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CHAPTER 25 

What do developmental mapping rules optimize? 

Meijuan Xiong and Barbara L. Finlay" 

Department of Psychology, Come11 Universi& Ithca, Ny 14853, USA 

Convergence ratios between pre- and postsynaptic cells in the 
visual system vary widely between cell classes, areas of the 
visual field, between individuals and between species. Proper 
stabilization of the convergence and divergence of single vi- 
sual neurons is critical for visual integration generally, and for 
specific functions such as those of rod and cone pathways, or 
the center and peripheral regions of the visual field. In early 
development, retinal ganglion cells, target cells and all their 
processes are produced in excess and stabilize at certain 
mature values. The intent of the investigations described here 
is to determine what features of cell connectivity are stabilized 
over normal variability by these developmental processes and 
how such stabilization is accomplished, using the developing 
mammalian retinotectal system as an example. 

Orderly compression of the retinotopic map into a half 

tectum was induced by a partial tectal ablation at birth in 
hamsters, increasing the ratio of retinal ganglion cells to 
superior colliculus target cells. The convergence problem is 
solved in this case by undersampling the spatial array with 
respect to normal, preserving local spatial resolution, but 
potentially reducing sensitivity or introducing aliasing arti- 
facts. Receptive field sizes of single neurons are indistinguish- 
able from normal. and reduction of branching of presynaptic 
axon arbors is the mechanism of the remapping. Behaviorally, 
though the entire visual field is still represented in the remain- 
ing colliculus, the solution has a cost in decreased probability 
and increased latency to orient to visual stimuli, particularly in 
the peripheral visual field. The generality of this solution for 
retinal and other central Convergence regulation problems is 
evaluated. 

Introduction 

During development, the visual system must solve 
functional problems that are defined at the level 
of visual information processing, using mecha- 
nisms that are defined at the level of interactions, 
growth, and trophic requirements of cells. These 
problems must often be solved in the absence of 
any immediate evaluation of visual function, leav- 
ing the tuning of developmental processes only 
under the control of natural selection. In most 
cases of early nervous system development, there 
is substantial variability in the initial deployment 
of neurons and their processes, but a reasonably 
stable adult solution is produced. What features 
of visual organization are optimized in early de- 
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velopment, and how is that control expressed 
through the interactions of developing neurons? 

The particular case we will discuss is the con- 
trol of convergence between populations of neu- 
rons in the visual system. The total number of 
neurons projecting to a number of neurons in a 
target structure sets the boundaries of conver- 
gence, but within these limits, any solution is 
possible: an afferent neuron could establish a 
synaptic connection with every neuron in the tar- 
get population, or with only one. Close to this 
range of variability is seen in the visual system, 
from the one-to-one convergence of retinal neu- 
rons in the primate fovea to the extended dis- 
tribution of wide-field amacrine cells. Differences 
in convergence ratios are directly related to the 
different functions of the retina, within individu- 
als and across species. The low convergence ratio 
from cones to ganglion cells in the central retina 
preserves high acuity in photopic conditions but 
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sacrifices sensitivity, whereas the high conver- 
gence ratio from rods to ganglion cells in the 
peripheral retina allows high sensitivity in sco- 
topic conditions but loses spatial resolution. Dif- 
ferent functional cell classes, such as the X/Y, 
color-opponent or motion sensitive classes re- 
quire different organization of input convergence. 
Across species, highly developed central vision 
versus panoramic vision require variable conver- 
gence across the retina in the first case, and more 
consistent convergence in the second case. 

What might happen if an array of target neu- 
rons is reduced by some fraction, with the re- 
quirement that the entire input array must be 
represented in the target structure? Two classes 
of solutions are possible. The number of neurons 
in the target population projecting to any one 
target neuron could increase: a cell usually receiv- 
ing four inputs might accept eight, spread over a 
larger area of visual field. This solution lowers the 
spatial frequency represented by the targets, blur- 
ring spatial resolution, but preserves some mea- 
sure of sensitivity by keeping the number of tar- 
get neurons potentially reporting activity in some 
visual field location as high as possible. Alterna- 
tively, the number of neurons projecting to a 
target neuron could be held constant, but the 
number of neurons in the target structure repre- 
senting any particular location in the visual field 
could be reduced. This preserves high frequency 
selectivity, but spatial localization may be com- 
promised. To adequately sample a simple sine 
wave, a sampling array must at least give one 
sampling point for every peak and trough of the 
sine wave, and for a given sampling array with a 
regular sampling interval (d), the highest fre- 
quency sine wave (1/2 d) which can be unam- 
biguously represented, is referred to as the 
Nyquist limit (Rowe, 1991). Spatial undersam- 
pling may occur when the frequency of the stimu- 
lus is above the Nyquist limit. For example, when 
spatial frequency of the sine wave is higher than 
the Nyquist limit of the sampling array, the out- 
put of the sampling array is ambiguous. A high 
frequency sine wave would appear to the system 
to come from a lower frequency, a phenomenon 

called aliasing. Additionally, since fewer target 
neurons can report the stimulus, sensitivity of the 
target neuron population to a visual stimulus of 
constant size is reduced. 

Variation in population convergence ratios al- 
most certainly occurs commonly in normal devel- 
opment, and certainly occurs over evolution. 
Which solution does the visual system favor, and 
how is it executed? Note that the ‘best’ solution 
might differ by cell class, e.g. photopic cells might 
choose blur, and scotopic cells spatial undersam- 
pling. 

Some examples of convergence variation and their 
relation to measured acuity 

Sterling et al. (1988) demonstrated that the con- 
vergence ratio between cones and ganglion cells 
set visual resolution close to the Nyquist limit. 
They determined the convergence of cones onto 
ganglion cells by tracing dendrites through serial 
ultrathin sections from electron micrographs in 
the cat. In the cat, 16 cones converge onto four 
cone bipolar cells which then converge onto one 
ON-beta ganglion cell. The Nyquist limit for the 
cone array is 18.7 cycles/degree, however, the 4:l 
convergence of cones onto cone bipolars reduces 
the resolution of the cone signal by a factor of 
four to about 9.3 cycles/degree, which is very 
close to the Nyquist limit for the cone bipolar 
(CBbl) array alone (the Nyquist limit for the cone 
bipolar array alone is 9.2 cycles/degree). In con- 
trast, the rod system appears to have a much 
higher convergence ratio: 1500 rods converge onto 
100 rod bipolars which can innervate five AII 
amacrines, eventually innervating one on-beta 
ganglion cell. The Nyquist limit for rods in the cat 
is 64 cycles/degree, which would be reduced to 
about 14 cycles/degree by a u):l convergence 
onto rod bipolars. This higher convergence ratio 
compared to cone-bipolar convergence sacrifices 
resolution but gains higher sensitivity. Behavioral 
measurements of visual resolution are consistent 
with the anatomical data. The cat beta ganglion 
cells can resolve gratings as high as 9 cycles/de- 
gree (Cleland et al., 1979). 
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Convergence ratios have considerable variabil- 
ity from one region to another region in the 
retina within individuals and across species. In 
the rabbit, there is a potential convergence of 
seven rod bipolars onto one AII amacrine cell at 
the peak visual streak, 11-16 rod bipolars in the 
inferior retina, and as many as 40-75 rod bipolars 
may converge on each AII amacrine cell in the 
superior retina (Vaney et al., 1991). In the pri- 
mate fovea, one cone connects to one ganglion 
cell (Wassle et al., 19901, and the ratio of cones to 
ganglion cells increases continuously toward the 
peripheral retina where at 10 mm eccentricity 
there are 16 cones for each ganglion cell (WLsle 
and Boycott, 1991). 

In the visual pathway beyond the retina such as 
the projection from the retina to the visual cortex 
through the LGN or the SC, there are also vari- 
ous convergence solutions. An example of varia- 
tion in convergence ratios has been reported in 
the macaque (Schein and de Monasterio, 1987; 
reviewed in Finlay and Pallas, 1989). In the 
geniculocortical projections, the convergence ra- 
tio between parvocellular cells and layer 4 visual 
cortical cells remains relatively constant from 
central to peripheral visual field. However, the 
convergence ratio of magnocellular cells upon 
layer 4 cells increases from center to periphery by 
about a factor of seven. 

How are these different convergence ratios set 
during development and what is the structural 
basis for variations in the convergence ratio? A 
large, but fully definable set of developmental 
mechanisms could be responsible (Fig. 1). 

Developmental processes underlying array 
matching 

Fundamental developmental mechanisms that es- 
tablish convergence ratios are cell generation, cell 
death, variation in axonal arbor, synaptic density 
and variation in dendritic arbor. Each of these 
could serve as an independent or dependent vari- 
able: for example, excess neurogenesis might up- 
regulate synaptic density in a target population, 
or depression of the growth of synaptic arbor 

might increase afferent cell death. Cellular recog- 
nition and response to changing convergence con- 
ditions could take many forms, including trophic 
interactions, competitive interactions between 
afferent neurons or any number of types of activ- 
ity-dependent stabilization. 

Cell generation 

At a population level, numerical matching may be 
set by neurogenesis alone. This has most often 
been described in invertebrates, in which individ- 
ual cells are identifiable and in which cell death 
may play a limited role (see review by Williams 
and Herrup, 1988). In vertebrates, even though 
substantial cell death may reduce both afferent 
and target populations, in some cases, the initial 
afferent/target neuron ratios persist unchanged 
(Speny, 1990). 

Cell death 

Overproduction of cells and subsequent cell death 
is a common feature of developing nervous sys- 
tems. Cell death does appear to stabilize particu- 
lar ratios of afferent-to-target neurons in some 
interconnecting populations. Perhaps the best ex- 
ample of this is the numerical relationship 
between Purkinje cells and their granule cell in- 
puts. Herrup and Sunter (1987) have studied 
granule cell death in chimeric mutants of mouse 
and have shown that numerical imbalance of 
Purkinje cells and granule cells is corrected lin- 
early by cell death in granule cells. It is unclear 
whether this is a general rule. Doubling the size 
of target tissue in a case where half of the affer- 
ent cells normally die does not prevent all cell 
death (reviewed in Oppenheim, 1991); similarly, 
large removals of target can result in no change 
in afferent neuron survival, due to axon remodel- 
ing (reviewed in Finlay, 1992). 

Axom1 remodeling and collateral elimination 

Often in early vertebrate development, axonal 
terminal arbors are widespread, and later excess 
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branches are retracted and axonal arbors are 
refined. To cite a well-known example, the retino- 
geniculate axonal arborizations are initially dif- 
fuse and then later restrict their territory and 
segregate into eye-specific laminae (Shatz and 
Sretavan, 1986). Callosal projections from sensory 
cortex are very diffuse in neonates and later are 
pruned to the adult form (Innocenti et al., 1977). 
This developmental process does not function to 
regulate the number of afferents and target cells, 
but rather the types and spatial extent of input a 
postsynaptic neuron receives. 

Dendritic and synuptic mnwdeling 

Dendritic arbor and synaptic density have been 
shown to be quite malleable in development, 
principally in cases where changes in total activity 
or learning have occurred (Greenough and Bai- 
ley, 1988). Developmental sculpting of functional 
systems by hormones often targets the dendritic 
arbor of target cells as a means of regulating the 
number of cells and c o ~ e ~ t i v i t y  of a multiple- 
neuron circuit (Sengelaub, 1986) 

Experimental manipulation of afferent / target 
cell ratios: compression and expansion of the 
retinotectal projection 

‘Compression’ of projections into experimentally 

reduced targets has been demonstrated in both 
regenerating and developing nervous systems. Af- 
ter removal of part of the tectum, the retina is 
able to compress its projection into a smaller than 
normal tectal volume while preserving topo- 
graphic order in the goldfish (Gaze and Sharma, 
1970) and frog (Udin, 19n). In the hamster, early 
partial tectum ablation results in compression of 
the retinotectal projections (Jhaveri and Schnei- 
der, 1974; Finlay et al., 1979a) (Fig. 2). Similarly, a 
hemi-retina can expand in an orderly way into a 
complete tectum in goldfish (Schmidt et al., 1978). 
In the hamster, neonatal enucleation of one eye 
results in the loss of the normal massive con- 
tralateral projection to the superior colliculus, 
and an expanded ipsilateral projection from the 
remaining eye (Finlay et al., 1979b) (Fig. 2). 

Compression of the retinotectal projection of 
the hamster can be demonstrated both electro- 
physiologically and anatomically. Multi-unit 
recording in the tectal fragment reveals that the 
visual field is represented in an orderly way in the 
residual tectum and the size of multi-unit recep- 
tive fields is increased (Finlay et al., 1979) (Fig. 3, 
left). The area of retina projecting to a zone of 
defined size in the tectum is larger in ‘com- 
pressed’ animals (Pallas and Finlay, 1991) (Fig. 4). 
In contrast, the size of single unit receptive fields 

NORMAL 
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Fig. 1. Schematic of a size disparity experiment. 
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Eye 

Optic Nerve 

Tectum 

Normal PT Enuc 
Fig. 2. Schematic of (left) the normal mapping of the two retinas on the normal colliculus of a hamster; (center) a hamster with a 
partial lesion of the superior colliculus on the day of birth and (right) a hamster with one eye enucleated at birth. 

remains constant (Pallas and Finlay, 1989) (Fig. 3, 
right). Moreover, a number of properties of single 
neuron responses, such as selectivity for stimulus 
velocity and preferred stimulus size also remains 
normal. Therefore, the convergence from retinal 
ganglion cells to the tectal fragment is increased 

at the population level, but it remains the same at 
the single neuron level. This solution to compres- 
sion of a projection thus retains the spatial reso- 
lution of single tectal neurons, but reduces the 
number of neurons representing any particular 
location in the visual field. Spatial resolution is 

Single Unit Receptive Fields 
301 

Multi-unit Receptive Fields 
1 

40 

Y) 

b u V c 

* * 20 

30 
r 0 0 

10 

0 

10 2I 
0 

Receptive Field Size, degrees Receptive Field Size, degrees 
Fig. 3. Comparison of frequency histogram of the receptive field diameters of multi-unit evoked response in normal and 
partially-ablated superior colliculi (left) and the same for single-unit evoked responses (right). 
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maintained at the potential cost of spatial local- 
ization and sensitivity. 

Developmental mechanisms producing this 
solution 

Cell death 

After partial unilateral ablations of 20-75% of 
the caudal tectum in neonatal hamstem resulting 
in a compression of the entire contralateral visual 
field on to the remaining tectal fragment, there 
was only a minor increase in cell death (8%) in 
the contralateral retina and no change in cell 
death rates within the tectum (Wikler et al., 1986). 
This means that a half-sized tectum would poten- 
tially face double the amount of retinal inputs 
(Fig. 4). 

The ‘population match’ hypothesis for cell 
death (reviewed in Hardburger and Opjxnheim, 
1982; Oppenheim, 1991), that neuronal death 
serves to quantitatively match the numbers of the 
projecting neuronal populations to the numbers 
of their targets is thus not supported in this case. 
Violations of this hypothesis, however, are com- 
monplace (reviewed in Finlay, 1992). The residual 
tectum accommodates an apparently larger than 
normal ratio of retinal inputs, indicating that 

N118.07L N118.07R N905.04R 

20 % 30 % 64% 

PT907.01L PT833.01L PT907.03L 

mechanisms other than death of excess retinal 
ganglion cells are involved in the compression of 
visual field onto the tectum. 

Syna@anddendriticremodeling 

One way to keep the convergence at the single 
neuron level stable would be to increase synaptic 
density without a reduction in ganglion cell axo- 
nal arbors. We tested this hypothesis by electron 
microscopy to compare the synaptic density 
between normal and partially ablated tectum. The 
synaptic density did not increase in the tectal 
fragment (Xiong and Finlay, 1993). Since the 
volume of neuropil to neurons is unaltered, we 
can also infer that the number of synaptic sites 
per postsynaptic neuron is constant. A similar 
result is found in the regenerating compressed 
retinotectal projection of gol&h (Murray et al., 
1982; Hayes and Meyer, 1988). Thus, synaptic 
density is not up-regulated by excess input and is 
not responsible for the constant spatial conver- 
gence at the single neuron level. 

Retinal ganglion cell aroma1 arbor sue and 
comphig 

Using in vitro H R P  injection to reconstruct reti- 
nal ganglion cell axonal arbors in the partial 

W 
N908.01L 

78% 

w 
pT907.0 1 R 

Fig. 4. Examples of the area labeled in the retina by injection of a constant amount of HRP in four normal superior colliculi (upper 
row) and four partially ablated colliculi (bottom row). 
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Fig. 5. Examples of axon arborization after early expansion of the retinotectal projection (left), the normal case (middle), or 
compression (right). 

tectum, we saw that the retinal ganglion cell 
axonal arbor area was markedly reduced from 
normal (Fig. 5). The basic geometry of the arbor 
is unchanged branch density within the area cov- 
ered by the arbor is normal, but the number of 

branches and the area over which the arbor 
spreads are reduced (Xiong et al., 1994) (Fig. 6). 

Many studies have shown extensive axonal ar- 
bor remodeling during initial growth and regener- 
ation of axons in the central nervous system 
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Constant Synaptic Density 
Reduction of Axon Arbors 

Fig. 6. Schematic drawing of the hamster's solution to a reduction in postsynaptic terminal sites in the retinotectal position. 

(Shatz, 1990). The most studied system is the 
retinotectal projections in fish and frogs, in which 
the structure of retinal axonal arbors is extremely 
dynamic (Reh and Constantine-Paton, 1984; 
O'Rourke et al., 1990,1994). Remodeling of reti- 
nal axon terminal arbors contributes both to the 
refinement of the topographical map and also 
helps maintain retinotopography as the entire 
retinal projection shifts in the tectum to compen- 
sate for differences in growth patterns in the 
retina and tectum (Gaze et al., 1979; Reh and 
Constantine-Paton, 1984; Easter and Stuermer, 
1984, ORourke et al., 1990,1994). 

Behavioral consequences of compression of the 
retinotectal projection 

In general, the most dramatic deficits after col- 
liculus ablation are related to attending, localiz- 
ing, and orienting to sensory stimuli (Stein and 
Meredith, 1993). Evidence from physiological 
studies also suggests that neurons in the superior 
colliculus have sacrificed the capacity for accurate 
spatial resolution and detailed analysis of objects, 
but serve optimally for the detection of direction 
and velocity of a moving stimulus. Common re- 
sponse properties for all visual neurons in the 
superficial layers of the mammalian superior col- 
liculus have been described (Vanegas, 1984). 

A. 
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Fig. 7. (A) Comparisons of percentage of correct responses in 
a sunflower seed orientation task among normal, partial tec- 
tum-ablated and complete tectum-ablated hamsters. X-axis: 
visual angle in degrees. Y-axis: percentage of correct respon- 
ses. (B) Comparison of response latency of sunflower seed 
orientation between partial tectum-ablated and normal ham- 
sters. Y-axis, response latency; open circles, normal; open 
triangles, partial ablations; open square, complete ablation. 
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Neurons have receptive fields larger than those 
found in the geniculo-cortical system without sep- 
arate on and off regions. Most neurons respond 
to both binocular and monocular stimuli, moving 
stimuli at relatively low velocities are preferred 
and some cells exhibit orientation specificity. 
Neurons in the tectum also respond optimally to 
stimuli far smaller than their receptive fields. 

In the hamster, one behavior dependent on the 
superior colliculus is orientation to the head and 
body toward small objects, particularly in the pe- 
ripheral visual field. In the central visual field, 
hamsters without a superior colliculus can still 
notice and approach food items (Schneider, 1969; 
Mort et al., 1980; Finlay et al., 1980). We used 
orientation to sunflower seeds to assess orienta- 
tion behavior of the hamster. The hamster was 
first trained to face straight ahead on a small 
platform, and the sunflower seed was presented 2 
cm away from several directions, both in the 
horizontal planes, and 45” above the hamster’s 
head. 

All ‘compressed’ animals perform as well as 
normal hamsters in their central visual field, the 
part of the field not dependent on the colliculus, 
but the response degrades towards the visual pe- 
riphery (Fig 7a). Their performance level, how- 
ever, is higher than that in animals with a com- 
plete tectal ablation (data replotted from Mort et 
al., 1980; Figs. 7a,b). In the peripheral visual field, 
both normal and ablated animals show greater 
latency to turn their heads in order to pursue 
sunflower seeds. Colliculus-ablated animals have 
even greater latency in organizing an orientation 
response to sunflower seeds than normal animals 
(Fig. 7b). Therefore, while hamsters with com- 
pressed projections show spared orienting behav- 
ior throughout their visual field, consistent with 
the representation of the full visual field in their 
colliculus, they fail to detect the stimulus a greater 
proportion of the time and take longer to respond 
when they do respond. 

Activity dependence and convergence ratios 

Summarizing these results, when retinal ganglion 

cells confront a smaller-than-normal tectum in 
development, preservation of spatial resolution at 
the level of the single neuron is the result, reduc- 
ing the number of cells representing any particu- 
lar receptive field location. This remapping is 
achieved primarily by reduction of retinal gan- 
glion cell axonal arbors (Fig. 6). Behaviorally, 
while orientation is preserved over the entire 
visual periphery, it is slower and less accurate. 
We hypothesize that the compression of the 
retinotectal pathway has impaired the recruit- 
ment of the motor response of orienting. When a 
sensorimotor transformation is performed, the 
collicular output signal which is coded spatially 
has to be transformed to a drive for motoneurons 
which are coded temporally. Recruitment of this 
driving force may be impaired due to fewer cells 
in the superior colliculus representing each reti- 
nal location. Alternatively, spatial sampling may 
be distorted. Such neuronal scrambling could 
come from irregularity of distances in the sam- 
pling array, size of sampling elements, or spatial 
dislocation of connections. Hess and Field (1993) 
have argued that the loss of resolution in the 
human peripheral visual field comes from uncali- 
brated disarray rather than from spatial under- 
sampling. Topographical order is somewhat sub- 
normal in the representation of the visual periph- 
ery, which could also lead to slow and irregular 
responses. 

Activity-dependent mechanisms, based on the 
highly correlated patterns of activity in neigh- 
boring retinal ganglion cells, are responsible for 
much of axonal remodeling and refinement of the 
topographical maps in the developing visual sys- 
tem (Udin, 1988). It seems likely that activity 
dependent stabilization can account for these re- 
sults directly. A decreased number of target neu- 
rons does not change the pattern of correlation in 
its input array, and if a single postsynaptic cell is 
designed to select a certain level of correlation, 
the size of the input array will be irrelevant to the 
number of cells detected. A different setting for 
spatially-based correlation can produce receptive 
fields of different sizes for different functional 
classes of cells. The goal of sensory coding is to 



360 

represent the external world, not the features of 
the nervous system sensing it, and a mechanism 
that maintains spatial selectivity independent of 
numbers of cells in the nervous system has this 
useful feature. 
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