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conciusions 
It is generally accepted from studies 

of neuronal plasticity that sensory input 
is critically important for normal develop 
ment. The results of these studies in rats 
and to some extent those in man suggest 
that continued sensory input and perhaps 
continued use of the brain’s functional 
capacity may be necessary for mainten- 
ance of an optimally responsive CNS in 
old age. A decrease in sensory input to 
the brain due to degenerative changes in 
the sensory organs or perhaps to pro- 
foundly restricted social contact which 
can accompany old age in man will be 
reflected in reductions in metabolism 
and blood flow in brain regions involved 
in processing sensory information. Over 
a long period of time this ‘sensory depri- 
vation’ may result in ..morphological 
involution in some bram regions. If, 
however, vascular disease develops in 
cerebral vessels during senescence, the 
occurrence of age-associated degenera- 
tive changes is accelerated and may in 
fact be regulated by the intensity and 
the time course of the vascular changes. 
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Fibre order in the pathways 
from the eye to the brain 

C. Walsh and R. W. Guillery 

Some topographic order has long been recognized among the fibres of the visual 
pathways, but the analysis of this order has varied, depending on the species, on the 
part under study (near the eye or in the brain), and on the point of view and the 
methods of the investigator. In some regions thefibres are arranged as a map of the 
retinal surface, in some the order is more readily related to time of arrival during 
development and in some the order tk less easily read. Here we discuss the different 
interpretations, relate them to each other and to the developmental processes that 
produce a number of distinct visual field maps in the brain. 

Historical background 
The earliest descriptions of the 

orderly arrangement of fibres in the 
visual pathways were produced by 
clinical neurologists (see Ref. l), who 
compared clinically definable visual 
field losses with post-mortem observ- 
ations and showed a retinotopic organ- 
ization in all parts of the pathways. 
These observations, supported by ex- 
perimental anatomical evidence, were 
summarized in 1957 by Polyak’ and still 
form the basis of the usual textbook 
scheme, in which each optic nerve has a 
topographical representation of its 
retina and the optic tracts each have two 
overlapping, in-register maps of the 
contralateral visual hemifield, one map 
coming from each eye. 

The anatomical evidence available in 
1957 was largely based on the Marchi 
method. Although the Marchi method 
was widely mistrusted and produced 
results which varied from no order at all 
in the rat2, or a rough order in rabbit3 
and monkey4, to a rigid order almost, 
but never entirely in accord with the 
schematic representations (see Refs 1 
and 5), the textbook schema was 
accepted, probably because it fitted so 
well with developing knowledge of 
accurate central maps in the lateral 
geniculate nucleus and cortex, which 
were the focus of interest at the time. It 
is instructive to recognize that when the 
much more powerful method of Nauta 
became available in 1954, our concern 
was with the central relays; only a few 

studies dealt with the pathway@, and 
although these raised important pro- 
blems about the textbook view, they 
were not generally perceived as seriously 
challenging it. 

A third approach was used by sensory 
physiologists, especially George and 
P. 0. Bishop’.’ and Changg, who were 
searching for functionally distinct fibre 
groups and who distinguished three or 
more fibre classes on the basis of 
conduction velocities and, thus, fibre 
diameters in the cat. Their work and 
that of van Crevel and Verhaart” 
showed quite clearly that there is a 
significant change in fibre order between 
the optic nerve and the optic tract: 
whereas fibres of different diameter are 
mingled in the nerve, they are clearly 
segregated in the tract. If the textbook 
accounts had been correct for the cat, 
and the tract carried in register maps of 
two half nerves, then the marked 
rearrangement of fibre diameter classes 
would not have been possible. The 
problem was not addressed because the 
two sets of observations were never 
brought together by anyone attempting 
a general analysis of fibre arrangements 
in nerves and tracts. 

Developmental studies have played a 
fourth role in establishing that order in 
the pathways and order in the terminal 
maps can be treated as two separate 
problems. At first, Sperry’s demon- 
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stration”, that orderly retinotectal maps 
can regenerate in spite of an apparently 
inappropriate fibre order in the nerve, 
was taken as evidence that fibre order in 
the pathways was not relevant for the 
development of central maps and, for a 
period, fibre order seemed of little 
interest. More recently, as the general 
applicability of Sperry’s chemospecificity 
hypothesis was challenged, other ex- 
planations of central map formation 
were sought. It was argued that the 
pattern of axonal outgrowth through the 
pathways might provide sufficient clues 
for the formation of retinotopic maps, 
and a number of studies of the pathways 
have been undertaken. While some 
have made extravagant claims about the 
order in the pathways’*, collectively 
they have focused attention on the part 
played by fibre order and have helped 
to define what the fibre order actually 
is. 

Fibre order in the cat’s optic nerve and 
tract 

The fibre order maintained in the 
cat’s visual pathways was recently tested 
in a simple and striking experiment13. 
Horton and colleagues made a small 
injection of horseradish peroxidase into 
the cat’s lateral geniculate nucleus 
which produced retrograde labelling of 
eight near-neighbour retinal ganglion 
cells and their axons. As the axons 
entered the optic nerve they were close 
together, but on their way to the chiasm 
they became widely scattered. This 
evidence seems to stand in clear con- 
tradiction to the clinical evidence for 
retinotopic order (see above). While 
this apparent contradiction may reflect 
species differences, other experiments 
suggest that a retinotopic organization, 
definable in the nerve when many fibres 
are studied14, is not seen when only a 
few fibres are traced. Clearly, clinical 
evidence concerns a loss of large pop- 
ulations of fibres, whereas Horton et 
al. i3 were studying a small number. 

In the cat, then, there is a change of 
fibre order as the optic nerve is traced 
from the eye to the chiasm, and con- 
sequently, fibre order in the tract 
follows a set of rules which is distinct 
from those governing order in the 
nerve. This conclusion also emerges 
from a number of recent studies of non- 
mammalian forms. 

Fibre order in the non-mammalian optic 
nerve 

Herrick” studied normal silver pre- 
parations from Amby.sfoma, in order to 
confirm Stroer’P earlier description of 

a precise retinotopic mapping all along 
the optic nerve of Triturus. Although 
Herrick traced axon fascicles from each 
retinal quadrant into the distal parts of 
the optic nerve, he could not confirm 
Stroer’s results. He found instead, an 
extensive intermingling of fibres from 
different fascicles along the nerve. Close 
to the chiasm, a different set of fascicles 
emerged. The larger, older fibres which 
were identifiable before metamorphosis, 
apparently coming from all four retinal 
quadrants, could be traced into the 
deeper parts of the optic tract, while 
the smaller, younger, fibers were nearer 
the pial border. That is, in the nerve 
Herrick found a reorganization of the 
fibre order, and within the tract he saw 
an arrangement according to fibre dia- 
meter, which could be interpreted as 
representing the age of fibres. 

A reorganization of fibre order has 
been described in the optic nerve of 
many different species, but the fibre 
order shows some variations between 
species. Recent studies of other am- 
phibians and of fish have confirmed 
Herrick’s observations of a change in 
fibre order along the optic nerve. Near 
the eye there are a variety of mappings 
of the retina’7-22, and these can be 
regarded as maps of the retinal surface, 
or of the order of ganglion cell pro- 
duction (a ‘chronotopic map’ see Ref. 
23). The two are equivalent in these 
species because the retina adds new 
ganglion cells as concentric rings in a 
topographically precise marine?‘***. 
Nearer the brain, the grouping of fibres 
according to age is maintained, but 
there is a mixing of fibres from within 
each annulus, so that the evident retino- 
topic order of the fibres is lost. Although 
it is difficult to arrive at a broad, 
inclusive generalization about fibre 
order in these several species, it is clear 
that there is a change in fibre order as 
the axons pass towards the brain. 

A generalization about the optic tract 
In contrast with the optic nerve, the 

optic tract shows an organization that 
can be generalized for all vertebrates. 
Herrick’s analysis, showing that the 
oldest fibres of the tract are the deepest, 
was experimentally confirmed26, and is 
found in several non-mammalian spe- 
cies ‘8*2s-25. Age is rather accurately 
represented by the radial dimensions of 
the retina and in the tract the retinal 
rings are represented as layers parallel 
to the pia (see Fig. 1). Fibres from the 
four retinal quadrants are also segregated 
in the optic tract of non-mammalian 
vertebrates (Fig. 1) and the rough map 

thus formed can be regarded as a 
precursor of the maps made by the axon 
terminals. In development, tract order 
does not depend on pre-existent term- 
inal maps: Some aspects of the map are 
present when the first retinofugal fibres 
enter the tract, before the tectum is 
invaded*’ and, further, an early removal 
of the tectum, before it is invaded by the 
retinal afferents, does not change the 
fibre order in the tract”. 

The mammalian optic tract has been 
most closely studied in cats, in which, at 
first sight, the fibre arrangement looks 
extremely complex, quite unlike either 
the classical scheme or the non-mam- 
malian pattern. However, some order 
appears if an analysis is made in terms 
of the several ganglion cell classes (indi- 
cated in terms of large and medium cells 
in Fig. 1). These classes are distinguish- 
able by morphological and physiological 
criteria, which are well established and 
can be related to axon diameters and 
conduction velocities in the tract”. 
Torrealba et al. ” studied the retrograde 
labelling of retinal ganglion cells after 
injections of horseradish peroxidase 
into parts of the optic tract, and showed 
several separate, overlapping rough 
retinal representations in the tract, each 
being contributed by one ganglion cell 
class. 

These several maps can also be seen 
as representing the sequential order of 
arrival of retinofugal axons in the tract, 
with the oldest axons furthest from the 
pia (Fig. 1). However, the relationship 
is less evident than in frogs or fish 
because retinal development in mam- 
mals does not follow a strict central: 
peripheral sequence 3a-34. Rather, studies 
of ganglion cell ‘birthdates’, using 3H 
thymidine, show that the several gang- 
lion cell classes are produced as separate 
but partially overlapping, broad waves, 
each starting near the central retina and 
progressing towards the periphe$‘-34. 
The chronological relationships of these 
waves of cell production correspond to 
the spatial relationships established by 
their axons in the tract. For example, 
the medium sized p-cells are produced 
early and their medium caliber axons lie 
deep in the tract; the largest, a-cells are 
produced later and their large axons he 
nearer the surface; the last wave of cell 
production includes mainly small cells (y 
and E; not shown in Fig. l), and, 
correspondingly, many fine axons lie 
nearest the pia2g,3’-33. 

A more direct demonstration that the 
oldest fibres lie deepest in the tract has 
been obtained in ferrets, a close relative 
of the cat, with a comparable retino- 
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Fig. 1. Schematic represenrarions of fibre order in the opttc tract in terms of he relative ages of rhe fibres 
and of their rednoropic arrangements. 

The upper figure (adapted from Refs 18 and 26) represenlr the opfic rract of Rana. D, V, T, and N 
show the posittons of fibres from the dorsal, venrrat. temporal and nasal retina respectively. The numbers 
indicate the central-peripheral order (I being most central), and the relative age of the fibres, since the 
cenrral fibres are the oldest. The youngest fibres always grow next IO the pia (which is shown by oblique 
hatching IO the lefr), displacing the piat surface as the brain grows and more fibres enter the tract. 

The lowerfigures (adapted from Ref. 29) represent the car’s optic rract. Here a singlesection through rhe 
rracr b shown four rimes. In sections 1, 2 and 3 the shaded portions show the distribution of different fibre 
componenu as indicated. each component being somewhat displaced relative IO the others. Fibres from the 
medium sized contralaterat ganglion ceils appear IO enter rhe tract earliest (1) and are then joined by fibres 
from medium sized ipsiiateral ganglion celts (2) and by fibres from large cells (31, rhe crossed fibres being 
siighdy dtsplaced relative IO the uncrossed jibres, as indicated by the two arrows in 3. 

The central area of the rerina is represented by a small circle in rhese figures. the horizontal meridian by 
an arrow. D, V, T, and N indicate parts of the retina as in the upper figure. The pial surface ir IO the lower 
iefr and, ac in Rana, Ihe oldest fibres are fio?hest from rhe pin. 

The several componenrr of the add cat’s optic tract are shown superimposed in rhe lowesr part of the 
figure (1, 2 and 3), where one sees a record, rarher like a geological record, of the sequence of the ingrowth 
of the Jbres. 
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fugal system. The oldest fibres can be 
preferentially labelled with axonal 
markers injected into one eye during 
the period of axonal outgrowth35. After 
short survival times (24 h), axons 
throughout the tract are labelled, but 
with longer survivals, the youngest 
axons, which were produced after the 
injection, carry no label and lie nearest 
the pia. These experiments have 
demonstrated the temporal sequence of 
tract production, and have also shown 
that tract order is present at an early 
stage, before the axons have entered the 
subcortical relays. 

In the optic tract of cats and ferrets, 
then, as in non-mammalian vertebrates, 
the direction perpendicular to the pial 
surface represents the radial dimension 
of the retina. However, the topographic 
maps of the retina present in the cat’s 
optic tract are not like those of fish or 
amphibians. Not only does each gang- 
lion cell class in the cat have its own 
map, corresponding to its own wave of 
cell production, but the relationships 
established between the maps of the 
nasal and temporal retinae differ (Fig. 
1). In fish and frogs, fibres from the 
retinal quadrants tend to be separated 
from each other. In the cat, the upper 
and lower retinal quadrants are also 
segregated in the tract, but in each tract 
the nasal quadrants from one eye and 
temporal quadrants from the other 
overlap, as though the maps of the 
retinae had been folded along the 
vertical meridian “. This agrees with the 
classical view of in-register maps of 
homonymous hemiretinae and corres- 
ponds to the terminal maps in the 
relays: in mammals that have significant 
binocular vision, the retina is not 
represented centrally as a single map of 
the whole retinal surface as in the non- 
mammalian tectum, but as two in- 
register maps of homonymous hemi- 
retinae, each represented in a different 
layer or set of layers36. Again, the 
relationship between these hemiretinal 
maps can be represented by. folding a 
schematic retina along the vertical 
meridian (see Fig. 1). 

The maps in the optic tract can, 
therefore, be regarded as being anti- 
cipatory of the maps formed in the 
central relays: the maps that lie deepest 
in the tract also lie deepest in the 
relays29 and the retinal quadrants are 
appropriately arranged. 

Developmental considerations relating to 
the differences between the optic nerve 
and tract 

There are two possible approaches to 
understanding the differences between 
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the optic nerve and tract. One is to 
consider the growing axons in relation 
to their cellular environment, looking 
for the physical or chemical factors that 
influence the direction of axonal growth. 
The other is to take a more teleological 
view and consider that the development 
of nerve and tract differ because the 
sorting of fibres in the nerve must be 
appropriate for the chiasmatic segre- 
gation, whereas that in the tract must lead 
to an appropriate order of terminals in 
the relays. These are not opposing views. 
Rather, the relationships revealed by one 
approach may suggest mechanisms for 
solving problems raised by the other. 

The first approach, of considering the 
relationships of the earliest axons, 
demonstrates two quite different cellular 
environments in nerve and tract. The 
nerve develops from the simple, tube-like 
eye stalk, made up of columnar cells. The 
early axons are embedded in individual 
cells, forming distinguishable bundles”‘-“‘. 
In contrast, the tract develops at the 
surface of the diencephalon, the axons 
relate to the outer processes of radial 
glial cells, at some distance from the 
glial cell bodies, and appear to be added 
in layers to the sub-pial surface. This 
method of adding fibres to the surface 
of a developing pathway may be 

% 
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common. It was described by His ” in 
the spinal cord and more recently in 
other systems41a2. This surface addition, 
which may depend on the properties of 
the sub-pial surface, will naturally 
produce chronotopic maps. However, 
this pattern of growth must be sup- 
plemented or overruled by others 
wherever axons pass deep into the 
brain. Further, while surface addition 
can provide a basis for chronotopic 
order it does not provide a key to the 
orderly separate mapping of the retinal 
quadrants. 

The second approach, of considering 
the fibre segregation which must be 
produced in the adult, leads one to 
expect that nerve and tract must have a 
different order in any species having a 
significant partial decussation in the 
chiasm. It further provides a possible 
clue to understanding some of the 
differences between species in the optic 
nerve because there are major differ- 
ences between species in the pattern of 
the chiasmatic sorting. In some, there is 
no chiasmatic sorting at all, but a 
complete crossing of the two nerves5**‘, 
in some only the axons from the nasal 
retina cross1 , whereas in many species 
one finds a complex intermediate 
situation: there is a population of 
ganglion cells with a complete decus- 
sation and another population of gang- 

lion cells with a partial decussation5**“. 
Given these complexities, and given 
that the fibre order in the optic nerve 
may play a role in producing the 
chiasmatic segregation, as well as con: 
tributing to a segregation anticipatory of 
terminal order, it is not surprising that 
there are no simple generalizations 
about fibre order in the nerve. 

General conclusions 
We have seen that a new interest in 

developmental problems has produced 
a new view of fibre order in the visual 
pathways. In its turn, knowledge of the 
fibre order can lead to a re-evaluation of 
some developmental problems. Cur- 
rently a major focus is on the develop- 
ment of the pathways. However, there 
is no reason why the new views on fibre 
order should not, in turn, influence 
electrophysiological or clinical studies 
again. For example, once it is rec- 
ognized that a large part of the cat’s 
optic tract is free of a cell fibres, it 
becomes possible to consider making 
selective lesions to destroy, for a 
definable part of the visual field, some 
of the functionally distinct retinofugal 
cell types while sparing others. The 
possibility that lesions can destroy only 
some of the components arising from a 
patch of retina should be of interest to 
sensory physiologists and may also lead 
to a reconsideration of the clinical 
effects of partial lesions in the pathways. 
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