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Formation of Retinal Ganglion Cell Topography 
During Prenatal Development 

peripheral retina could be greater than that 
of the central retina, thereby diluting the 
peripheral population of ganglion cells to a 
greater degree. Such a pattern of retinal 
growth has been shown to occur in the 

A fundamental feature of the mammalian visual system is the nonuniform distribution 
of ganglion cells across the retinal surface. To understand the ontogenetic processes 
leading to the formation of retinal ganglion cell topography, changes in the regional 
density of these neurons were studied in relation to ganglion cell loss and the pattern of 
retinal growth in the fetal cat. Midway through the gestation period, the density of 
these neurons was only two to three times greater in the area centralis than in the 
peripheral retina, whereas shortly before birth this central-to-peripheral difference was 
nearly 20-fold. Age-related changes in the ganglion cell distribution were found not to 
correspond in time or magnitude to the massive loss of ganglion cells that occurs 
during prenatal development. Rather, the formation of ganglion cell density gradients 
can be accounted for by unequal expansion of the growing fetal retina-peripheral 
regions expand more than the central region, thereby diluting the peripheral density of 
ganglion cells to a greater degree. Nonuniform growth, in conjunction with diEeren- 
tial periods of neurogenesis of the different types of retinal cells, appears to be a 
dominant factor regulating overall retinal topography. These results suggest that the 
differential regional expansion of the fetal retina underlies the formation of magni- 
fication factors in the developing visual system. 

I N ANIMALS WITH HIGHLY DEVELOPED 

focal vision the distribution of ganglion 
cells across the retinal surface is striking- 

ly nonuniform. The density of ganglion cells 
peaks around the fovea or area centralis- 
the region of the retina specialized for focal 
vision-and declines sharply toward the pe- 
riphery (1). This central-to-peripheral gradi- 
ent in ganglion cell topography dominates 
retinotopic maps in the visual centers of the 
brain and is related to variations in measures 
of acuity across the visual field (2). 

The development of ganglion cell density 
gradients poses an intriguing problem be- 
cause regional specialization in the ganglion 
cell layer is reflected in the neuronal circuitry 
throughout the visual system. Early in devel- 
opment the regional distribution of gangli- 
on cells is relatively uniform (3-5), and the 
number of these neurons is much greater in 

the fetal retina than at maturity (6, 7). It has 
been proposed that differential ganglion cell 
death across the retina is responsible for 
the establishment of ganglion cell topogra- 
phy (3, 8). This would be the case if during 
ontogeny greater numbers of ganglion cells 
die in the peripheral retina than in the 
central retina. A substantial amount of cell 
death does occur during development of the 
mammalian retina. For instance, it has been 
estimated that in the cat five of six ganglion 
cells generated during fetal life are eliminat- 
ed by maturity (6). However, it remains to 
be determined whether such massive loss of 
neurons contributes significantly to the for- 
mation of retinal topography. 

An alternative explanation for the estab- 
lishment of ganglion cell topography is the 
nonuniform expansion of the growing reti- 
na. During ontogeny the growth of the 

hostnatal cat (9 ) ,  and this process may also 
be a key factor in sculpting the distribution 
pattern of retinal ganglion cells during fetal 

In this study, we describe developmental 
changes in the distribution of ganglion cells 
across the retina of ~renatal cats and relate 
these findings to ganglion cell loss and 
retinal growth. We show that a primordial 
area centralis is present early in development 
and that the progressive increase in the 
central-to-peripheral gradient in ganglion 
cell density results primarily from differen- 
tial expansion of the retina rather than gan- 
glion cell loss. 

Ganglion cell topography was examined 
in fetal cats ranging in age from day 35 of 
gestation (E35)-just after ganglion cell 
generation has ended (10) and after the - 
initial innervation of retinorecipient nuclei 
(11, 12)-to E62, about 3 days before birth. 
All surgical procedures were carried out 
under ase~tic conditions with the use of 1 to 
2% halothane in oxygen supplemented with 
30% nitrous oxide. To identify centrally 
projecting retinal ganglion cells, 2 to 15 p1 
of horseradish peroxidase or horseradish 
peroxidase conjugated to wheat germ agglu- 
tinin was injected bilaterally into the posteri- 
or thalamus and midbrain or into the optic 
chiasm. This retrograde labeling procedure 
was necessary because it is not possible to 
unequi\~ocall~~ differentiate ganglion cells 
from other cell types in the ganglion cell 
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layer with conventional histological proce- 
dures. Fetuses were taken by cesarean sec- 
tion 12 to 24 hours later, deeply anesthe- 
tized with an intraperitoneal injection of 
sodium pentobarbital, and perfksed with 
mixed aldehydes. Retinas were removed, 
cleaned of vitreous humor. reacted to dem- 
onstrate peroxidase activity, and flat-mount- 
ed on gelatinized slides (13). Counts of 
labeled cells were made at sites distributed at 
least every 0.5 mrn in a grid pattern over the 
entire retina. The resulting counts were 
plotted on projection drawink of the retinal 
whole mount. Essentially all labeled cells 
were confined to the ganglion cell layer, 
although a few displaced ganglion cells were 
observed (14). 

\ r 

In every retina, a region situated temporal 
and superior to the optic disk contained the 
highest density of labeled ganglion cells 
(Fig. 1). This region, located along the 
raphe of the nerve fiber layer, straddled the 
decussation line separating temporal and 
nasal hemiretinas (15). Precisely these fea- 
tures characterize the adult area centralis. 

As an index of developmental changes in 
the gradient of ganglion cell distribution, we 
calculated the ratio of labeled ganglion cell 
densities at the area centralis to that in the 
retinal periphery. We refer to this value as 
the central-to-peripheral (C/P) ratio. The 
peak density was obtained by counting cells 
in adjacent ocular reticule fields across the 
entire area centralis until the highest value 
was found. The peripheral density was de- 
termined by averaging counts at sites be- 
yond three-quarters of the distance from the 
area centralis to the retinal margins. These 
values are listed in Table 1. 

Changes in the C/P ratio as a h a i o n  of 
f e d  age are shown in Fig. 2. In the youn- 
gest retina, E35, this ratio was 2.6: 1 (16). 
During the next 2 weeks the ratio rose 
slowly to 4.7: 1 at E48, and thereafter the 
change in the C/P ratio accelerated so that 
just before birth it was greater than 18 : 1. 

The relation between the evolving C/P 
ratio and the normal elimination of ietinal 
ganglion cells in fetal cats is also shown in 
Fig. 2 (1 7). Most ganglion cells are elimiinat- 
ed between E39 and E52. at a time when 
there is only a gradual, twofold increase in 
the C/P ratio. Conversely, relatively few 
ganglion cells are lost between E52 and 
E62, a period during which there is an 
accelerated change in the C/P ratio. Thus, 
the development of the C/P ratio during 
f e d  life does not corres~ond in time or 
magnitude to the loss of retinal ganglion 
cells. 

Although we cannot rule out the possibil- 
ity that ganglion cell loss may serve to refine 
retinal topography, this mechanism cannot 
be the dominant factor responsible for es- 

Fig. 1. Photomicrographs showing retrogradely labeled ganglion cells in the flat-mounted retina of the 
fetal cat at the vouneest and oldest aees studied. These microera~hs are from the area centralis (A) and 
periphery (B) 6f an'k35 retina and &e corresponding region; (C and D) of an E62 retina. calibration 
bar, 50 pm. 

tablihing regional specialization in the fetal 
retina (18). Accordingly, we sought to de- 
termine whether differential growth of the 
 ren natal retina accounts for the increase in 
the C/P ratio during prenatal development. 

In the fetal retina there are two clearly 
identifiable reference points with which to 
gauge the uniformity of retinal growth, the 
area centralis and the optic disk. We mea- 
sured the distance between these two land- 
marks to obtain a measure of central retinal 
growth and compared this value to measures 
of overall retinal expansion-the distances 
between the area centralis and the nasal, 
temporal, superior, and inferior margins of 
the retina. As may be seen in Fig. 3, the 
distance between the area centralis and the 
optic disk increased by the lowest factor. 
These linear measurements demonstrate that 
the central region of the retina grows sub- 
stantially less than the peripheral regions of 
the retina. 

If nonuniformity in retinal expansion un- 
derlies the formation of regional gradients in 
the fetal retina. then the increase in the C/P 
ratio should be directly related to retinal 
growth. This is indeed the case (Fig. 4). The 
linear relation between the C/P ratio and 
retinal area is highly significant (slope = 
0.107 2 0.010; P < 0.001), and the devi- 
ation of the points about the line is charac- 
terized by a standard deviation of 1.43 (19). 
We conclude that nonuniform growth of the 
fetal retina can satisfactorily account for the 
formation of ganglion cell-topography dur- 

Table 1. Labeled ganglion cell densities at the 
area centralis and in the retinal periphery and the 
resultant C/P ratios. The increase in the C/P ratio 
with fetal age is due to the greater reduction of 
ganghon cell densities in the retinal periphery. 
There were variations in the number of labeled 
cells between animals of similar age (for example, 
E40 to EM, or E56), which is probably due to 
incomplete labeling of the total ganglion cell 
population. However, it is improbable that the 
regional distribution of labeled ganglion cells 
reflects differential uptake of tracers in the fetal 
brain. All our injections were sufficiently large to 
difFuse evenly throughout the target areas. Since 
the C/P ratios were not affected appreciably by the 
absolute degree of labeling, this measure provides 
an appropriate index of regional differences in 
ganglion cell density in the fetal retina. Further- 
more, although the total number of unlabeled 
cells fluctuated among animals, this measure did 
not vary systematically as a function of fetal age. 

-- -- 

Ganglion cell density 
(no./mm2) 
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Area ratio 
centralis Periphery 

I5 MAY 1987 REPORTS 849 



Fig. 2. Changes in the CIP ratio (points) and 
optic axon number (6) (solid lines) as a function 
of fetal age. 

ing prenatal development. Differential ex- 
pansion of the retina continues postnatally 
and ultimately results in an additional three- 
fold increase in both retinal area and the CIP 
ratio (9). 

The foregoing analysis applies to the over- 
all central-to-peripheral gradient in ganglion 
cell density. It is likely, however, that non- 
uniform retinal growth also contributes to 
more localized regional differences in gangli- 
on cell density. For instance, as in Fig. 3, the 
temporal quadrant of the retina expands to a 
greater degree than the nasal quadrant. Cor- 
respondingly, there is a greater decrease in 
ganglion cell density in the temporal periph- 
ery than in the nasal periphery (20). 

Although differential growth is a key fac- 
tor in the genesis of ganglion cell topogra- 
phy, this mechanism alone cannot be re- 
sponsible for generating the density distri- 
bution of all retinal cell types. Photorecep- 
tors, horizontal cells, bipolar cells, and 
amacrine cells are each distributed different- 
ly across the retina and have gradients less 

steep than that of ganglion cells (21). Even 
different classes of retinal ganglion cells ex- 
hibit distinct CIP ratios (22). Such dissimi- 
larities probably reflect the fact that each cell 
type is generated during a different period of 
retinal growth (1 0, 23) and is consequently 
subject to different magnitudes of peripheral 
dilution (24). In accord with this hypothe- 
sis, the beta class of ganglion cells is generat- 
ed during an earlier period than the alpha 
cell class (10) and has a sharper gradient at 
maturity (22). 

The oresent results. as well as those of 
~astroLarde e t  al. (9) on the postnatal 
retina, clearly show that ganglion cell topog- 
raphy in the cat can be largely accounted for 
by differential retinal growth. In a recent 
histological study of the fetal cat retina (25) 
it was suggested that differential growth is 
an important factor in generating the area 
centralis, and accumulating evidence from 
work on other species indicates that differ- 
ential growth may be a common feature of 
mammalian retinal development (26).  At 
present, however, we have little information 
on the Drocesses that control such differen- 
tial retinal expansion. Moreover, a remark- 
able coordination of growth patterns 
throughout the eye must operate to properly 
align the visual axis with regional specializa- 
tions of the retina. As a first step, it would 
be important to determine whether retinal 
growth reflects the proliferation of non- 
neural elements, the hypertrophy of neurons 
or interstitial cells, or other factors. Few 
studies have addressed this fundamental 
problem ( 2 3 ,  and as yet it is unknown 
whether the relevant control factors are in- 

Fig. 3. (A) Changes in the absolute 
distances from the area centralis to 
the optic disk (+) and to the tem- 
poral (O), nasal (l), superior (a), 
and inferior (A)  retinal margins as a 
function of fetal age. (6) These 
changes expressed as factors of in- 
crease from the initial values at E35 
(same symbols). 

O J : . . : : :  
o  40 80 120 160 

Retinal area (mm2) 

Fig. 4. Changes in the CIP ratio as a function of 
retinal area. The linear regression equation for 
this relation is CIP = -0.008 + 0.107(area). 

trinsic or extrinsic to the developing retina. 
Our findings also have important implica- 

tions for the formation of retinotopic pro- 
jections in the developing visual system. 
Retinal axons innervate their target nuclei 
before pronounced changes are evident in 
the CIP ratio (11, 12). Moreover, develop- 
ing retinofugal projections in the cat exhibit 
a remarkable degree of order, similar to that 
of the adult (28). As a consequence of 
differential retinal growth, the region of the 
target nucleus innervated by the peripheral 
retina will represent a progressively greater 
proportion of the prospective visual field 
relative to the region innervated by cells 
originating from the central retina. Thus, 
the nonuniform expansion of the prenatal 
retina is probably a major determinant of the 
pronounced magnification of the central vi- 
sual field representation evident in retino- 
topic maps throughout the visual system. 
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Clonal Restriction Boundaries in Xenopw Embryos 
Shown with Two Intracellular Lineage Tracers 

It has been proposed that clonal restriction boundaries develop in Xenupus embryos 
between clones initiated at the 512-cell stage, and that these boundaries result in 
formation of morphological compartments, each populated by progeny of a group of 
ancestral cells. Although this hypothesis has gained some acceptance, it has also been 
criticized because the use of only one cell lineage tracer was not a conclusive test of the 
hypothesis. However, the critical experiment, an assessment of the extent of mingling 
between two labeled clones in the same embryo, has now been performed. A model of 
the proposed arrangement of the ancestral cell groups in the 5 12-cell embryo predicted 
that the two clones would remain separate in 49% of cases and intermingle in 51% of 
cases. In fact, there was a bimodal distribution, in which separation of the clones 
occurred in 46% of embryos and extensive interclonal mingling was observed in 54%. 
These results are not compatible with hypotheses in which a unimodal distribution of 
mingling would be predicted but are consistent with the compartment hypothesis. 

T HE COMPARTMENT HYPOTHESIS OF 

Xenopus development was proposed 
as an explanation for observations on 

the positions of labeled cells in embryos of 
Xenopw after injection of a lineage tracer, 
horseradish peroxidase (HRP), into single 
blastomeres at the 2- to 512-cell stages of 
development (1, 2, 3). This hypothesis, 
which has achieved only partial acceptance 
to date (4, 5 ) ,  proposes that ancestral cell 
groups are formed in the embryo at the 5 12- 
cell stage, and that cell mingling is subse- 
quently restricted between the progeny of 
different ancestral cell groups but not 
among progeny of cells comprising a single 
ancestral cell group (1, 3, 6). As a result of 
this clonal restriction of cell mingling, the 
progeny of each ancestral cell group form a 
separate morphological compartment. Each 
compartment contains many different cell 
types. The patterns of histological differenti- 
ation and compartmentalization are not con- 
gruent (6). Evidence in support of the hy- 
pothesis comes not only from lineage tracer 
studies but also from the observation that, 
when excised and cultured together, cells of 
different ancestral cell groups are restricted in 
their ability to intermingle in comparison 
with the mingling between cells derived from 
the same ancestral cell group (7). 

Within the Xenopus central nervous sys- 

Anatomy Depament, University o f  Utah School o f  
Medicine, Salt Lake City, UT 84132. 

tem (CNS), seven compartments (three ros- 
tral and four caudal), derived from seven 
ancestral cell groups at the 512-cell stage of 

Fig. 1. Diagram of compartments in the central 
nervous system and retina of tailbud stagexenvus 
embryo shown in lateral view (right) and at five 
cross-sectional levels (left). Compartmental 
boundaries are shown by dashed lines. Anterior is 
to the top. Symbols showing compartments on 
one side only: (A) anterior-dorsal; (A) anterior- 
ventral; (W)  posterior-dorsal; and (0) posterior- 
ventral. See text for details. 
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