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Class-Specific Cell Death Shapes the Distribution and Pattern of
Central Projection of Cat Retinal Ganglion Cells

Audie G. Leventhal, Jeffrey D. Schall,® Steven J. Ault, Jan M. Provis,” and Dagmar J. Vitek
Department of Anatomy, University of Utah School of Medicine, Salt Lake City, Utah 84132

The development of the nasotemporal division in cat retina
was studied. We find that in the normally pigmented neonatal
cat significant numbers of ganglion cells of all types in tem-
poral retina project to the contralateral dorsal lateral genic-
ulate nucleus (LGNd); far fewer cells in temporal retina proj-
ect contralaterally to the LGNd in the normal adult. Thus,
most of these cells must be eliminated during development.

Experimental interruption of one optic tract in the neonate
results in the retrograde degeneration of the ipsilaterally
projecting ganglion cells in the temporal retina ipsilateral to
the lesion. Consequent to the loss of the ipsilaterally pro-
jecting cells in this hemiretina, many of the ganglion cells
projecting to the intact contralateral LGNd, which are nor-
mally eliminated, survive. Also, unlike in the normal cat, in
which very few of the small ganglion cells in temporal retina
project contralaterally to the thalamus, in optic tract sec-
tioned (OTX) cats, significant numbers of the smallest gan-
glion cells in the temporal retina ipsilateral to the lesion
project contralaterally to the intact thalamus.

In order to make a quantitative comparison of the distri-
butions of ipsilaterally and contralaterally projecting cells in
the temporal retinae of normal cats, OTX cats, and neonatal
kittens, it was necessary to determine the position of the
vertical meridian in all animals. We defined the vertical me-
ridian as the median edge (Stone, 1966). The median edge
was determined from the distribution of the most nasally
located, ipsilaterally projecting cells in temporal retina. The
results indicate that the angle of the vertical meridian (me-
dian edge) with respect to the area centralis and optic disc
is specified before birth and does not differ in normal cats,
OTX cats, or neonatal kittens. Since the location of the ver-
tical meridian does not change with age in postnatal life and
is not affected by optic tract section, corresponding regions
of retina in the different groups could be compared.

A quantitative analysis of ganglion cell density in the tem-
poral retina contralateral to the section, ipsilateral to the
intact hemisphere, indicated that there was a reduction in
the population of ipsilaterally projecting ganglion cells that
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was complementary to the abnormally large number of con-
tralaterally projecting cells surviving in the temporal retina
ipsilateral to the lesion. As a result of this complementary
loss, the intact LGNd in OTX cats receives inputs from normal
rnumbers of o and 8 cells at all elevations.

The foregoing results suggest that the axons of retinal
ganglion cells of like type in the 2 eyes compete in the LGNd
during development. This competition promotes a class-
specific cell death that helps shape the development of the
retinal distribution and pattern of central projections of the
different classes of ganglion cells in the mature cat retina.

During development a complex series of events, still poorly
understood, results in an intricate pattern of connectivity be-
tween axons and their targets. A number of lines of evidence
suggest that an initial overproduction of cells coupled with se-
lective cell death contributes to adult specificity (Oppenheim,
1981; Cowan and O’Leary, 1984; Hamburger and Oppenheim,
1982).

Mammalian retina contains a number of different ganglion
cell types having different morphological forms, physiological
properties, and central projections (reviewed by Stone et al.,
1979). Anatomical tracing studies (Leventhal et al., 1985b) in-
dicate that no 2 visual nuclei receive direct inputs from the same
complement of retinal ganglion cell types. Studies of the de-
velopment of cat retina indicate that most retinal ganglion cells
die during the development of this precise and complex pattern
of central projection (Ng and Stone, 1982; Stone et al., 1982;
Williams et al., 1985). It has been estimated that 800,000-
900,000 ganglion cells are produced during the development of
cat retina and that about 80% of these die during development.
As many as 100,000 cells are lost during the first few weeks
postnatally (Williams et al., 1985). The cat visual pathway thus
provides a useful system in which to study cell death and the
mechanisms mediating the development of the connectivity of
the mammalian CNS.

This report provides evidence that the axons of retinal gan-
glion cells of like type in corresponding positions of the 2 eyes
interact in retinal recipient nuclei during development. These
interactions mediate a class-specific, position-dependent death
of retinal ganglion cells in the neonate and thereby shape the
retinal distribution and distinctive pattern of central projection
of the different classes of retinal ganglion cells.

Materials and Methods

Subjects. Nine homozygous, normally pigmented cats received suc-
cessful unilateral electrolytic or knife-sections of the optic tract (OTX)
on postnatal day (P) one. The OTX kittens were then reared normally
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Figure 1. Photomicrographs of HRP injection sites in the superior
colliculus of an OTX cat (4) and in the LGNd of a second OTX cat (B
and C). In A, the injection site is restricted to the superior colliculus;
in B and C, HRP reaction product is evident throughout the LGNd but
is completely absent from the superior colliculus (sc) and pretectum
(pt), respectively. In B, the posterior portion of the LGNd, the region
representing inferior retina, is shown. Even though HRP reaction prod-
uct extended into the posterior portion of the LGNd, only a few lightly
labeled cells were found more than 3 mm into inferior retina. Scale bar,
1 mm.

in our breeding colony and received electrophoretic HRP injections into
the dorsal lateral geniculate nucleus (LGNd) or superior colliculus in
adulthood. Prior to injecting HRP, the LGNd and areas 17 and 18 of
these cats were studied electrophysiologically. These results are pre-
sented in detail in the accompanying paper (Schall et al., 1988). Twelve
normal cats provided control data.

Surgery, preparation, HRP injection, histology, histochemistry, and
quantitative morphological analyses. These procedures have been de-
scribed in detail previously (Leventhal, 1982; Leventhal et al., 1985b;
1988).

Distribution of labeled cells. The distributions of all labeled retinal
ganglion cells in regions of interest were plotted using the camera lucida.
Qutside of the area centralis region, the densities of cells of different
types in 0.5 mm square regions of retina were determined. Within the
area centralis, the densities of cells of different types within 0.25 mm
square regions were determined.

Determination of the vertical meridian. In the present study, the ver-
tical meridian was taken to be the median edge (Stone, 1966). The
median edge was determined in 17 animals (see Results) and was defined
as the line passing through the nodal point (area centralis) and the most
nasally located ipsilaterally projecting cells (Stone, 1966; Cooper and
Pettigrew, 1979a). In the retinae contralateral to the HRP injections,
direct localization of the median edge (vertical meridian) was difficult
due to the lack of a sharp border (see also Cooper and Pettigrew, 1979a).
In these retinae the vertical meridian was taken to be a line passing
through the area centralis angled at the value determined for the ipsi-
lateral retina of the same cat. A detailed discussion and definitions of
the different retinal meridians were presented by Cooper and Pettigrew
(1979a).

Results

We have analyzed the retinal distribution and central projec-
tions of ganglion cells in the retinae of normal adult cats and of
adult cats that received optic tract lesions as neonates. Normal
1-d-old kittens were also studied to provide information about
the pattern of central projection of retinal ganglion cells in the
neonate. Operated animals received HRP injections into the
LGN(d or superior colliculus contralateral to the optic tract sec-
tion (Fig. 1). Our results, described below, provide evidence that
the retinal distribution and pattern of central projection of the
retinal ganglion cells surviving optic tract section are abnotmal
and are not simply predicted from the death of the cells whose
axons were cut by the lesion.

Determination of the vertical meridian (median edge)

In order to compare corresponding regions in the different groups
of animals studied, it was necessary to determine accurately the
position of the vertical meridian (median edge) as defined in
Materials and Methods. We therefore determined the vertical
meridian in all groups of animals. We find that the angle of the
vertical meridian is not significantly different in neonatal, OTX,
and normal cats. In the superior retina of all animals studied
(N = 17) the median edge was, on average, angled at 111.3°
(SD = 1.8°) to the line connecting the center of the area centralis
with the center of the optic disc. The mean value for normal
cats was 111.5°(SD = 0.8°); neonatal kittens, 112.1°(SD = 2.3°),
and OTX, 110.6° (SD = 1.9°). These values do not differ sig-
nificantly and agree well with those obtained by Stone (1966)
and Cooper and Pettigrew (1979a). Since the position of the
vertical meridian did not differ among the groups, the distri-
butions of ipsilaterally and contralaterally projecting cells in
corresponding retinal regions could be compared in different
animals.
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Figure 3. Distribution of contralaterally projecting « cells in the temporal retina of the neonatal kitten. The dots indicate the positions of the cell
bodies of « cells labeled by an injection of HRP into the contralateral LGNd. Temporal retina is to the leff, and the area centralis is indicated by
the asterisk. Note the abundance of contralaterally projecting « cells in temporal retina. In the neonatal kitten retina 1 mm subtends about 7° of

visual angle compared with about 4.4° in the adult cat.

Nasotemporal division in the neonate

In the normal adult cat, very few cells in temporal retinae project
contralaterally to the thalamus; virtually all cells projecting con-
tralaterally to the thalamus in regions more than a few hundred
micrometers into temporal retina are « cells (Cooper and Pet-
tigrew, 1979a; Illing and Wissle, 1981; see Figs. 5-8).

To date, the distributions of ipsilaterally and contralaterally
projecting ganglion cells in the neonatal cat retina have not been
reported. We therefore injected HRP into one LGNd of 1-d-
old kittens. The results of these experiments showed that neo-
natal kittens have many more contralaterally projecting cells in
temporal retina than do normal adult animals (Figs. 2, 3, and
also 8). Moreover, unlike in the adult cat, ganglion cells rep-
resenting all somal size classes were labeled in contralateral
temporal retina of the neonate following our injections into the
LGN (see Fig. 12).

Figure 2 shows a photomicrograph of the temporal retina
contralateral to an LGNd injection in the neonate. The animal
was injected on P1 and perfused on P3. An abundance of cells
were labeled throughout the temporal retina. Figure 3 shows the
temporal retina contralateral to an LGNd injection in a second
kitten injected on P1. The positions of all labeled « cells in

regions close to the horizontal meridian are indicated. Note that
many contralaterally projecting « cells extend far into temporal
retina. In the neonate, 1 mm of retina subtends about 7° of
visual angle compared with about 4.4° in the adult. Thus, in
this animal contralaterally projecting « cells effectively covered
25° of the retina.

Temporal retina ipsilateral to the optic tract section

We compared the number and distribution of cells in temporal
retina labeled by injections of HRP into the contralateral LGNd
in normal cats with the number and distribution of cells in
temporal retina labeled by injections of HRP into the contra-
lateral LGN in OTX cats. As a control, we determined the
overall distribution of contralaterally projecting cells in the tem-
poral retina of normal adult cats by making multiple HRP in-
jections into the optic tract 4-5 mm from the optic chiasm (Figs.
5, 6). As a result of HRP into the intact LGNd in OTX cats
(contralateral to the optic tract section), many labeled cells were
evident in the temporal retina ipsilateral to the optic tract section
(Fig. 4). These contralaterally projecting cells were far more
numerous and extended further into temporal retina than con-
tralaterally projecting cells in the temporal retinae of normal
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Figure 4. Distribution of ganglion cells in adult cat retina following neonatal, unilateral optic tract lesion. 4 and B, Photomicrographs of HRP-
labeled ganglion cells in both retinae of an adult cat whose left optic tract was sectioned on P1. The arrows indicate the nasotemporal division with
nasal retina toward the center. The retina shown in A was contralateral to the lesioned hemisphere, ipsilateral 1o the intact hemisphere into which

HRP was injected. The retina shown in B was ipsilateral to the lesion, contralateral to the injection. C and D, Photomicrographs of Nissl-stained
ganglion cells. The retinae are displayed as in 4 and B. The vertical meridian (median edge) is clearly visible in A and C.
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Figure 5. Photomicrographs of con-
tralaterally projecting ganglion cells in
temporal retina of 2 normal cats (4 and
B) and an OTX cat (C). The cells in A
were labeled by multiple injections of
HRP in the optic tract. The cells in B
and C were labeled by injections of HRP
into the LGNd. The vertical meridian
is indicated by the arrows; scale bar, 1
mm. The regions shown in 4 and C are
along the horizontal meridian; the re-
gion in B is 5 mm above the horizontal
meridian. Note that, in the normal cat,
virtually all contralaterally projecting
ganglion cells in temporal retina are
small in regions more than a few
hundred micrometers from the vertical
meridian (4). Occasionally, a few con-
tralaterally projecting « cells as far as 2
mm into temporal retina are labeled at
peripheral elevations (see also Fig. 74)
as a result of injections of HRP into the
normal LGNd (B). In contrast, many
contralaterally projecting cells of all
types (C) are labeled in temporal retina,
even along the horizontal meridian, as
a result of injections into the LGNd of
OTX cats. Scale bar, 0.5 mm.
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Figure 6. Higher-power photomicro-
graph of contralaterally projecting cells
in temporal retina of a normal cat (4)
following multiple optic tract injections
and an OTX cat (B) following LGNd
injections. The regions shown are along
the horizontal meridian. The vertical
meridian is indicated by the arrows.
Notice that at elevations close to the
horizontal meridian, in the temporal
retina of the normal cat, virtually all
contralaterally projecting cells more
than a few hundred micrometers from
the vertical meridian are small. In OTX
cats, small cells as well as many large a
and g8 cells (arrows) along the horizontal
meridian in temporal retina project
contralaterally to the LGNd. Scale bar,
250 um.
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Figure 7. Distribution of contralaterally projecting ganglion cells in temporal retina of a normal cat (4) and a neonatally optic tract sectioned cat
(B). The arrows indicate the vertical meridian. Temporal retina is to the right. Both regions are 1-2 mm above the horizontal meridian. Note that
the density of contralaterally projecting ganglion cells in the OTX cat is greater than normal. At this elevation in normal cats contralaterally
projecting cells do not extend more than 1 mm or so into temporal retina (see also Fig. 5B).

adult cats (Figs. 5-8).! Overall, contralaterally projecting cells
in the temporal retina of OTX cats were less numerous than
were contralaterally projecting cells in the temporal retina of
the neonatal kittens studied (Fig. 8).

In most of the retinae examined, the cell bodies and dendritic
fields of the labeled cells were stained well enough to determine
their morphological type. Along the horizontal meridian (Figs.
5, 6) in the temporal retina ipsilateral to the lesion, numerous
contralaterally projecting 38 cells were found as far as 1.5 mm
from the vertical meridian; some contralaterally projecting 3
cells were found as far as 3 mm into temporal retina. Along the
horizontal meridian, numerous contralaterally projecting « cells
extended over 2.5 mm from the vertical meridian. Even fol-
lowing large optic tract injections in normal cats significant num-
bers of contralaterally projecting « and 8 cells do not extend
more than a few hundred micrometers into temporal retina
along the horizontal meridian (Figs. 5, 6, and also 13).

! There is some evidence in the literature (Cooper and Pettigrew, 1979a, Fig.
4) that, at peripheral elevations in normal cats, a small number of « cells in superior
temporal retina project contralaterally in regions as far as 2-2.5 mm from the
vertical meridian. We have also occasionally seen such cells in normal cats at
peripheral elevations (Fig. 5B). In these cases, the number of contralaterally pro-
jecting « cells is still far fewer than the number we have observed in OTX cats
and neonatal kittens at all elevations. Also, recent evidence (Leventhal et al.,
1985a) indicates that “normally™ pigmented cats that carry the recessive allele for
albinism have an abnormally large number of contralaterally projecting « and §
cells in temporal retina. These animals also exhibit an abnormal representation
of the ipsilateral hemifield in visual cortex. Siamese cats are a form of albino; the
recessive allele for the Siamese abnormality is very common in the “normal” cat
population. Given the existence of heterozygote effects, comparisons between the
present results and those obtained previously must be made cautiously.

All animals included in the present study were raised in our well-established
breeding colony; all cats in the colony are homozygous and normally pigmented.
The normally pigmented adult cats we have studied from our colony do not have
significant numbers of contralaterally projecting « and § cells more than 1 and
0.4 mm, respectively, into temporal retina at an elevation close to the horizontal
meridian. In agreement with Cooper and Pettigrew (1979a) and Illing and Wissle
(1981), we do not find significant numbers of small or medium-sized cells labeled
in the contralateral temporal retina in regions more than few hundred micrometers
from the vertical meridian following injections into the thalamus of normal cats
(Fig. 5B).

At elevations 1-2 mm above the horizontal meridian, many
contralaterally projecting « and 8 cells extended as far as 4 and
2 mm, respectively, from the vertical meridian (Figs. 7, 8). At
all elevations in OTX cats some contralaterally projecting « cells
were found throughout temporal retina; many contralaterally
projecting ganglion cells of other types (e, g1, g2 cells: Leventhal,
1982; Leventhal et al., 1985b) extended throughout temporal
retina (Figs. 5, 6, and also 12).2 Following large injections of
HRP into the LGNd of normal cats, far fewer cells in temporal
retina project contralaterally, even at more peripheral elevations
(Fig. 6), where the region of nasotemporal overlap is normally
widest (Illing and Wissle, 1981).

At all other elevations studied, contralaterally projecting cells
in OTX cats were more numerous and extended further into
temporal retina than normal. However, as in normal cats (Illing
and Wissle, 1981), in OTX cats contralaterally projecting cells
extended progressively further into temporal retina in regions
progressively further from the horizontal meridian (Figs. 5, 6).

It is important to point out that, while overall there were
fewer contralaterally projecting cells in the temporal retina of
the OTX cat than in the temporal retina of the neonate, similar
numbers of contralaterally projecting « cells were found in both
groups (Figs. 3, 8). Thus, neonatal optic tract section results in
the stabilization of the entire exuberant « cell projection but
only part of the exuberant projection from other cell types.

2 Cell types other than « and § project to the LGNd (Illing and Wissle, 1981;
Rowe and Dreher, 1982; Leventhal, 1982; Leventhal et al., 1985b) from the
ipsilateral temporal retina. These cells project to the LGNd C laminae, MIN, and
geniculate wing (Leventhal et al., 1980, 1985b; Rowe and Dreher, 1982). These
cells are mostly medium-sized and have been termed ¢ cells (Leventhal et al.,
1980) and g1 cells (Leventhal, 1982; Leventhal et al., 1985b). G1 cells are differ-
entiated from g2 cells since g2 cells are smaller and project in large numbers to
the superior colliculus, pretectum, and ventral lateral geniculate nucleus, but very
few project to the LGNd (Leventhal et al., 1985b). By definition, g2 cells are the
smallest ganglion cells in cat retina (Leventhal, 1982; Leventhal et al., 1985b) and
are a heterogenous subset (the smallest cells) in the group Wiissle and Illing (1980)
and Illing and Wiissle (1981) refer to as « cells, These authors apparently refer to
all cells, other than g cells, with small and medium-sized cell bodies as v cells.
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Figure 8. Density of contralaterally
projecting cells in the temporal retina
of neonatal cats, OTX cats, and normal
cats. The abscissa indicates the distance
from the vertical meridian at an ele-
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In the OTX cats, the surviving contralaterally projecting «
and § cells in temporal retina are abnormally large. This is
presumably because they were located in regions of reduced
ganglion cell density. A complete analysis of changes in retinal
ganglion cell morphology associated with a reduction in the
density of neighboring cells is presented in the accompanying
paper (Leventhal et al., 1988).

Temporal retina contralateral to the optic tract section

We compared the number and distribution of cells in temporal
retina labeled by HRP injections into the ipsilateral LGNd in
normal cats with the number and distribution of cells in tem-
poral retina labeled by injections into the ipsilateral (surviving)
LGNd in OTX cats. The results provide evidence that the num-
ber and distribution of labeled cells in the temporal retina ip-
silateral to the injection (contralateral to the lesion) in OTX cats
was abnormal. In all cats studied, fewer than the normal number
of cells in temporal retina projected ipsilaterally to the intact
LGNd (Figs. 9-12). Along the horizontal meridian a “loss” of
ipsilaterally projecting « cells was evident up to 2.5 mm from
the vertical meridian (Figs. 9-11); a “loss” of 8 cells was evident
up to 1.5 mm from the vertical meridian (Fig. 11). In regions
away from the horizontal meridian, the number of ipsilaterally
projecting « and S cells was reduced 4 and 2 mm, respectively,
into temporal retina. When the distribution of « and 3 cells in
the 2 temporal retinae were compared, we found that, at all
elevations studied (superior retina and the horizontal meridian),
the reduction in the number of ipsilaterally projecting cells in
the temporal retina ipsilateral to the intact hemisphere (Figs.
9-11) complemented the abnormally large contralateral projec-
tion to the intact hemisphere from the temporal retina ipsilateral
to the lesion (the “depleted” temporal retina).

It is noteworthy that the surviving, ipsilaterally projecting «
and S cells close to the vertical meridian in the temporal retina
ipsilateral to the intact LGNd of OTX cats were abnormally
large. Increases in cell body and dendritic field sizes are con-

2.40
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distances in kitten retina have been ad-
justed for growth based upon the results
of Mastronarde et al. (1984).

300 360 500

sequences of a reduction in ganglion cell density (Leventhal et
al., 1988) and provide evidence that the density of cells was
actually reduced in the regions studied.

The loss of cells we observed cannot be accounted for by
incomplete HRP staining since the same results were evident
in Nissl-stained retinae (Fig. 10); all HRP-stained retinae ex-
amined were counterstained with thionin, and the regions ana-
lyzed quantitatively contained no unlabeled « and 8 cells. It
should also be stressed that this cannot be a result of the lesion
itself since the lesion would only have killed those cells in the
“undepleted” temporal retina that projected to the contralateral
hemisphere in the neonate; we have specifically compared the
numbers of cells projecting ipsilaterally in normal and OTX cats
(Figs. 9-11). Moreover, since our procedures stain the axons
and dendrites of virtually all cells in areas of interest, the pos-
sibility that the “lost” « and 8 cells are present but shrunken
can be ruled out.

The Nasal Retina

Following injections of HRP into the intact LGNd contralateral
to the optic tract section, a small number of cells were labeled
in the nasal retina ipsilateral to the injection (the depleted nasal
retina). Almost all of these cells were g2 cells (Leventhal, 1982;
Leventhal et al., 1985b). Occasionally gl and ¢ cells were labeled.
Very occasionally an « or a 8 cell was labeled.

Jacobs et al. (1984) injected HRP into the optic tracts of
kittens and OTX cats and reported that more cells in the nasal
retina project ipsilaterally in the kitten (about 600 cells) than in
the adult (about 75 cells); neonatal optic tract section results in
about a 2-fold increase in the number of ipsilaterally projecting
cells in nasal retina of the adult. It is worth noting that our
injections of HRP into the LGNd never labeled as many ipsi-
laterally projecting cells as Jacobs et al. (1984) labeled by in-
Jjecting the optic tract. Following LGNd injections in kittens and
normal and OTX cats, we observed, on average, about 40 ip-
silaterally projecting cells in nasal retina; one of our OTX cats
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Figure 9. Distribution of ipsilaterally projecting ganglion cells in temporal retina of normal (upper) and neonatally OTX cat (lower). The « cells
are represented by large solid spots; @ cells are represented by open spots; e cells are represented by triangles, and other cell types are represented
by small solid spots. The samples are from corresponding regions of retina, | mm dorsal to the horizontal meridian, and are aligned so that the
vertical meridian (arrows) is on the left. Scale bar, | mm. Note the reduction in ganglion cell density in the temporal retina ipsilateral to the intact
LGNd in the OTX cat. It is evident from this figure that the 8 cells close to the vertical meridian in OTX cats are larger than their normal
counterparts. This is a consequence of the reduction in ganglion cell density in the region (Leventhal et al., 1988).

had less than 20 cells labeled in the ipsilateral nasal retina. Thus,
it would seem that most of the ipsilaterally projecting cells in
nasal retina do not project to the LGNd but to some other
retinorecipient region such as the superior colliculus (Wissle
and Iliing, 1980).

As a result of HRP injections into the intact LGNd (contra-
lateral to the optic tract section), the number and distribution
of cells labeled in the contralateral nasal retina were found to
be within the normal range. This is not surprising since, as noted
above, an extremely small number of cells in nasal retina project
ipsilaterally, even in the kitten (Jacobs et al., 1984); optic tract
section would only be expected to cut the axons of a few cells
in the ipsilateral nasal retina. It is not possible to detect such a
small change (about 0.1%) using our procedures.

Projection to the superior colliculus

As a result of injections into the superior colliculus of the OTX
cat (Fig. 1), a cells, many g2 cells, and a few gl and e cells were

labeled (Fig. 13). We did not observe any labeled 8 cells as a
result of our injections.® Since large numbers of cells of types
other than « and 8 in temporal retina normally project contra-
laterally to the superior colliculus (Wissle and Illing, 1980), it
is difficult to say whether the projection from the contralateral
temporal retina to the superior colliculus is abnormal in OTX
cats. To answer this question requires a quantitative analysis in
animals in which the injection site includes the retinorecipient
layers of the superior colliculus in their entirety but avoids the

3 Wissle and Illing (1980) made large injections of HRP into the superior col-
liculus. They observed a small number of labeled 8 cells as a result of their
injections. Leventhal et al. (1985b) made smaller injections into the superior
colliculus and did not observe any labeled § cells. Small injections into the pre-
tectum (Leventhal et al., 1985b) did result in labeled § cells. Thus, at present, it
is not clear whether (1) injections of HRP into the superior colliculus label 3 cells
only if the pretectum is included in the effective injection site or (2) large injections,
but not small injections, into the superior colliculus label 8 cells whether or not
the pretectum is involved.
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Figure 10. Reduction in density of ipsilaterally projecting «-type gan-
glion cells in 2 OTX cats. The retinae of these 2 cats were stained with
thionin. A decrease in density of a cells is evident both on the horizontal
meridian and 3 mm dorsal to the horizontal meridian. While 8 cells
cannot be differentiated in the Nissl (thionin)-stained material, a re-
duction in the number of medium-sized cells close to the vertical me-
ridian was evident in both Nissl-stained retinae.

pretectum, optic tract, and LGNd. It does not seem possible to
make such an injection.

Discussion

The findings of this study are summarized in Figure 14. Many
cells in temporal retina project contralaterally to the LGNd in
the neonatal, normally pigmented kitten. Cells of all sizes, and
presumably all classes, comprise this contralateral temporal pro-
jection. During the first weeks of normal development, most of
these cells die. Thus, in the normal adult, far fewer cells in
temporal retina project contralaterally to the LGNd (Cooper
and Pettigrew, 1979a; Illing and Wissle, 1981).

If one optic tract is sectioned in the neonate, many of the
contralaterally projecting ganglion cells in temporal retina sur-
vive in the eye ipsilateral to the section. Cells belonging to all
somal size classes comprise this “stabilized exuberant™ projec-
tion. The survival of a and 8 cells in the temporal retina ipsi-
lateral to the tract section is accompanied by a complementary
loss of ipsilaterally projecting « and g cells in the temporal retina
contralateral to the tract section. This loss of cells is likely to
be due to some sort of central axonal interaction; the optic tract
section could not have directly resulted in the loss of ipsilaterally
projecting cells in the contralateral eye.

Technical considerations

In order to properly interpret the results presented, 2 potential
problems must be discussed. The first is whether an error in
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Figure 11. Bar graph illustrating the loss of ipsilaterally projecting «
and g cells in the temporal retina contralateral to the optic tract section.
Results for all animals are combined. Results are for regions 2-3 mm
dorsal to the horizontal meridian. Note the dramatic decrease in the
number of « and 8 cells in temporal retina.

localizing the position of the vertical meridian in the different
groups of animals studied could have affected our results. The
second is whether our observations could have been affected by
an involvement of the superior colliculus and/or optic tract in
the effective uptake sites resulting from an HRP injection into
the LGNd.

The first issue to deal with is the reliability of the localization
of the vertical meridian in different animals. As presented in
Materials and Methods, we defined the vertical meridian in all
cats as the median edge (Stone, 1966). We found that in the
superior retinae of kittens, OTX cats, and normal cats, the me-
dian edge defined on average, an angle of 111.3° with the line
connecting the center of the area centralis with the center of the
optic disc (see also Cooper and Pettigrew, 1979a). In normal
cats and kittens,* the same value accurately defined the border
separating regions containing labeled and unlabeled cells in the
retina ipsilateral to the injection; in OTX cats, this angle defined
the border separating regions containing ganglion cells from
those which did not (Fig. 4) in the retina contralateral to the
section (ipsilateral to the injection). Since the median edge was
defined by the same angle in all groups of animals, comparisons
between equivalent points on the retinae of normal, OTX cats,
and kittens could be made with confidence.

The results we report are also unlikely to be affected by an
error in the localization of the vertical meridian for a number
of other reasons. First, in HRP- and Nissl-stained material, «
cell numbers in OTX cats are reduced at most elevations at
least 4 mm into the temporal retina ipsilateral to the injection

4In the ferret the angle of the median edge relative to the area centralis and
optic disc is similar to the angle in cat (Vitek et al., 1985). Ferrets are born at a
much earlier stage of development than the cat. We have recently begun to study
the development of the nasotemporal division in newborn ferrets. Our results
indicate that the position of the median edge (nasotemporal division) is specified
at birth (E42) in the ferret. This suggests that the position of the vertical meridian
in the cat should be specified over 3 weeks before birth (E65). Also, in the ferret,
as in the cat, (1) the number of ipsilaterally projecting cells in nasal retina and
contralaterally projecting cells in temporal retina decrease during the first few
weeks of life, and (2) at all ages, the number of contralaterally projecting cells in
temporal retina is greater than the number of ipsilaterally projecting cells in nasal
retina (i.e., the nasotemporal division is “sharper” in the eye ipsilateral to the
HRP injection).
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Figure 12. Cell body sizes of cells in the contralateral temporal retina of the neonatal kitten (4) and OTX cat (B) labeled by HRP injections into
the LGNd. All injections were centered in the 4 laminae. The distribution of sizes of cells in the ipsilateral temporal retina labeled by multiple
HRP injections into the optic tract of a normal cat (C) is included to show the overall distribution of cell body sizes of ganglion cells in temporal
retina. The sizes of cells in the ipsilateral temporal retina labeled by an injection into the LGNd of a normal adult cat is shown in D. All histograms
were taken from regions of retina about 2 mm below the horizontal meridian and 2-4 mm temporal to the vertical meridian (the mean cell body
sizes of the different groups are indicated in parentheses). Many cells in the kitten were not stained well enough to classify. We therefore only
divided kitten cells into 2 groups in 4. One group consisted of presumed « cells and the other group consisted of all remaining (non-alpha) cells.
In B-D, OTHER refers to all types of cells other than «, 8, and ¢ (see Leventhal et al., 1985b). Normally, « and 8 cells and a small number of cells
of other types having small to medium-sized cell bodies comprise the input from temporal retina to the ipsilateral LGNd. Very few cells in temporal
retina project contralaterally to the LGNd, and very few of the smallest ganglion cells project ipsilaterally to the LGNd. Unlike in the normal cat,
in the kitten and OTX cat, cells of all types in temporal retina project contralaterally to the thalamus.

(Fig. 11). Many contralaterally projecting « cells are found up with the injection could not have affected our results signifi-

to 4 mm into the other temporal retina. A 4 mm error in the cantly.

localization of the vertical meridian is not possible. 1. In the normal cat, significant numbers of contralaterally
Second, in the retina ipsilateral to the HRP injection, shifting projecting « and 8 cells at elevations close to the horizontal

the vertical meridian even 0.5 mm nasally (Fig. 4) would result meridian do not extend more than 1 and 0.4 mm into temporal

in a strip of temporal retina free of ipsilaterally projecting cells retina, respectively (Figs. 5~7; see also Stone et al., 1978; Cooper

in normal cats, kittens, and OTX cats, while shifting the vertical and Pettigrew, 1979a; Wissle and Illing, 1980). Significant num-

meridian temporally would, by definition, result in large num- bers of the smallest ganglion cells in temporal retina do project
bers of ipsilaterally projecting cells in nasal retina in normal contralaterally (Stone, 1966); these project to the superior col-
cats, kittens, and OTX cats. Such an error would be quite ob- liculus (Wissle and Illing, 1980). In the present study, we made
vious; thus, an error in localizing the vertical meridian of more large injections of HRP into the optic tract of normal cats and
than 100 um is very unlikely in any cat. also found that, at elevations close to the horizontal meridian,

The second issue to be dealt with is whether our injections virtually all labeled cells more than 1 mm into the temporal
into the LGNd involved the superior colliculus and/or optic retina contralateral to the injection are small (Figs. 5, 6, 13).
tract in OTX or neonatal cats and if this in some way affected We also find that, as in normal cats (Leventhal et al., 1985b),
our results. For a number of reasons we believe that problems injections of HRP into the superior colliculus of OTX cats label



mostly g2 cells and « cells and do not label any 8 cells (Fig. 13).
In contrast, many « and 8 cells more than 1 mm into temporal
retina at all elevations project contralaterally in the OTX cat;
many cells that resemble « and g cells at all elevations in tem-
poral retina in the neonate project contralaterally (Figs. 2, 3, 8,
12). Thus, for these cell types, an exuberant projection must
exist. Leakage of HRP into the superior colliculus or even the
optic tract could not account for our results since injections
directly into these structures do not label significant numbers
of contralaterally projecting « and 8 cells in regions of temporal
retina more than 1 mm from the vertical meridian (see also
Waissle and Illing, 1980).

2. Reconstructions of our injection sites (Fig. 1) show that
HRP reaction product does not extend into the pretectum or
superior colliculus in animals receiving LGNd injections. Con-
sistent with this, our injections were made into anterior regions
of the LGNd, where the horizontal meridian and superior retina
are represented; labeled cells in kittens as well as OTX cats were
concentrated in the appropriate regions of retina. Very few cells
more than a few millimeters inferior to the horizontal meridian
were labeled. No cells in this region were heavily labeled even
though some HRP reaction product was evident in the posterior
portion of the LGNd (Fig. 1), where the inferior retina is rep-
resented. Since the superior colliculus is located posterior to the
LGN, the retinal distribution of labeled cells we observed in-
dicates that the superior colliculus could not have been involved
significantly. Similarly, if the optic tract were involved signifi-
cantly, one would expect a diffuse distribution of labeled cells
throughout the retina. The relative absence and poor staining
of labeled cells in inferior retina in kittens as well as OTX cats
provides evidence that involvement of the optic tract is not a
significant problem (see also Cooper and Pettigrew, 1979a, and
Illing and Wissle, 1981, regarding the injection of the HRP into
the thalamus).

3. In our experience, good filling of retinal ganglion cell den-
drites only is accomplished by long, slow injections in localized
regions. Diffuse spread of HRP only results in light labeling of
cell bodies. In the present study, the regions analyzed were in
retinotopic correspondence with the receptive fields of units
recorded at the injection sites and contained well-labeled cells.

In summary, it remains possible that in the present study our
determination of the position of the vertical meridian could be
wrong by 100 um or so in any individual animal. However, the
magnitude and consistent nature of our results cannot be ac-
counted for by small shifts in the position of the vertical me-
ridian. Similarly, our results for « and g8 cells cannot be ac-
counted for by involvement of the midbrain or optic tract in
our LGNd injections. Nevertheless, we hesitate to rule out the
possibility of a small involvement of these structures in the
effective injection sites in neonates. In this study, our injections
had to be larger than those in previous studies (Leventhal, 1982;
Leventhal et al., 1985b) in order to label large regions of retina
in individual cats. Also, HRP injection sites tend to be poor
indicators of the effective region of uptake (see Illing and Wissle,
1981 for discussion). In view of the small size of the kitten
brain, it remains possible that involvement of the midbrain and
optic tract could have contributed to, but for the reasons above,
not entirely accounted for, the especially large number of con-
tralaterally projecting small ganglion cells in temporal retina we
observed following injections into the LGNd (Fig. 8). Injections
into the superior colliculus and/or optic tract do normally label
these cells in the adult (Figs. 5, 6; Wissle and Illing, 1980).
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Figure 13. A, Cell body size distribution of contralaterally projecting
cells in temporal retina labeled by multiple HRP injections into the
optic tract of a normal cat. B, Sizes of cells in temporal retina labeled
by an injection of HRP into the superior colliculus of an OTX cat. The
regions studied were 1-3 mm from the vertical meridian along the
horizontal meridian. In the normal cat, note that there are no contra-
laterally projecting « and 8 cells (4) more than 1 mm into temporal
retina at elevations close to the horizontal meridian. Also note that our
injection into the superior colliculus of the OTX cat did not label any
8 cells (see footnote 3).

Evidence that class specific axonal interactions mediate cell
death in the developing retina

In OTX cats, contralaterally projecting « cells are found further
into temporal retina than are contralaterally projecting 8 cells.
Similarly, in the other eye, a reduction in the number of ipsi-
laterally projecting « cells is evident further into temporal retina
than is a reduction in the number of ipsilaterally projecting g8
cells. We postulate that competitive axonal interactions in the
LGNd mediate the effects we observed. A detailed description
of the changes in the morphology of retinogeniculate axons that,
at least in part, may result from interactions between the axons
of retinal ganglion cells in the 2 eyes has recently appeared
(Sretavan and Shatz, 1986). Such interactions are the most plau-
sible way to explain why the abnormal survival of cells in one
eye projecting to the LGNd is accompanied by a loss of cells in
the other eye projecting to the same LGNd. We also hypothesize
that the axonal interactions that mediate the loss of ipsilaterally
projecting cells are class specific. If they were not, then the
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Figure 14. Summary of results. The
distribution of ganglion cells projecting
to the 2 hemispheres is represented
graphically for the neonate (top), nor-
mal adult (Jower left), and adult follow-
ing neonatal optic tract section (lower
right). Vertical lines indicate the retinal
distribution of ganglion cells projecting
ipsilaterally, and horizontal lines indi-
cate the distribution of ganglion cells
projecting contralaterally. In the kitten,
many cells in temporal retina project
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contralaterally. Through the course of

normal development, most of these cells

are eliminated. Sectioning one optic

tract neonatally, however, results in the
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survival of many of the contralaterally
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projecting cells in the temporal retina
ipsilateral to the lesion and a subse-
quent reduction in the density of ipsi-
laterally projecting ganglion cells in the

>

‘ A
temporal retina contralateral to the le- EEEEL
sion (indicated by the dashed lines). This £
reduction in & and 8 cell density is spa- Y

tially complementary to the increase in 4
ganglion cell density in the other retina.

observed loss of cells should reflect the overall distribution of
the cells comprising the stabilized exuberant projection. Since
the losses of @ and g cells in one eye were observed to comple-
ment the individual distributions of the surviving « and 8 cells
in the other eye, some sort of “class specificity” must be in-
volved.

It is not surprising that the cells comprising the exuberant
contralateral projection successfully compete with their coun-
terparts in the other eye. It is reported elsewhere (Leventhal et
al., 1988) that the surviving contralaterally projecting cells in
temporal retina are abnormally large. This is probably because
of reduced intraretinal competition (Linden and Perry, 1982;
Perry and Linden, 1982) since the optic tract section caused
degeneration of all of the ipsilaterally projecting neighbors of
the contralaterally projecting cells. We postulate that the cells
comprising the exuberant contralateral temporal projection to
the surviving LGNd are at a distinct competitive advantage in
OTX cats because of their abnormally large size and the lack
of competition for afferent inputs. They, therefore, survive. The
reason that these cells die during development in normal ani-
mals still requires clarification, but then so do the factors un-
derlying cell death in general.

Normally, relatively few of the smallest ganglion cells in tem-
poral retina project to the LGNd (Kelly and Gilbert, 1975;
Cooper and Pettigrew, 1979a; Illing and Wissle, 1981; Leven-
thal, 1982; Leventhal et al., 1985b). Many of these cells normally
project ipsilaterally as well as contralaterally to the midbrain
(Kelly and Gilbert, 1975; Wissle and Illing, 1980; Leventhal et
al., 1985b). We have found that an abnormally large number
of the smallest ganglion cells in temporal retina project contra-
laterally to the LGNd in neonatal kittens as well as in adult cats
receiving optic tract lesions as neonates.

In view of this, we hypothesize that at least part of the cell
death occurring postnatally in cat retina represents a second sort
of class-related cell death. Specifically, it appears that during the
normal development of cat retina, cell types that project to
“inappropriate” retinorecipient nuclei are eliminated. This rais-
es the possibility that, in addition to the “within class compe-
tition” hypothesized above, competition across retinal ganglion
cell classes also occurs during development (see also Sur et al.,
1984). Competition among the different ganglion cell classes
could help to explain why each retinorecipient nucleus receives
inputs from a distinctive complement of ganglion cell types
(Leventhal et al., 1985b).

Limitations upon the afferents to the LGNd

Our finding that the stabilization of the exuberant projection to
the LGNd from ganglion cells in one retina results in a com-
plementary loss of cells in the other eye projecting to the same
LGNd suggests that the LGNd is normally able to accommodate
the axonal arborizations of a limited number of cells. Our results
provide no evidence that it is possible to increase the number
of ganglion cells projecting to the LGNd postnatally. Evidence
that retinorecipient nuclei have a limited ability to receive
afferent inputs has also been reported in rodents (reviewed in
Schneider et al.,, 1985) as well as in nonmammalian species
(Murray et al., 1982).

Development of the nasotemporal division in normal and
hypopigmented cats

In Siamese (hypopigmented) cats the reduction in the number
of ipsilaterally projecting cells seems largely to be due to a pro-
nounced misrouting of axons at the optic chiasm early in de-
velopment (Kliot and Shatz, 1985). This initial misrouting does



not explain why in Siamese cats, each LGNd receives inputs
from the normal number of « and 3 cells and the distribution
of ipsilaterally (normally) projecting « and 8 cells in one tem-
poral retina is always precisely complemented by the distribu-
tion of contralaterally (abnormally) projecting o and 3 cells,
respectively, in the other temporal retina (Leventhal, 1982).
Competition between the axons of retinal ganglion cells of like
type in the temporal retinae of the 2 eyes combined with a
limitation upon the total retinal input to the LGNd would help
to explain the findings in Siamese cats.

A class-specific competitive mechanism of the type described
above could also facilitate the development of the patterns of
decussation of the different ganglion cell types in normal ani-
mals. In particular, it has been shown previously (Stone, 1966;
Kirk et al., 1976a, b; Stone et al., 1978; Cooper and Pettigrew,
1979a, b; Leventhal, 1982) that the different classes of retinal
ganglion cells exhibit different patterns of decussation in normal
cats. It would seem that class-specific competitive interactions
could be a means of achieving this and help to explain why, for
example, the distribution of « and g8 cells in the 2 temporal
retinae are complementary in normal animals and why a higher
proportion of « than 8 cells close to the vertical meridian in
temporal retina normally project contralaterally.

Difference between nasal and temporal retina

In the normal cat, retinal ganglion cell density is lower in tem-
poral than in nasal retina (Stone et al., 1978), and « and 8 cells
in temporal retina are larger than their counterparts in nasal
retina (Stone et al.,, 1980). It has been suggested previously
(Leventhal, 1982) that the size differences evident among gan-
glion cells in nasal and temporal retina are, at least in part, due
to the lower density of cells in temporal retina. Other factors,
however, may also be involved (see Perry et al., 1984, for dis-
cussion).

The present results suggest a mechanism by which cell density
is selectively reduced in temporal retina. It may be that the
elimination of the exuberant projection from contralaterally
projecting cells in temporal retina during development contrib-
utes to the differences in ganglion cell density in the 2 hemi-
retinae; this density difference results in cell size differences.
Some support for this idea comes from the observations that
the magnitude of the difference in cell size between nasal and
temporal retina increases about 3-fold in the first weeks of life
(see fig. 5 of Rapaport and Stone, 1983); the present results
indicate that the number of contralaterally projecting cells in
temporal retina is normally reduced during this period.

Width of the region of nasotemporal overlap

In the normal cat, we have found, in agreement with Illing and
Wissle (1981) that the width of the region of nasotemporal
overlap increases with distance from the area centralis. Contra-
laterally projecting cells are found progressively further into
temporal retina at elevations progressively further from the hor-
izontal meridian. Illing and Wissle (1981) pointed out that the
width of the region of overlap is inversely related to the density
of cells at different elevations and that the same number of cells
at all elevations are included in the region of overlap. In OTX
cats contralaterally projecting cells are also found progressively
further into temporal retina at elevations progressively further
from the horizontal meridian; at corresponding elevations con-
tralaterally projecting cells extend further into temporal retina
in OTX than in normal cats. Since neonatal optic tract section
reduces ganglion cell density at all elevations along the vertical
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meridian, the present findings can be interpreted as providing
further evidence that the density of cells along the vertical me-
ridian somehow contributes to the development of the naso-
temporal division; the nasotemporal division is “sharpest™ in
regions where the density of cells is greatest. The observation
that the nasotemporal division is sharper in the monkey than
in the cat (Stone et al., 1973) also supports this idea since gan-
glion cell density is much greater in the former than in the latter
(Stone and Johnston, 1981).

This study has provided evidence that the position of the
median edge is specified before birth.* Since, in the cat, central
retina grows less than peripheral retina in postnatal life (Mas-
tronarde et al., 1984), the relatively large region of overlap in
the periphery may result from the early specification of the
“nasotemporal” division combined with differential growth in
central and peripheral regions of cat retina (see also Illing and
Wissle, 1981).

Relation to cell death in other systems

Throughout the vertebrate nervous system there is a period of
naturally occurring cell death during development. Recent work
has provided evidence that this cell death promotes the devel-
opment of mature connectivity in at least 3 ways. The first has
been referred to as ““systems matching” (reviewed in Oppen-
heim, 1981; Hamburger and Oppenheim, 1982; Cowan and
O’Leary, 1984; Cowan et al., 1984). This term has been used
to describe the process by which a target receives the appropriate
number of inputs from its afferent neurons. The second can be
referred to as ‘‘error correction.” This term is used here to
describe the process by which afferents to inappropriate targets,
i.e., aberrant connections, are eliminated (Clarke and Cowan,
1976; Frost and Schneider, 1979; Land and Lund, 1979; McLoon
and Lund, 1982; O’Leary and Cowan, 1982; Bunt et al., 1983;
O’Learyetal., 1983; Frost, 1984; Godementetal., 1984; Thanos
and Bonhoeffer, 1984; Insausti et al., 1985). The third way in
which cell death has been shown to aid in the development of
mature connectivity is by facilitating “topographic precision.”
This refers to an apparently activity-dependent process through
which cells that project to inappropriate positions within the
appropriate target are eliminated (discussion in O’Leary et al.,
1986).

The present study provides evidence that the period of nat-
urally occurring cell death which occurs in cat retina (Ng and
Stone, 1982; Stone et al., 1982; Williams et al., 1985) may serve
to shape the patterns of projection of the different retinal gan-
glion cell classes in each of the 3 above-mentioned ways.

First, our findings indicate that an “aberrant” projection from
the smallest ganglion cell classes to the LGNd is eliminated
during the first weeks of life. This seems to be a form of “error
correction” as described above. Second, we found that the sta-
bilized projection from the contralateral temporal retina to the
intact LGNd 1s accompanied by a complementary reduction of
ipsilaterally projecting cells. As a result, the surviving LGNd
receives normal numbers of inputs in OTX cats. This suggests
that cell death during retinal development serves to limit the
number of afferent inputs to the LGNd. This can be viewed as
a form of “systems matching.” Finally, our observation that the
topographic distribution of “surviving” cells in the contralateral
temporal retina is complementary to the topographic distribu-
tion of “lost” cells in the other eye suggests that cell death could
potentially serve to refine the topographic precision of the ret-
inogeniculate projection. Substantial evidence that the retrac-
tion of much of the neonatal ipsilateral retinocollicular projec-
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tion during development is due to the selective death of ganglion
cells has also been presented (Jeffrey and Perry, 1982; O’Leary
et al., 1983; Insausti et al., 1985).

The present findings also suggest a fourth means by which
cell death promotes the development of adult specificity. As
already discussed, our findings suggest that the interactions that
result in the death of ganglion cells in the temporal retina ipsilat-
eral to the intact LGNGA are class specific. Class-specific cell death
in the mammalian visual system may serve to promote the
development of parallel channels in the visual pathways, i.e.,
the well-documented connections between cells of like type in
the retina, LGNd, and visual cortex (reviewed in Stone et al.,
1979). Also, since the proportions of the different ganglion cell
types are known to vary across the retina, such a process could
serve during normal development to match the numbers of relay
cells of different types in different regions of the LGNd with the
numbers of ganglion cells of different types in topographically
corresponding regions of retina. Such a process could explain
why, for example, in the retina as well as the LGNd, the relative
proportion of Y cells increases by a factor of about 2.3 between
regions representing central and peripheral parts of the visual
field (see Leventhal, 1982, for discussion).

Conclusion

The present study provides evidence that, during the develop-
ment of cat retina, cell death is capable of ““sculpting” the mature
patterns of central projections of the different classes of retinal
ganglion cells. This cell death is likely to result from class-
specific competitive interactions among the axons of retinal
ganglion cells. Class-specific cell death may help to mediate the
development of the distinctive retinal distributions of the dif-
ferent ganglion cell types as well as the precise, class-specific
connections known to exist between retinal ganglion cells and
their target neurons in the mature mammalian visual system.
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