of intersti-
tial budding of collaterals of parent axons seems to be
the major mechanism by which labeled CST axons
innervate lumbar spinal gray matter. There are obvi-
ously no predetermined points along the rostocaudal
axis of the CS tract where back-branches develop.

The present study demonstrates that the develop-
ment of collaterals by interstitial budding of the parent
axons forms the major mecchanism CST axons inner-
vate their lumbar spinal gray targets. In order to visual-
1ze outgrowing CST axons during early postnatal devel-
opment we used two anterograde tracers. First of all,
we used HRP 1n combination with a modified staining
technique [11]. This allowed us to study labeled axons
as well as their leading tips or growth cones. As previ-
ously verified at the electron microscopic level, the
HRP-staining procedure reveals a complete and In-
tense staining of labeled profiles of outgrowing CS
axons [11]. In the present study a complication with
this technique i1s the massive labeling of CST axons in
the tract. The intense and massive labeling often masks
the presence of directly deflecting CST axons. As pre-
viously demonstrated, the development of collaterals
by the mechanism of budding mainly occurs at sharp
turning angles nearly perpendicular to the parent ax-
ons [21.23]. However, the HRP-labeled CST axons
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enter the lumar spinal gray at an angle varying between
[30 and 170 degrees (Fig. 1A.B): a result which is
clearly not in tfavor of the budding-hypothesis. Never-
theless, we used a second anterograde tracer, Dil.
With the use of this tracer we could clearly demon-
strate the presence of directly deflecting CST axons in
lumbar spinal cord levels at P7 (Fig. 1B). Although
initially some directly deflecting axons are noted (at
P7) this mechanism is clearly of minor importance
during CS target innervation. Nevertheless, an intrigu-
ing question 1s whether the directly deflecting CS axons
belong either to a population of (later arriving) axons
which immediately upon arrival at a certain spinal cord
segment enter their target or that they belong to the
first labelled axons entering spinal white matter (at P5)
subsequently wait for 2 days and then change their
direction and enter the spinal gray. It 1s our opinion
that only a caretull in vivo-time lapse study [6] of
anterogradely labeled CST axons might give an answer
to this question. In any event, the growth cones of
these directly deflecting CS axons probably are able to
recognize the lumbar spinal gray matter as a correct
target. Prelimimnary (unpublished) observations reveal
striking variations among CST growth cones related to
their position in the lumbar spinal cord: CST growth
cones 1n the tract are characterized by their long and
rather simple configuration [5,11], whereas the tips of
the directly deflecting CST axons invading the lumbar
spinal gray are more complex (see Fig. 1A.C). Further-
more, this change in growth cone morphology from
tract to target area not only reflects the varying inter-
actions with the microenvironment but also indicates a
change of the predominant guidance mechanism [2.19,
23,27]. 1t has been described that in the CS tract area
various cell adhesion molecules are involved in the
guidance of outgrowing CST axons [12.15] whereas in
the spinal target areas diffusible.tropic factors are re-
leased [13,16]. In vitro collagen co-culture experiments
have shown that the lumbar spinal gray matter specifi-
cally mitiates and directs the branching of axons with
their cells of origin located in layer V of the cortex
explant [13]. Our observations indicate that also in vivo
the formation of collaterals from parent axons by inter-
stitial budding 1s of major importance in the way CST
fibers innervate the lumbar spinal gray. In conclusion,
both n vivo and in vitro observations strongly suggest
that the ditfusible factor released by the lumbar spinal
gray 1s mvolved in the target innervation through the
formation of interstitial collaterals of CST axons.
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