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• Traumatic lesions to the spinal cord of adult individu- 
als will cause degeneration of the severed distal axons, retrac- 
tion of the severed proximal axons, scar formation in the dam- 
aged area, and eventually regenerative signs, which will oc- 
cur along the retracted proximal axons. Growth cone-like ap- 
pendages appear and regenerating axons enter the scar tissue. 
Within the relatively unstructured scar tissue the growth cones 
appear to lose their sense of direction, as well as their motive 
force, and progress ceases. The regenerative effort does not 
result in the establishment of any connection (1). 

Although this synopsis of the regenerative process is very crude, 
it does highlight the three current approaches towards func- 
tional regeneration of the central nervous system. The struc- 
ture of the intervening issue can be improved, for instance by 
interposing a nerve transplant or a tube filled with Schwann 
cells between proximal and distal stump (2,3). The motive force 
of the growth cones can be maintained by the addition of trophic 
factors, thus increasing the chance of growth cones to broach 
the scar barrier (4). A direction vector can be imposed on the 
growth cones by the local application of tropic factors (5). 

The underlying assumption of all three approaches is, that once 
the gap is bridged by the regenerating growth cone, this growth 
cone will be able to navigate towards its appropriate target 
again, to reestablish a formerly present synaptic contact. This 
appears to be the case in the peripheral nervous system (6), and 
during development (7-10). In the peripheral nervous system, 
however, the number of necessary pathway choices is small, 

and paved paths are well possible (11,12). A paved path is a 
tract whose local environment is permissive to growth cone 
translocation along its longitudinal axis, and which is equipped 
with road-signs at each intersection. Reentry upon such a paved 
path, by coaptation of the severed stumps, or through a nerve 
transplant, will result in reestablishment of a connection, at 
least in the same effector or sensor area. 

Within the central nervous system the number of possible tar- 
gets is staggering, and the presence of paved paths much less 
likely, if not impossible. Even so the growth cones manage to 
navigate towards their targets in an orderly fashion, at least 
during development, resulting in the emergence of a hodologic 
pattern which is similar in different individuals. Here we will 
review the possible role of neurotropic factors during devel- 
opment. 

A trophic factor, like nerve growth factor, increases the trans- 
location velocity of the growth cone, and/or maintains a syn- 
aptic contact. If a nervous system explant is exposed in vitro 
to a point source of an appropriate trophic factor (inducing a 
concentration gradient of the trophic factor), those growth 
cones that are exposed to the highest concentration will grow 
fastest. The direction of growth cone translocation, however, 
will not be affected. Even so there will be a tendency for the 
generated axons to point towards the trophic factor source (13). 
Without the presence of a gradient, all growth cones will be 
affected equally. 

 
 



  

  

A tropic factor, like netrin, directs growth cone translocation 
along an axis parallel to the concentration gradient of the tropic 
factor, either towards (14) or away (15) from the point of high- 
est concentration. If a nervous system explant is exposed in vitro 

to a point source of an appropriate tropic factor (inducing a 
concentration gradient of the tropic factor), all growth cones 
will turn towards (or away from) the tropic factor source. In 
the absence of a gradient nothing happens. 

Though the activity of tropic factors as a guidance mechanism 
during development was first proposed by Cajal (16) and reit- 
erated by Sperry (17), it was not until 1983 that the first defi- 
nite proof of chemotropic acitvity was obtained, in a model 
system employing co-culture of chick trigeminal ganglion and 
skin explants (18). Since then tropic factors were implicated 
in the development of spinal commissural (19), corticopontine 
(20), corticospinal (21), corticothalamic (22), and cerebellar 
andbrainstem commissural connections (23,24). In 1994, the 
structure of a tropic factor, dubbed netrin, was described for 
the first time (14,25). 

It should be noted that the maximum possible radius of action 
of a neurotropic factor is short in relation to the distance be- 
tween axonal source and the projection target (excepting the 
commissural connections). Neurotropic factors will probably 
be effective over a distance of at most 1 mm (26), i.e. neuro- 
tropic attraction could lure a growth cone out of the white 
matter of the spinal cord into the gray matter of the cord, but 
could not induce the descent of such growth cones from the 
brainstem into the spinal cord. A second guidance mechanism 
is necessary for the growth cones to first reach the immediate 
vicinity of the projection target. 

Furthermore it should be noted that, though neurotropic fac- 
tor secretion would nicely resolve the target aquisition prob- 
lem in the case of a small spherical target, its secretion per se 

will lead nowhere in the case of larger targets; the afferent 
axons will attain the appropriate target, but the organization 
of the projection within the target can not be controlled. At the 
same time we do know that some of the projections in whose 
development neurotropic attraction plays a role are highly 
(somatotopically) organized in the adult. One could, of course, 
suppose the presence of many, subtly different neurotropic fac- 
tors emanating from one target area (27), but this leads to the 
same problem as the paved path approach; to many different 
neurotropic factors will be needed to organize all of the cen- 
tral nervous system.  

In the following section we will propose a guidance mechanism 

which employs neurotropic attraction in such a way that topi- 

cally organized connections ensue, while at the same time 

employing only one neurotropic factor per projection. In for- 

mulating this hypothesis we have assumed a biological ten- 

dency to generate simple, yet robust solutions to complex prob- 
lems (28). 

Neurotropic attraction will serve as a means for each target 
neuron to attract the appropriate growth cones, which travel 
through his sphere of neurotropic influence. This sphere is fi- 
nite, both in space and in time (29). Several variables are im- 
portant in the determination of the topology of the projection. 
Since neurotropic attraction of a certain target is finite in time, 
the time of arrival of the appropriate growth cones in a target 
area is essential, especially if the target is large, like the spi- 
nal cord. Time of arrival of the growth cones in its turn is de- 
termined by the starting time of axonogenesis, the (average) 
growth cone velocity, and the distance to the target. Distance 
to target increases in time, since the nervous system itself in- 
creases in volume, due to the continued addition of cells. This 
also implies that axons elongate by two mechanisms simulta- 
neously. The axon elongates by the deposition of continuous 
axonal tube in the area behind the growth cone (30), and by 
intercalated growth to accomodate stretch induced by growth 
of the surrounding tissue (31). 

It is possible that stretch-induced elongation is additive to tip 
elongation. In this case early generated axons will always profit 
more than late generated axons (their relative length being 
longer), and consequently reach further down the projection 
axis after having grown for the same amount of time (provided 
that tip-elongation speed is the same). It is also possible that 
the sum of tip elongation and stretch-induced elongation is 
constant, limited by the maximum production rate of the build- 
ing materials at the cell soma, and/or by the transport rate of 
these (32,33). In that case, too, the early growing axons will 
reach further down the projection axis after the same duration 
of growth. In both cases, the time-span between arrival of the 
first departed and the last departed axon from a certain (point) 
source would be larger than the time-span between departure 
of the first and the last axon from this (point) source. The in- 
crease is a function of the overall growth of the nervous sys- 
tem. This is an interesting property, since there might be a built- 
in size correction here. If overall size increases, both target size 
and time-spread of afferent arrivals are increased, though not 
necessarily in a linear fashion. 

In the case of point sources, the time of departure of each axon 
coincides with the initiation of axonogenesis, but in real sources 
its size and the orientation of its axonogenic gradient relative 
to a common exit point, will determine the time of departure 
from this common exit point. The result is predictable in those 
cases in which the axonogenic gradient points away from the 
common exit point; the time-span between departure of the first 
and the last axon from such a source would be larger than the 
time-span between genesis of the first and the last axon from 
such source. For other orientations the result is unpredictable,   
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for lack of solid data. The direction of the axonogenic gradients 
through most sources appear to coincide with the direction of 
the neurogenic gradients (34). Since the target, like the source, 
is extended and extending in space, it becomes important when 
neurotropic attraction starts in each part of the target area, and 
what rules govern its termination. At present we know nothing 
of these phenomena. We will assume a few, obvious rules. First, 
we assume that the direction of the neurotropic-attraction ini- 
tiation-gradient coincides with the direction of the neurogenic 
gradients. Since the birth time difference is a physical datum 
which discriminates cells (often in a spatially highly ordered 
fashion), it would be unexpectedly ineffective if the develop- 
mental machinery were not to exploit this difference. Second, 
we assume that neurotropic attraction ceases upon acquisition 
of an appropriate number of the appropriate afferent contacts. 
This assumption is not always necessary. 

We will study two examples, which differ in the geometry of the 
target area: the corticospinal projection, a linear target, and the 
corticopontine projection, a hemispherical target (Fig.l). In 
both cases, the source area is the cortex, a convoluted sheet of 
cells, to whose axons the entrance to the pedunculus cerebri 
serves as the common exit point. The neurogenic gradient of the 
cortex is like a wave front that ripples away from a central area 
located anterolaterally. This wave front travels rostrad, mediad 
and caudad simultaneously, but the general direction is from 
rostral to caudal and from lateral to medial (35,36). The axo- 
nogenic gradient follows the same general direction (34, 37- 
39). Departing growth cones enter upon a beaten path (the 
corticofugal tract), and continue along it until attracted by an 
appropriate neurotropic lure, or until no further headway can 
be made. A beaten path is a tract whose local environment is 
permissive to growth cone translocation along its longitudinal 
axis (40,41). 

Axons originating in the hindlimb region of the somatomotor 
cortex are the first to arrive in the spinal cord (42), followed 
by fibres from the forelimb region, from the frontal cortex and 
from the occipital cortex (43). Though, when comparing 
hindlimb and forelimb areas, the forelimb fibres arrive last in 
the spinal cord, they are the first to enter the spinal cord gray 
matter (Fig. 1). Subsequent ingrowth progresses smoothly along 
the cord, from rostral to caudal (44). While cervical ingrowth 
occurs, growth cones which have passed the cervical cord at 
an earlier stage continue caudad. We think this signifies that 
the spinal target neurons become neurotropic attractive in a 
rostrocaudal fashion, mimicking their generation gradient (45), 
and that the initiation of neurotropic attraction is timed to the 
arrival of (the last of) the forelimb region axons. The most 
proximal growth cone will be the first to react. The reaction is 
a perpendicular collateral sprout (46), which enters the gray 
matter and possibly acquires a target. The growth cone con- 
tinues along the descending path, probably at a lower speed 

(33). If the initiation of neurotropic-attraction gradient were 
to sweep down the spinal cord in a rostrocaudal fashion, this 
would result in the attraction, at each sequential rostrocaudal 
level of the spinal cord, of the most recently arrived (most proxi- 
mate) growth cones (Fig. 1). This will result in a projection in 
which the earliest arriving fibres will project the most distant 
along the axis of the target, and the latest arriving fibres the 
most proximate, as observed during the development of the 
corticospinal (44,47) and the rubrospinal (48,49) projections. 
Fibres from the frontal and occipital cortex, which arrive even 
later in the cord do descend for some distance along the spinal 
cord, but do not enter into the gray matter (46,50). Eventually, 
the spinal cord collaterals disappear (51,52). It is possible that 
the target neurons remain neurotropic attractive after afferent 
acquisition, but that the "spinal" factor is not appropriate for 
frontal and occipital cortical growth cones (53). It is also pos- 
sible that they enter upon a barren country, in which all ap- 
propriate neurotropic activity has ceased, and is continually 
ceasing in front of them (54). While all these assumptions do 
construct an elegantly simple developmental algorithm, there 
is not a shred of evidence to support it, apart from the proven 
presence of a chemotropic factor. In culture experiments, the 
growth cone orients itself towards the target, instead of gener- 
ating a collateral sprout (21). 

For lack of evidence for a neurotropic-attraction initiation-gra- 

dient we decided to investigate a target with a more complex 

geometry, which received afferents from the same source (55), 

by the same process of collateral budding (39), and for which 

the presence of a chemotropic factor was proven in the same 

experimental paradigm (20). 

The neurons of the basal pontine nuclei, a hemispherical mass 
of cells are generated and deposited inside-outwards (56,57). 
If the initiation of neurotropic-attraction gradient were to sweep 
along the neurogenic gradient (as in the spinal cord), we would 
expect ingrowth into the central area first, rather than into a 
rostral and caudal area as was described at that time (39). And 
indeed, we found that the ingrowth pattern closely adhered to 
the neurogenic pattern (58). Early arriving fibres enter central 
areas of the pontine nuclei, and progressively later arriving 
fibres enter progressively more superficial layers of the pons, 
avoiding the more central regions, resulting in separate ros- 
tral and caudal bundles of fibres entering the pons. Superim- 
posed on this inside-out ingrowth pattern is the mediolateral 
arrangement of the corticofugal fibres. Medially located fibres 
enter the subjacent, and thus medial, pons, etc. Medially lo- 
cated fibres originate in the frontal cortex, laterally located 
fibres in the occipital cortex (59). Both of these occurences con- 
form very well to the proposed model (Fig.l). In this case, 
however, the initiation of neurotropic attraction in the pons 
seems timed to the arrival of the first fibres rather than to the 
last.   
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Neurogenetic gradients    Corticopontine projection 

Corticospinal projection 

 

Figure 1. Neurogenic attraction: facts and fiction. 

Neurogenic gradients: Idealized neurogenic gradients. The cerebral cortex is generated along a lateromedial and a 

rostrocaudal gradient (35,36); in transverse sections through the cortex only the lateromedial aspect of the gradient is vis- 

ible. The pans is generated inside out (56,57). The myelum is generated along a rostrocaudal gradient (45), and at each 

level the ventral neurons are generated before the dorsal neurons. 
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We think a general rule can be derived which describes the 
relation between the projection geometry obtained and the 
neurogenic gradients of both source and target, and which is 
valid for all geometries (60). The predictions of this general 
rule unfortunately will have to be corrected for individual ax- 
onal growth speed, which is not necessarily the same for all 
source areas (61). 

Whatever the validity of the proposed organization mechanism, 
it must be clear that the interaction of spatiotemporal gradi- 
ents, whether derivatives from neurogenic gradients or not, 
must play a major role in the developmental machinery. 
Though this is by no means an original statement (see 57), not 
much is known about the dynamics of such gradients, nor for 
that matter on the dynamics of neurotropic factor secretion, nor 
on the volumetric growth of the nervous system. Essentially, 
our model holds that time-limited neurotropic attraction is a 
very convenient means to immobilize an otherwise temporo- 
spatial relation between a certain degree of maturity of the tar- 
get neurons and the proximity of some susceptible growth 
cones. The geometry of the obtained projection pattern is how- 
ever not dependent upon the neurotropic factor, but upon the 
relative geometry of source and target neurogenic gradients. 

If this were true, and we think it is, this would also predict that 
not much benefit can be gained from the application of either 
tropic or trophic factors (whether two really exist as separate 
entities or not) into or distal to a lesion site. The real challenge 
in the orchestration of the regenerative process will lie in the 
recreation of appropriate temporospatial gradients, or in the 
exploitation of temporospatial gradient generated by the degen- 

erative process (62). If gradients inherent to the degenerative 
process are to be exploited, then the regenerating axons will 
have to arrive as expedient as possible. To achieve this the 
application of exogenous neurotropic and neurotrophic factors 
will be an important tool. 
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