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Abstract
It is well established that early in development interconnections within the mammalian visual system are often more
widespread and less precise than at maturity. The literature
dealing with the formation of visual connections has largely
ignored differences in developmental specificity among species
differing in their phylogenetic status andlor the visual ecological niche that they occupy. Based on a review of the available
evidence, we have formulated an hypothesis to account for the

varying degrees of developmental specificity that characterize
different visual systems. It is suggested that extremely precise
systems required for high-acuity binocular vision exhibit fewer
presumed developmental errors than d o visual systems characterized by poorer acuity and relatively crude depth perception. The developmental implications of the hypothesis are
considered, and specific experiments are proposed to further
test its validity.

INTRODUCTION

to a greater or lesser extent at virtually every level of the
visual pathway (reviewed by Chalupa & White, 1990).
These largely regressive events are thought to be necessary as a mechanism auxiliary to the specification contained in the genome because it is presumed that the
complexity of the neuronal system exceeds the genome's
information coding capacity (Katz, 1983; Cowan, Fawcett,
O'Leary, & Stanfield, 1984; Finlay, Wikler, & Sengelaub,
1987; see also Gierer, 1988). Support for this idea comes
from experiments demonstrating that neuronal activity
plays a key role in the triggering of at least some remodeling in the developing visual system (e.g., Fawcett
& O'Leary, 1985; Fawcett, O'Leary, & Cowan, 1984;
O'Leary, Fawcett, & Cowan, 1986; Stryker & Harris, 1986).
Thus, the attainment of the mature pattern of connections
appears to depend on activity-mediated interactions between subpopulations of cells within a given system.
In recent years, widespread early projections and regressive developmental phenomena "pruning" those
projections have been studied, and to a certain extent
quantified, in a variety of mammalian species differing
in their phylogenetic status and/or the visual ecological

One of the "dogmas" of contemporary developmental
neurobiology is that the precise patterns of connections
in mature mammalian neural systems are achieved
through the elimination and pruning of much broader
and less precise initial connections. Indeed, a plethora
of data dealing with the development of mammalian
sensory and motor systems lends strong support for this
viewpoint (e.g., Cowan, Fawcett, O'Leary, & Stanfield,
1984; Ebbesson, 1984; Easter, Purves, Rakic, & Spitzer,
1985; Purves & Lichtman, 1985; Finlay, Wikler, & Sengelaub, 1987). Three types of mechanisms have been
implicated in the conversion of early widespread projection patterns into the precise and topographically confined connections characterizing mature animals.
Broadly defined the mechanisms underlying the sharpening of connectional patterns are (1) selective cell
death, (2) retraction of axonal collaterals, and (3) restructuring of terminal fields of neurites (dendritic trees and
axonal arbors). In the case of the mammalian visual
system all of these phenomena have been documented
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appears to be the early retinal innervation of the cat
perigeniculate nucleus, in the immediate vicinity of the
dorsolateral geniculate nucleus (Sretavan & Shatz, 1787).
In fetal macaque monkeys retinal terminals appear to be
strictly confined to the regions that in adults constitute
the retinorecipient nuclei (Rakic, 1976).
In the cat a more subtle type of misprojection has
been detected. Retinal ganglion cells of the P class, which
in mature animals do not appear to innervate the superior colliculus (Leventhal, Rodieck, & Dreher, 1985; Leventhal, Schall, Ault, Provis, & Vitek, 1988), have been
found during early development to project to the colliculus, including its caudal pole (Ramoa, Campbell, &
Shatz, 1989). Whether in other species particular classes
of retinal ganglion cells innervate transiently inappropriate retinorecipient nuclei is as yet unknown.

Intermingling of Ocular Domains

RETINOFUGAL PROJECTIONS
Four aspects of the development of retinofugal projections are pertinent to our thesis: (1) the transient innervations by retinofugal fibers of "inappropriate" targets,
(2) transient intermingling of inputs from the two eyes,
(3) the formation of decussation patterns of crossed and
uncrossed retinofugal projections, and (4) the establishment of topographically organized projections within retinorecipient nuclei.

Transient Innervation of Inappropriate
Targets
Anterograde tracing studies have revealed, in some species, the presence of transient retinal projections to targets that at maturity are not retinorecipient. For example,
in the neonatal hamster, Frost (1984) provided clear-cut
evidence that retinofugal axons project transiently to several inappropriate targets, including the ventrobasal
complex of the dorsal thalamus, a number of nuclei of
the hypothalamus, zona incerta, substantia nigra, inferior
colliculus (cf. Insausti, Blakemore, & Cowan, 1985), pons,
and mesencephalic tegmentum. Transient retinal projections to lateral posterior nucleus (Baisinger, Lund, &
Miller, 1977; Perry & Cowey, 1979a,b, 1982) and to the
inferior colliculus have also been described in the rat
(Yamauchi & Yamadori, 1982; Kato, 1983; Cooper &
Cowey 1990a,b); those to the ventrobasal thalamic complex were described in the rabbit (Gayer, Horsburgh, &
Dreher, 19891, and to the lateral hypothalamus (Cucchiaro & Guillery, 1980) and the perigeniculate nucleus
(Linden, Guillery, & Cucchiaro, 1981; Cucchiaro & Guillev, 1984;Jeffery, 1989) in the ferret. By contrast, in cats
retinal. terminals throughout development appear to be
confined to the regions that in adults constitute retinorecipient nuclei (Williams & Chalupa, 1982; Shatz, 1983;
Williams & Chalupa, 1983). The only notable exception
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More than a decade ago Rakic (1976) in the macaque
monkey and Land and Lund (1979) in the laboratory rat
provided evidence that retinal projections from the two
eyes are more widespread and overlapping within retinorecipient nuclei early in development than at maturity.
Indeed, projections from the ipsilateral and contralateral
eyes have been reported to occupy, at a certain stage of
development, virtually the entire volumes of the principal retinorecipient targets, the dorsolateral geniculate
nucleus (LGNd), and/or the superior colliculus (SC) in a
variety of mammalian species, including primate (macaque: Rakic, 1976), carnivores (domestic cat: Williams
& Chalupa, 1982; Chalupa & Williams, 1984; ferret: Linden et al., 1981; Cucchiaro & Guillery, 1984;Jeffery, 1985,
1989), rodents (laboratory rat: Land & Lund, 1979; Bunt,
Lund, & Land, 1983; Laemle & Labriola, 1982; Manford,
Campbell, & Lieberman, 1984; hamster: Frost, So, &
Schneider, 1979; Insausti, Blakemore, & Cowan, 1985; So,
Schneider, & Frost, 1978; So , Woo, & Jen, 1984; Thompson & Holt, 1989; Woo, Jen, & So, 1985), and lagomorphs
(rabbit: Crabtree, 1989, 1990).
Less extensive overlap of ipsilateral and contralateral
projections has been found by other investigators. For
example, Shatz (1983) estimated that during development in the cat the ipsilateral eye innervates at maximum
only about 45% of the LGNd, resulting in binocular overlap of retinal terminals of not more than about 30%. In
the rat, it has been claimed that at maximum 75% of the
LGNd volume is innervated by the ipsilateral eye (Jeffery,
1984). The innervation, during early development by the
ipsilateral eye of the LGNd and SC has also been reported
to be incomplete in the mouse (Godement, Salaun, &
Imbert, 1984), but this has not been quantified. Recently,
Crabtree (1990) reported that in pigmented rabbits ipsilateral fibers at a certain stage of development are
found within the caudal three-quarters of the LGNd. On
the other hand, Gayer, Horsburgh, and Dreher (1789)
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niche that they occupy. By comparing the results of these
studies, one can test the relation between the degree of
developmental specificity and the complexity and precision of topographic organization in the visual system
of a given species. We will argue that the available evidence points to a relation that is largely a reversal of that
expected on the basis of the "dogma." In particular, it
appears that the precise topographically organized systems required for high-acuity, stereoscopic, focal vision
(cf. Trevarthen, 1968; Schneider, 1967; Stone, Dreher, &
Leventhal, 1979; Lia, 1989) exhibit fewer presumed developmental errors than d o visual systems characterized
by poorer visual acuity and relatively crude depth perception. In the present article we will provide a review
of the evidence supporting this viewpoint and discuss
some implications for our understanding of developmental neurobiological mechanisms.

the proportion of the ganglion cells projecting ipsilaterally (hamster: So et al., 1984; ferret: Cucchiaro bi Guillery, 1984; Linden et al., 1981; macaque: Rakic, 1976;
R. W. Williams, personal communication).
From our perspective, the key point to be emphasized
here is that the relative magnitude of transient retinofugal
projections appears to be substantially greater in species
with a smaller ipsilateral projection and therefore relatively low degree of binocularity than in animals with a
larger ipsilateral projection and more highly evolved
binocular vision.
A related question is the precision of retinofugal projections in the developing visual system. Conceptually, it
is important to separate two types of projection errors,
those resulting from chiasmatic factors and those that
occur at the target. "Chiasmatic errors" are indicated
when ganglion cells from a region of the retina that
innervate targets in one hemisphere "misproject" during
development to innervate targets in the other hemisphere. For instance, in all mammals projections from
the nasal retina to ipsilateral retinorecipient nuclei could
be considered chiasmatic errors. In addition, in carnivores projections from the temporal retina to the contralateral thalamic nuclei could constitute a chiasmatic
error, while in primates the projection from temporal
retina to any contralateral retinorecipient nucleus could
be considered such an error. Presumed target errors, on
the other hand, are indicated when ganglion cells project
to the appropriate hemisphere but innervate either nonretinorecipient nuclei or a topographically inappropriate
region of a given retinorecipient nucleus.
The term "error" is used descriptively here to denote
connections present during early development that are
absent or very rare at maturity. Such transient projections
could result from the failure, by a certain contingent of
ingrowing axons, to recognize appropriate guidance
cues. It is also possible, however, that transient projections are recognizing specific guidance cues, which are
expressed only transiently during development. It may
even be the case that at early stages of development
transient projections play a role in the establishment of
later developing appropriate connections. It seems reasonable to assume, however, that the failure to eliminate
what we have denoted as targeting or chiasmatic errors
would be maladaptive to the functional organization of
the mature visual system.
Chiasmatic Errors
Retrograde tracing studies have revealed that in all species a certain proportion of retinal ganglion cells makes
apparent chiasmatic errors during development. In terms
of absolute numbers the magnitude of such errors would
appear to be overall not very large and reasonably similar
from one species to the next. For instance, in the normally pigmented hooded rat there are about 4800 such
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estimated that in the pigmented laboratory rabbit the
maximal proportion of the LGNd volume occupied by
the ipsilateral projection is only about 35%, while the
maximal proportion of the collicular volume occupied
by the ipsilateral projection is about 45%. Furthermore,
in polyprotodont marsupials such as South American
opossum (Cavalcante & Rocha-Miranda, 1978; MendezOtero, Cavalcante, Rocha-Miranda, Bernardes, & Barradas, 1985), Australian brush-tailed possum (Sanderson,
Dixon, & Pearson, 1982), as well as diprotodont marsupials such as tammar wallaby (Wye-Dvorak, 1984) and
quokka (Harman & Beazley, 1986), the ipsilateral projection to the LGNd and SC does not appear to innervate
the entire volume of those nuclei at any stage of development. To some degree the differences between species, as well as the differences in the data for the same
species reported by different laboratories, might be related to methodological factors as well as to dissimilar
critieria employed by different investigators for what
constitutes label above background levels. Several authors have commented on this point explicitly and excluded lightly labeled regions from their estimates (e.g.,
Harman & Beazley, 1986; Shatz, 1983).
It is important to note, in this context, that the relative
volume of the retinorecipient nuclei occupied by the
ipsilateral projection, and the relative magnitude of the
population of ganglion cells projecting ipsilaterally, varies markedly among the aforementioned species. In the
adult pigmented laboratory rabbit the ipsilateral retinal
projection occupies only about 1.5% of the volume of
the LGNd (Gayer et a]., 1989) and the ipsilateral projecting retinal ganglion cells constitute only about 0.6% of
the ganglion cell population (Robinson, Sung, Dreher, &
Taylor, 1990). In the LGNd of the adult rat the ipsilateral
retinal projection occupies about 14% of the nucleus and
ipsilaterally projecting ganglion cells constitute about
1.5-3.0% of the total population of retinal ganglion cells
(Dreher, Sefton, Ni, & Nisbett, 1985; Jeffery, 1984). Similarly, the adult population of ipsilaterally projecting cells
is very small in the adult hamster (about 1% of all ganglion cells, Hsiao, Sachs, & Schneider, 1984) and mouse
(about 3%, Drager & Olsen, 1980; Godement, Salaun, &
Metin, 1987). By contrast, in the adult ferret (Henderson,
Findlay, & Wikler, 1988; Morgan, Henderson, & Thompson, 1987), cat (FitzGibbon & Burke, 1989; Illing & Wassle, 1981; Mastronarde, 1984; Stone & Fukuda, 1974;
Wassle & Illing, 1980), and macaque (Perry & Cowey,
1984; Perry, Oehler, & Cowey, 1984) ipsilaterally projecting cells constitute, respectively, about 7, 25-30, and
40% of the entire ganglion cell population. In the cat the
ipsilateral population occupies about 30% of the volume
of the dorsal lateral geniculate (Shatz, 1983). For other
species quantitative measurements of the relative geniculate volume occupied by ipsilateral projections are not
yet available, but inspection of terminal labeling patterns
in the relevant papers indicates that these approximate
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rat: Lund, Land, & Boles, 1980; Dreher et al., 1985; albino
ferret: Morgan et al., 1987; albino rabbit: Robinson et al.,
1990).

Topographic Errors
Such errors have also been documented in developing
visual systems. In all species the early widespread ipsilateral and contralateral projections to the LGNd and/or
the SC are at least crudely retinotopically organized (rat:
Martin, Sefton, & Dreher, 1983; O'Leary et al., 1986; hamster: Insausti et al., 1985; ferret: Jeffery, 1985, 1989; cat:
Ostrach, Kirby, & Chalupa, 1986; Sretavan & Shatz, 1987).
However, with the exception of the work of O'Leary and
colleagues (O'Leary et al., 1986; Simon & O'Leary, 1990)
and Yhip and Kirby (1990) on the rat, and that of Ostrach
et al. (1986) on the cat, little information is available
about the extent of topographic targeting errors during
development of retinofugal pathways. It should also be
taken into account that with current methods it is possible to evaluate only relatively gross topographic errors.
O'Leary and co-workers (1986) reported large topographic errors in the crossed retinocollicular projection
of the developing rat. These investigators made small
deposits of a retrograde tracer (fast blue) into the caudal
aspect of the superior colliculus and subsequently examined the distribution of labeled ganglion cells in the
contralateral retina. Topographic errors were defined as
those cells projecting to the caudal part of the superior
colliculus that were located in the peripheral temporal
retina, in the mirror-image region of the nasal peripheral
retina in which topographically appropriate ganglion
cells were located. At the beginning of the period of
naturally occurring ganglion cell death (newborn rat)
O'Leary et al. (1986) estimated that for every 100 ganglion
cells projecting to the topographically appropriate portion of the contralateral superior colliculus, 14 cells make
gross topographic errors. In marked contrast, similar
experiments on the contralateral and ipsilateral retinocollicular projection of the fetal cat, conducted at the
equivalent stage of visual system development (E39 to
42), revealed a topographic error factor of only about
0.2 per 100 neurons (Ostrach et al., 1986). This suggests
that in terms of absolute numbers, at equivalent stages
of development, there are about 70 times as many ectopic
retinocollicular ganglion cells in the rat as in the cat!
Whereas a more recent retrograde labeling study (Yhip
& Kirby, 1990) reported a somewhat smaller percentage
of ectopic retinal ganglion cell (7-11 per 100 neurons)
in the developing rat's crossed retinocollicular projection
than indicated by the data of O'Leary et al. (1986), DiI
anterograde labeling of terminal arbors revealed that
ingrowing retinal axons do mistarget widely within the
rat's superior colliculus (Simon & O'Leary, 1990). These
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ganglion cells (Jeffery, 1984), in pigmented ferret about
1700 (Morgan & Thompson, 1985), in the cat, about
14,000 (Lia, Kirby, & Chalupa, 1987, and in preparation),
and in the rhesus macaque about 6100 (Lia, Snider, &
Chalupa, 1988; Chalupa & Lia, 1991). However, when
chiasmatic errors are expressed as a proportion of the
population of ipsilaterally projecting ganglion cells, substantial variations among species become evident, with a
clear trend for the error magnitude to be inversely related to the size of the ipsilateral projection (i.e., the
degree of binocularity).
In the newborn hooded rat about 40% of ganglion
cells projecting to the ipsilateral hemisphere are located
in the "wrong" region of the retina, that is clearly outside
the temporal crescent (Jeffery, 1984). By comparison, in
the newborn pigmented ferret the proportion of such
ectopic neurons is much lower: about 12% of ipsilaterally
projecting retinal ganglion cells are located outside the
temporal crescent (Morgan & Thompson, 1985). Decussation errors of similar magnitude have been noted in
the fetal cat (Lia et al., 1987). Finally, in the fetal rhesus
monkey, a species with the most highly developed binocular vision, the relative proportion of such ectopic cells
is indeed very small, with less than 0.5% of ipsilaterally
projecting neurons located in the inappropriate (i.e., nasal) hemiretina (Lia et al., 1988; Chalupa & Lia, 1991).
It should be noted that the foregoing comparisons
refer to the magnitude of errors at virtually equivalent
stages in the development of the visual system, from 58
to 65% of caecal period, the time from conception to
natural eye opening. Dreher and Robinson (1988) proposed this as the standard temporal unit of mammalian
visual system development. In all species the comparisons were made at the beginning of the period of naturally occurring ganglion cell death (for review see
Dreher & Robinson, 1988). Thus, when the magnitude
of the projection is taken into account, the early ipsilatera1 retinal projection appears to be characterized by
more developmental errors in those species with a relatively smaller uncrossed pathway at maturity.
An inverse relation between the relative magnitude of
chiasmatic errors and the relative size of the ipsilateral
retinofugal projection is also apparent from comparison
of the proportion of ectopically located ipsilaterally projecting retinal ganglion cells in normally pigmented and
hypopigmented strains of different mammalian species.
The ipsilateral retinofugal projections in hypopigmented
strains are substantially smaller than in normally pigmented strains of the same species (Guillery, 1969; Guillery & Kaas, 1971; Lund, 1965, 19751, while the
percentage, and to a lesser extent the absolute numbers,
of ipsilaterally projecting retinal ganglion cells located in
the inappropriate (nasal) part of the retina are significantly greater in hypopigmented than in normally pigmented strains (cf. Siamese cat: Murakami, Sesma, &
Rowe, 1982; albino mouse: Drager & Olson, 1980; albino

investigators concluded that the crossed retinocollicular
projection in the newborn rat is "very diffuse," although
"there is some bias for the correct region of the SC."
There is no available information concerning the developing retinofugal pathways in the primate. However,
in line with our general theme, the topography of the
geniculostriate pathway in the fetal rhesus monkey has
been recently shown to be very precise (Lia, Snider, &
Chalupa, 1989). In contrast, considerable refinement and
elimination of misprojections have been reported in the
geniculocortical pathway of the developing golden hamster (Naegele, Jhaveri, & Schneider, 1988).

Innocenti and colleagues (1977) discovered that callosal
projection neurons have a widespread tangential distribution in areas 17 and 18 of the neon'atal cat visual cortex,
whereas at maturity such neurons are largely restricted
to the representation of the vertical meridian at the border of these two areas. A similar developmental sequence
has since been documented in other cortical areas of the
cat (somatosensory cortex, Innocenti & Caminiti, 1980;
auditory cortex, Feng & Brugge, 1983), as well as in visual
and other cortical sensory areas in a number of other
species, including two species of rodents (rats: Ivy, Akers,
& Killackey, 1979; Ivy & Killackey, 1981; Olavarria & Van
Sluyters, 1985; hamster: Rhoades & DellaCroce, 1980),
rabbit (Chow, Baumbach, & Lawson, 1981), and macaque
(Killackey & Chalupa, 1986). The establishment of mature
callosal projections appears to involve the retraction of
axonal collaterals rather than cell death (Chalupa & Killackey, 1989; Innocenti, Clark, & Draftsik, 1986; Ivy &
Killackey, 1982). Until recently, it was thought that such
exuberance characterizes the development of all mammalian interhemispheric connections. However, Dehay,
Kennedy, Bullier, and Berland (1988) discovered that
area 17 of the rhesus monkey cortex is devoid of callosal
projection neurons throughout development. This unexpected finding prompted a reexamination of callosal
connections of the striate cortex in the fetal macaque
(Chalupa et al., 1989). Although some "ectopic" callosal
projection neurons were noted in area 17 of an El19
fetal rhesus monkey, the relative paucity of such cells led
to the conclusion that elimination of callosal connections
plays only a minor role in the ontogenesis of the striate
cortex in this primate (Chalupa et. al., 1989).
Thus, unlike what has been found in developmental
studies of other species, in the macaque there appears
to be little exuberancy in the establishment of callosal
connections of primary visual cortex. It should be
stressed that procedures identical to those employed to
study the callosal projection neurons of the visual cortex
have revealed an exuberant pattern of callosal connections in the postcentral gyrus of the fetal rhesus monkey,

DEVELOPMENTAL IMPLICATIONS
The general principle we wish to put forward is that
there appears to be a correlation between the degree of
precision in a neural system at maturity and the extent
of developmental specificity exhibited by that system
during development. The correlation is such that the
more precise the system at maturity the more specific its
developmental "blueprint." This is most clearly evident
when comparing the decussation pattern of retinofugal
pathways and the callosal connections of the primary
visual cortex in the macaque to those of other mammalian species. Support for this viewpoint is also provided
by comparing "less visual" and "more visual" mammals
in terms of the transient innervation by retinal axons of
nonretinorecipient targets as well as their precision in
the innervation of retinorecipient nuclei.
The generally accepted explanation of the ubiquity of
early widespread projections is that this is the most effective way of forming precise patterns of connections
without complete reliance on information encoded in
the genome (Easter et a]., 1985). A direct implication of
this idea is that the more "complex" and topographically
precise the system, the greater its reliance on early developmental exuberance and activity-mediated regressive
events. Indeed, it has been argued that the development
of simpler neural systems, such as those of many invertebrates, is "preordained to a greater degree than neural
development in higher animals" (Easter et a]., 1985).
However, in a mammalian system characterized by extremely precise patterns of connections, such as the
parvocellular component of the retinogeniculostriate
pathway of the macaque, a high degree of developmental
specificity may be essential to ensure the exquisite precision evident at maturity. A developmental strategy characterized by extensive transient connections and
subsequent activity-mediated refinements may simply be
too risky to achieve such a system. For one thing, such
a strategy may leave significant remnants of developmental errors by early ectopic projections. This may
account for the appreciable proportion (3.5%) of ipsilaterally projecting ganglion cells being located in the nasal
retina of the adult hooded (pigmented) rat (Jeffery,
1984). Such ostensibly ectopic neurons account for a
much smaller proportion of ipsilaterally projecting ganglion cells in species with much greater stereoscopic
acuity (e.g., adult cat, 0.2%, Jacobs, Perry, & Hawken,
1984; and less than 0.1% in adult macaque, Fukuda, Sawai, Watanabe, Wakakuwa, & Morigiwa, 1989, and Y. Fukuda, personal communication).
This apparent trend in the relative magnitude of ectopic retinal projections remaining at maturity is likely
to reflect the relative magnitude of more subtle misproChalupa and Dreher
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CALLOSAL CONNECTIONS

including the area considered the primary somatosensory cortex (Killackey & Chalupa, 1986).
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the retinal periphery (Kliot & Shatz, 1982; LaVail, Yasumura, & Rakic, 1983; Rapaport, Yasumura, LaVail, & Rakic,
1987; Walsh & Polley, 1985; Walsh, Polley, & Hickey,
1983). In macaque the great majority of ganglion cells
born at a given time appear to be located in a wellcircumscribed region of the retina (Rapaport et al., 1987).
By comparison, the distribution of ganglion cells of a
given cohort of cells born at the same time is more
widespread in the cat (Kliot & Shatz, 1982; Walsh &
Polley, 1985; Walsh et al., 1983), and still more diffuse in
the rat (Webster, 1785) or mouse (Drager, 1985). Since
the mammalian retinofugal pathways exhibit a chronotopic organization (Naito, 1986, 1989; Reese & Cowey,
1988; Reese & Guillery, 1987; Torrealba, Guillery, Eysel,
Polley, & Mason, 1982; Walsh, 1986; Walsh & Guillery,
1982, 1985), a tight correlation between chronotopy and
retinal location allows for the formation of more precise
topographic organization within the retinofugal pathway.
In turn, more precise topographic organization within
the retinofugal pathway may facilitate establishment of
more precise topographic maps within the retinorecipient nuclei.
A related factor is that ganglion cells of different
classes, located in a given patch of the retina, are born
at different times (Walsh & Polley, 1985; Walsh et a].,
1983). In the optic tract the fibers of each cell class
appear to be largely segregated and organized in at least
rough topographic order (Guillery, Polley, & Torrealba,
1982; Reese & Cowey, 1988; Reese & Guillery, 1987;
Reese & Ho, 1988;Torrealba et al., 1982). In the macaque,
with a retina dominated by a single ganglion cell class,
PP or B cells (Perry et a]., 1984; Leventhal, Rodieck, &
Dreher, 1981), there would seem to be less tendency for
topographic errors resulting from an intermingling of
chronotopic maps of different classes within the fiber
groupings of the optic tract. This means that for the
overall population of retinal ganglion cells, chronotopy
and topographic order are more closely related in the
macaque than in a species such as the cat where none
of the morphological and functional classes of ganglion
cells constitutes a clear majority of the retinal ganglion
cells.
The hypothesis we have put forward in this article is
testable in a number of respects. One possibility is that
the differences in developmental specificity we have discussed are not necessarily related to the phylogenetic
status of a given species. Rather, these could be related
to the high degree of precision required in high acuity
focal vision and stereopsis. If so, one would predict that
New World monkeys with high acuity stereoscopic vision,
such as the squirrel monkey (cf. Merigan, 1976), would
have a similar degree of developmental specificity in
forming their visual pathway as the macaque, an Old
World monkey with high acuity stereoscopic vision
(DeValois, Morgan, & Snodderly, 1974). By contrast, another New World monkey, the owl monkey, a nocturnal
primate with relatively poor visual acuity (Jacobs, 1977),
Volume 3, Number 3
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jections in the visual pathways of diverse mammalian
species. These could include misprojections to the wrong
lamina of appropriate target nucleus, innervation of the
wrong class of relay cells, as well as small topographic
errors beyond the detection of currently available techniques (cf. Dreher & Robinson, 1988; Garraghty, 1985;
Hamos, Van Horn, Raczkowski, & Sherman, 1987). In this
context, the study by Insausti et al. (1985) dealing with
the retinocollicular pathway of the hamster may be of
relevance. Using the highly sensitive WGA-HRP anterograde tracing technique these investigators were able to
demonstrate a sparse ipsilateral retinal projection in the
adult animal that extended to the caudal pole of the
superior colliculus. The ipsilateral retinal labeling caudal
to the functionally defined binocular segment of the
hamster's superior colliculus was interpreted as a remnant of the widespread retinal projection present in the
developing animal.
As we have indicated earlier, it could be argued that
transient projections should not necessarily be considered as developmental errors. In fact, these might play
an important role during development as appears to be
the case with thalamic as well as brain stem and basal
forebrain projections to the subcortical plate (Marin-Padilla, 1978; Kostovic & Rakic, 1980, 1990; Luskin & Shatz,
1785; Friauf, McConnell, & Shatz, 1970). Similarly, the
transient projections of the subcortical plate neurons to
the thalamus may prove to be essential for the establishment of the permanent subcortical projections (McConnell, Ghosh, & Shatz, 1989). It might be that all
transient projections serve some type of useful developmental purpose. However, transient projections might
also carry a price tag in the form of residual errors
remaining to maturity. When the demands for precision
within a system are very high, the cost-benefit ratio might
be such that it is better to forego the benefits stemming
from transient projections for the sake of reducing the
magnitude of residual error persisting into maturity.
It is unlikely that the differences in developmental
specificity exhibited by visual projections among mammalian species are due to differences in the amount of
information encoded in their genomes. It also seems
unlikely that there are significant qualitative differences
among mammalian species in the developmental cues
(i.e., molecular markers) responsible for the guidance of
ingrowing axons to their appropriate target sites. More
likely, the differences in precision we have considered
in this review reflect the specialized organization of different systems, including such factors as the tightness of
the relationship between birthdays of neurons and their
topographic location as well as the degree of morphological (and functional) neuronal heterogeneity within
the pathway.
For instance, in terms of the retina and retinofugal
projection, in all species there is a spatiotemporal wave
of ganglion cell birthdays that begins at or near the area
centralis or presumptive fovea and progresses toward

CONCLUDING REMARKS
Most probably, some refinement occurs in the formation
of all neural connections in the mammalian brain. Nevertheless, -there is reason to believe that in recent years we
have been somewhat overexuberant about developmental exuberance. In particular, relatively little attention
has been paid to the possibility that different strategies
might be employed during the development of different

components of the mammalian visual pathways to form
unique patterns of connections. The diversity in the functional capabilities of the visual system among mammalian
species (cf. Pettigrew, Dreher, Hopkins, McCall, & Brown,
1988) would make it surprising if the laboratory rat, with
a visual system capable of resolving no more than 1.2
cyclesldegree, followed the same strategy in forming
connections as the visual system of the human, with a
resolution capability of over 60 cycles/degree. We believe
that a closer consideration of developmental differences--both among species and among different components of the visual system in a given species-will
prove to be important in furthering our understanding
of how connections are formed in the mammalian visual
system.

Acknowledgments
Supported by NIH Grants RR-00167 and EY-03771.
Reprint requests should be sent to Dr. Leo M. Chalupa, Psychology Department, University of California, Davis, CA 95616

REFERENCES
Baisinger,J., Lund, R. D., & Miller, B. (1977). Aberrant retinothalamic projections resulting from the unilateral tectal lesions made in fetal and neonatal rats. Experimental
Neurology, 54, 367-382.
Bunt, S. M., Lund, R. D., & Land, P. W. (1783). Prenatal development of the optic projection in albino and hooded rats.
Developmental Brain Research, 6, 149-168.
Cavalcante, L. A,, & Rocha-Miranda,C. E. (1778). Postnatal development of retinogeniculate, retinopretectal, and retinotectal projections in the opossum. Brain Research, 146,
231-248.
Chalupa, L. M., & Killackey, H. P. (1987). Process elimination
underlies ontogenetic change in the distribution of callosal
projection neurons in the postcentral gyrus of the fetal rhesus monkey. Proceedings of the National Academy of Sciences U S A . , 86, 1076-1079.
Chalupa, L. M., Kdlackey, H. P., Snider, C. J., & Lia, B. (1987).
Callosal projection neurons in area 17 of the fetal rhesus
monkey. Developmental Brain Research, 46, 303-308.
Chalupa, L. M., & Lia, B. L. (1791). The nasotemporal division
of retinal ganglion cells with crossed and uncrossed projections in the fetal rhesus monkey.Journal of Neuroscience, 11(1), 191-202.
Chalupa, L. M., & White, C. W. (1770). Prenatal development
of visual system structures. In J. R. Coleman (Ed.),Deuelopment of sensory systems in mammals (pp. 3-60). New
York: Wiley.
Chalupa, L. M., 81 Williams, R. W. (1784). Prenatal development and reorganization in the visual system of the cat. In
J. Stone, B. Dreher, & D. H. Rapaport (Eds.),Development
of vkualpathways in mammals (pp. 89-102). New York:
Liss.
Chow, K. L., Baumbach, H. D., & Lawson, R. (1981). Callosal
projections of the striate cortex in the neonatal rabbit. Experimental Brain Research, 42, 122-1 26.
Cooper, A. M., & Cowey, A. (1790a). Development and retraction of a crossed retinal projection to the inferior colliculus
in neonatal pigmented rats. Neuroscience, 2, 335-344.
Cooper, A. M., & Cowey, A. (1790b). Retinal topography of the
Chalupa and meher

225

Downloaded from Downloaded
http://mitprc.silverchair.com/jocn/article-pdf/3/3/209/1754868/jocn.1991.3.3.209.pdf
from http://direct.mit.edu/jocn/article-pdf/3/3/209/1932048/jocn.1991.3.3.209.pdf by guest on 25 September
by guest
2021 on 18 May 2021

would be expected to have a higher magnitude of ectopic
neurons and exuberant connections in the development
of its visual pathways, particularly in terms of the retinal
decussation pattern and callosal connections of the primary visual cortex.
Another implication of our hypothesis is that in a given
species those components of the visual pathway that are
specialized for high acuity, spatial and stereoscopic vision
would exhibit a high degree of developmental precision.
Thus, in the primate we would expect the retinoparvocellular-LGNd-striate pathway to be more highly specified than the magnocellular-LGNd-striate pathway. Such
differences might also characterize the visual pathway of
other species. For example, one would expect that in the
cat, the p class of retinal ganglion cells would exhibit
more precision in forming connections than the other
two main classes of ganglion cells. With current methods,
distinguishing different ganglion cell classes is problematic until quite late in development. However, support
for this idea is provided by studies dealing with retinal
decussarion patterns in the postnatal cat. The chiasmatic
errors that have been noted in the nasal retina of the
newborn kitten appear to be comprised mainly of y cells
(Jacobs et al., 1984). Furthermore, while some P cells in
the temporal retina have been found to misproject to the
thalamus of the inappropriate hemisphere, the magnitude and extent of such chiasmatic error appear greater
for a and y neurons (Leventhal et al., 1988).
Highly precise interhemispheric connections in the
primate are presumed to be of vital importance for high
acuity stereoscopic vision, and in our view this accounts
for the relative paucity of exuberant projections in this
system. We would expect that the difference in developmental exuberancy that has been found in the callosal
connections of the macaque cortex, with the striate cortex being highly specified (Killackey & Chalupa, 1986;
Dehay et al., 1988; Chalupa et al., 1989), to be present in
comparisons of sensory systems of other species. This
might be the case whenever there is a marked disparity
in the degree of topographic precision that is exhibited
by different modalities in a given species. One might
expect, for instance, connections of the barrel-fields of
the rodent somatosensory cortex to be more highly specified developmentally than the connections of the rodent
visual cortex. Such cross-modality differences may even
be evident at subcortical levels of certain sensory pathways.

Proceedings of the Royal Society of London, Series B, 223,
141-164.
Dehay, C., Kennedy, H., Bullier, J., & Berland, M. (1988). Absence of interhemispheric connections of area 17 during
development in the monkey. Nature (London), 331, 348350.
DeValois, R., Morgan, H., & Snodderly, D. (1974). Psychophysical studies of monkey vision-111. Spatial luminance contrast sensitivity tests of macaque and human observers.
V&on Research, 14, 75-81.
Drager, U. C. (1985). Birth dates of retinal ganglion cells giving rise to the crossed and uncrossed optic projections in
the mouse. Proceedings of the Royal Society of London,
224, 57-77.
Drager, U. C., & Olsen, J. F. (1980). Origins of crossed and
uncrossed retinal projections in pigmented and albino
mice. Journal of Comparative Neurology, 191, 383-412.
Dreher, B., & Robinson, S. R. (1988). Development of the
retinofugal pathway in birds and mammals: Evidence for a
common 'timetable.' Brain, Behavior and Evolution, 31,
369-390.
Dreher, B., Sefton, A. J., Ni, S. Y. K., & Nisbett, G. (1985). The
morphology, number, distribution and central projections
of class I retinal ganglion cells in albino and hooded rats.
Brain, Behavior and Evolution, 26, 10-48.
Easter, S. S. J., Purves, D., Rakic, P., & Spitzer, N. C. (1985).
The changing view of neural specificity. Science, 230, 507511.
Ebbesson, S. 0. E. (1984). Evolution and the ontogeny of
neural circuits. Behavior and Brain Sciences, 7, 321-366.
Fawcett,J. W., & O'Leary, D. D. M. (1985). The role of electrical activity in the formation of topographic maps in the
nervous system. Trend in Neurociences, 8, 201-206.
Fawcett, J. W., O'Leary, D. D. M., & Cowan, W. M. (1984). Activity and the control of ganglion cell death in the rat retina. Proceedings of the National Academy of Sciences,
U.S.A.,81, 5589-5593.
Feng, J. Z., & Brugge, J. F. (1983). Postnatal development of
auditory callosal connections in the kitten. Journal of Comparative Neurology, 214, 416-426.
Fin\ay ,B.
L.,Wikler,K. C., & Sengelaub, D. R. (1981). Regyessive events in brain development and scenarios for vertebrate brain evolution. Brain, Behavior and Evolution, 30,
102-117.
FitzGibbon, T., & Burke, W. (1989). Representation of the
temporal raphe within the optic tract of the cat. Visual
Neuroscience, 2, 255-267.
Friauf, E., McConnell, S. K., & Shatz, C. J. (1990). Functional
synaptic circuits in the subplate during fetal and early postnatal development of cat visual cortex. Journal of Neuroscience, 10, 2601-2613.

216

Journal of Cognitive Neuroscience

Frost, D. 0. (1984). Axonal growth and target selection during developn~ent:Retinal projections to the ventrobasal
complex and other "nonvisual" structures in neonatal Syrian hamsters. Journal of Comparative Neurology, 230,
576-592.
Frost, D. O., So, K.-F., & Schneider, G. E. (1979). Postnatal
development of retinal projections in Syrian hamsters: A
study using autoradiographic and anterograde degeneration
techniques. Neuroscience, 4, 1649-1677.
Fukuda, Y., Sawai, H., Watanabe, M., Wakakuwa, K., & Morigiwa, K. (1989). Nasotemporal overlap of crossed and uncrossed retinal ganglion cell projections in the Japanese
monkey (Macacafuscata). Journal of Neuroscience, 9,
235352373,
Garraghty, P. E. (1985). Mixed cells in the cat lateral geniculate nucleus: Functional convergence o r error in development? Brain, Behavior and Evolution, 26, 58-64.
Gayer, N . S., Horsburgh, G. M., & Dreher, B. (1989). Developmental changes in the pattern of retinal projections in pigmented and albino rabbits. Deudopmental Brain Research,
50, 33-54.
Gierer, A. (1988). Spatial organization and genetic information in brain development. Biological Cybernetics, 59, 13'7 1

Ll.

Godement, P., Salaiin, J., & Imbert, M. (1984). Prenatal and
postnatal development of retinogeniculate and retinocollicular projections in the mouse. Journal of Comparative
Neurology, 230, 552-575.
Godement, P., Salaiin J., & Metin, C. (1987). Fate of uncrossed
retinal projections following early or late prenatal monocular enucleation in the mouse. Journal of Comparative Neurology, 255, 97-109.
Guillery, R. W. (1969). An abnormal retinogeniculate projection in Siamese cats. Brain Research, 14, 739-741.
Guillery, R. W., & Kaas, J. H. (1971). A study of normal and
congenitally abnormal retinogeniculate projections in cats.
Journal of Comparative Neurology, 143, 73-1 00.
Guillery, R. W., Polley, E. H., & Torrealba, F. (1982). The arrangement of axons according to fiber diameter in the optic tract of the cat. Journal of Neuroscience, 2, 714-721.
Hamos, J. E., Van Horn, S. C., Raczkowski, D., & Sherman,
S. M. (1987). Synaptic circuits involving an individual retinogeniculate axon in the cat. Journal of Comparative Neurology, 259, 165-192.
Harman, A. M., & Beazley, L. D. (1986). Development of vlsual
projections in the marsupial, Setonix bracbyurw: Anatomy
and Embryology, 175, 181-188.
Henderson, Z., Finlay, B. L., & WiMer, K. C. (1988). Development of ganglion cell topography in ferret retina. Journal
of Neuroscience, 8, 1194-1205.
Hsiao, K., Sachs, G. M., & Schneider, G. E. (1984). A minute
fraction of Syrian golden hamster retinal ganglion cells
project bilaterally. Journal of Neuroscience, 4, 359-367.
Illing, R. B., & W%sle, H. (1981). The retinal projection to the
thalamus in the cat: A quantitative investigation and a comparison with the retinotectal pathway. Journal of Comparative Neurology, 202, 265-285.
\nnoced\, G . M., & Caninki,R. (180).Postnata\ shaping of
callosal connections from sensory areas. @enmental
Brain Research, 38, 381-394.
Innocenti, G. M., Clarke, S., & Draftsik, R. (1986). Interchange
of callosal and association projections in the developing
visual cortex. Journal of Neuroscience, 6, 1384-1409.
Innocenti, G. M., Fiore, L., & Caminiti, R. (1977). Exuberant
projection into the corpus callosurn from the visual cortex
of newborn cats. Neuroscience Letters, 4, 237-242.
Insausti, R., Blakemore, C., & Cowan, W. M. (1985). Postnatal
development of the ipsilateral retinocollicular projection

Volume 3, Number 3

Downloaded from Downloaded
http://mitprc.silverchair.com/jocn/article-pdf/3/3/209/1754868/jocn.1991.3.3.209.pdf
from http://direct.mit.edu/jocn/article-pdf/3/3/209/1932048/jocn.1991.3.3.209.pdf by guest on 25 September
by guest
2021 on 18 May 2021

neonatal crossed aberrant exuberant projection to the inferior colliculus in the pigmented rat. Neuroscience, 2, 345354.
Cowan, W. M., Fawcett, J. W., O'Leary, D. D. M., & Stanfield,.
B. B. (1984). Regressive events in neurogenesis. Science,
225, 1258-1265.
Crabtree, J. W. (1989). Prenatal development of retinocollicular projections in the rabbit: an HRP study. Journal of
Comparative Neurology, 286, 504-513.
Crabtree, J. W. (1990). Prenatal development of retinogeniculate projections in the rabbit: An HRP study. Journal of
Comparative Neurology, 299, 75-88.
Cucchiaro, J. B., & Guillery, R. W. (1980). An indirect retinohypothalamic tract in the newborn ferret (Mustelaputorius
furo). Society for Neuroscience Abstracts, 6, 662.
Cucchiaro, J. B., & Guillery, R. W. (1984). The development of
the retinogeniculate pathways in normal and albino ferrets.

om-

in the ganglion cell layer of the retina: The topography of
focal vision. (Doctoral dissertation, University of California,
Davis.) Dbsertation Abstracts International, 50, 3332B.
Lia, B., IOrSy, M. A,, & Chalupa, L. M. (1987). Decussation of
retinal ganglion cell projections during prenatal development of the cat. Society for Neuroscience Abstracts, 13,
1690.
Lia, B., Snider, C. J., & Chalupa, L. M. (1988). The nasotemporal division of the retinal ganglion cell decussation pattern in the fetal rhesus monkey. Society for Neuroscience
Abstracts, 14, 458.
Lia, B., Snider, C. J., & Chalupa, L. M. (1989). Topography and
specificity of visual thalamocortical projections in the fetal
rhesus monkey. Sociey for Neuroscience Abstracts, 15,
1210.
Linden, D. C., Guillery, R. W., & Cucchiaro, J. (1981). The dorsal lateral geniculate nucleus of the normal ferret and its
postnatal development. Journal of Comparative Neurology,
203, 189-2 11.
Lund, R. D. (1965). Uncrossed visual pathways of hooded and
albino rats. Science, 149, 1506-1507.
Lund, R. D. (1975). Variations in the laterality of the central
projections of retinal ganglion cells. Experimental Eye Research, 1221, 193-203.
Lund, R. D., Land, P. W., & Boles, J. (1980). Normal and abnormal uncrossed retinotectal pathways in rats: An HRP
study in adults. Journal of Comparative Neurology, 189,
711-720.
Luskin, M. B., & Shatz, C. J. (1985). Studies of the earliest
generated cells of the cat's visual cortex: Cogeneration of
subplate and marginal zones. Journal of Neuroscience, 5,
1062-1075.
Manford, M., Campbell, G., & Lieberman, A. R. (1984). Postnatal development of ipsilateral retino-geniculate projections in normal and albino rats and the effects of removal
of one eye at birth. Anatomy and Embryology, 170, 71-78.
Marin-Padilla, M. (1978). Dual origin of the mammalian neocortex and evolution of the cortical plate. Anatomical Embyology, 152, 109-126.
Martin, P. R., Sefton, A. J., & Dreher, B. (1983). The retinal
location and fate of ganglion cells which project to the ipsilateral superior colliculus in neonatal albino and hooded
rats. Neuroscience Letters, 41, 219-226.
Mastronarde, D. N. (1984). Organization of the cat's optic
tract as assessed by single-axon recordings. Journal of
Comparative Neurology, 227, 14-22,
McConnell, S. K., Ghosh, A,, & Shatz, C. J. (1989). Subplate
neurons pioneer the first axon pathway from the cerebral
cortex. Science, 245, 978-982.
Mendez-Otero, R., Cavalcante, L. A,, Rocha-Miranda, C. E., Bernardes, R. F., & Barradas, P. C. R. (1985). Growth and restriction of the ipsilateral retinocollicular projection in the
opossum. Developmental Brain Research, 18, 199-210.
Merigan, W. H. (1976). The contrast sensitivity of the squirrel
monkey (Saimiri sciureus) Vtiion Research, 16, 375-379.
Morgan, J . E., Henderson, Z., & Thompson, I. D. (1987). Retinal decussation patterns in pigmented and albino ferrets.
Neuroscience, 2, 519-535.
Morgan, J. E., & Thompson, I . D. (1985). The distribution of
ipsilaterally projecting retinal ganglion cells in neonatal
pigmented and albino ferrets. Journal of Physiology, 369,
35.
Murakami, D. M., Sesma, M. A,, & Rowe, M. H. (1982). Characteristics of nasal and temporal retina in Siamese and normally pigmented cats. Brain, Behavior and Evolution, 21,
61-113.
Naegele, J. R., Jhaveri, S., & Schneider, G. E. (1988). Sharpening of topographical projections and maturation of genicuCbalupa and Dreher

21 7

Downloaded from Downloaded
http://mitprc.silverchair.com/jocn/article-pdf/3/3/209/1754868/jocn.1991.3.3.209.pdf
from http://direct.mit.edu/jocn/article-pdf/3/3/209/1932048/jocn.1991.3.3.209.pdf by guest on 25 September
by guest
2021 on 18 May 2021

and the effects of unilateral enucleation in the golden hamster. Journal of Comparative Neurology, 234, 393-409.
Ivy, G. O., Akers, R. M., & Killackey, H. P. (1979). Differential
distribution of callosal projection neurons in the neonatal
and adult rat. Brain Research, 173, 532-537.
Ivy, G. O., & Killackey, H. P. (1981). The ontogeny of the
distribution of callosal projection neurons in the rat parietal cortex. Journal of Comparatizle Neurology, 195, 367389.
Ivy, G. O., & Killackey, H. P. (1982). Ontogenetic changes in
the projections of neocortical neurons. Journal of Neuroscience, 2, 735-743.
Jacobs, G. H. (1977). Visual capacities of the owl monkey
(Aotus trivirgatustII Spatial contrast sensitivity. Vision Research, 17, 82 1-825.
Jacobs, D. S., Perry, V. H., & Hawken, M. J. (1984). The postnatal reduction of the uncrossed projection from the nasal
retina in the cat. Journal of Neuroscience, 4, 2425-2433.
Jeffery, G. (1984). Retinal ganglion cell death and terminal
field retraction in the developing rodent visual system. Developmental Brain Research, 13, 81-96.
Jeffery, G. (1985). Retinotopic order appears before ocular
separation in developing visual pathways. Nature (London),
313, 575-576.
Jeffery, G. (1989). Shifting retinal maps in the development of
the lateral geniculate nucleus. Developmental Brain Research, 46, 187-196.
Kato, T. (1983). Transient retinal fibers to the inferior colliculus in the newborn albino rat. Neuroscience Letters, 37, 79.
Katz, M. J. (1983). Ontophyletics: Studying evolution beyond
the genome. Perspectives in Biology and Medicine, 26,
323-332.
Killackey, H. P., & Chalupa, L. M. (1986). Ontogenetic change
in the distribution of callosal projection neurons in the postcentral gyrus of the fetal rhesus monkey. Journal of
parative Neurology, 244, 33 1-348.
Kliot, M., & Shatz, C. J. (1982). Genesis of different retinal
ganglion cell types in the cat. Society for Neuroscience Abstracts, 8, 815.
Kostovic, I., & Rakic, P. (1980). Cytology and time of origin of
interstitial neurons in the white matter in infant and adult
human and monkey telencephalon. Journal of Neurocytology, 9, 219-242.
Kostovic, I., & Rakic, P. (1990). Developmental history of the
transient subplate zone in the visual and somatosensory
cortex of the macaque monkey and human brain. Journal
of Comparative Neurology, 297, 441-470.
Laemle, L. K., & Labriola, A. R. (1982). Retinocollicular projections in the neonatal rat: An anatomical basis for plasticity
Developmental Brain Research, 3, 317-322.
Land, P. W., & Lund, R. D. (1979). Development of the rat's
uncrossed retinotectal pathway and its relation to plasticity
studies. Science, 205, 698-700.
LaVail, M. M., Yasumura, D., & Rakic, P. (1983). Cell genesis in
the rhesus monkey retina. Investigative Ophthalmology and
Visual Science (Supplement),24, 7.
Leventhal, A. G., Rodieck, W. R., & Dreher, B. (1981). Retinal
ganglion cell classes in the Old World monkey: Morphology and central projections. Science, 213, 1139-1142.
Leventhal, A. G., Rodieck, R. W., & Dreher, B. (1985). Central
project~onsof cat retinal ganglion cells. Journal of Comparative Neurology, 237, 2 16-226.
~eventhal,A. G., Schall, J. D., Auk, S. J., Provis, J. M., & Vitek,
D. J. (1988). Class-specific cell death shapes the distribution
and pattern of central projection of cat retinal ganglion
cells. Journal of Neuroscience, 8, 201 1-2027.
Lia, B. (1989). Prenatal development of regional specialization

218

Journal of Cognitive Neuroscience

Sanderson, K. J., Dixon, P. G., & Pearson, L. J. (1982). Postnatal development of retinal projections in the brushtailed
possum, Trichosurus vulpecub. Developmental Brain Research, 5, 161-1 80.
Schneider, G. E. (1969). Two visual systems. Science, 163,
895-902.
Shatz, C. J. (1983). The prenatal development of the cat's
retinogeniculate pathway.Journal of Neuroscience, -7,
482-499.
Simon, D. K., & O'Leary, D. 11. M. (1990). Limited topographic
specificity in the targeting and branching of mammalian
retinal axons. Developmental Biology, 137, 125-134.
So, K.-F., Schneider, G. E., & Frost, D. 0. (1978). Postnatal
development of retinal projections to the lateral geniculate
body in Syrian hamsters. Brain Research, 142, 343-352.
So, K.-F.,Woo, H. H., & Jen, L. S. (1984). The normal and
abnormal postnatal development of retinogeniculate projections in golden hamsters: An anterograde horseradish
peroxidase tracing study. Developmental Brain Research,
12, 191-205.
Sretavan, D. W., & Shatz, C. J. (1987). Axon trajectories and
pattern of terminal arborization during the prenatal development of the cat's retinogeniculate pathway.Journal of
Comparative Neurology, 25.5, 386-400.
Stone, J., Dreher, B., & Leventhal, A. G. (1989). Hierarchical
and parallel mechanisms in the organization of visual cortex. Brain Research Reviews, 1, 345-394.
Stone, J., & Fukuda, Y. (1974). The naso-temporal division of
the cat's retina reexamined in terms of Y-, X- and W-cells.
Journal of Comparative Neurology, 15.5, 377-394.
Stone, J., Campion, J. E., & Leicester, J. (1978) The nasotemporal division of retina in the Siamese cat. Journal of Comparative Neurology, 180, 783-798.
Stryker, M. P., & Harris, W. A. (1986). Binocular impulse
blockade prevents the formation of ocular dominance columns in cat visual cortex. Journal of Neuroscience, 6,
21 17-2133.
Thompson, I., & Holt, C. E. (1989). Effects of intraocular tetrodotoxin on the development of the retinocollicular pathway in the Syrian hamster. Journal of Comparative
Neurology, 282, 371-388.
Torrealba, F., Guillery, R. W., Eysel, U., Polley, E. H., & Mason,
C. A. (1982). Studies of retinal representations within the
cat's optic tract. Journal of Comparative Neurology, 211,
377-396.
Trevarthen, C. B. (1968). Two mechanisms of vision in primates. Psychologische Forschung, 34, 299-337.
Walsh, C. (1986). Age-related fiber order in the ferret's optic
nerve and optic chiasm. Journal of Neuroscience, 6, 16351642.
Walsh, C., & Guillery, R. W. (1982). The development of the
ferret's optic tract. Investigative Ophthalmology and Visual
Science, (Supplement),22, 46.
Walsh, C., & Guillery, R. W. (1985). Age-related fiber order in
the optic tract of the ferret. Journal of Neuroscience, 5,
3061-3069.
Walsh, C., & Polley, E. H. (1985). The topography of ganglion
cell production in the cat's retina. Journal of Neuroscience,
5, 741-750.
Walsh, C., Polley, E. H., & Hickey, T. L. (1983). Generation of
cat retinal ganglion cells in relation to central pathways.
Nature (London), 302, 611-614.
W i d e , H., & Illing, R. B. (1980). The retinal projection to the
superior colliculus in the cat: A quantitative study with
HRP. Journal of ComparativeNeurology, 190, 333-356.
Webster, M. J. (1985). Cytogenesis, histogenesis and morphological differentiation of the retina (Doctoral dissertation,

Downloaded from Downloaded
http://mitprc.silverchair.com/jocn/article-pdf/3/3/209/1754868/jocn.1991.3.3.209.pdf
from http://direct.mit.edu/jocn/article-pdf/3/3/209/1932048/jocn.1991.3.3.209.pdf by guest on 25 September
by guest
2021 on 18 May 2021

locortical axon arbors in the hamster. Journal of
Comparative Neurology, 277, 593-607.
Naito, J. (1986). Course of retinogeniculate projection fibers
in the cat optic nerve. Joumzal of Comparative Neurology,
2.51, 376-387.
Naito, J. (1989). Retinogeniculate projection fibers in the
monkey optic nerve: A demonstration of the fiber pathways
by retrograde axonal transport of WGA-HRP.Journal of
Comparative Neurolog)! 254, 174-186.
O'Leary, D. D. M., Fawcett, J. W., & Cowan, W. M. (1986). Topographic targeting errors in the retinocollicular projection
and their elimination by selective ganglion cell death. Journal of Neuroscience, 6, 3692-3705.
Olavarria, J., & Van Sluyters, R. C. (1985). Organization and
postnatal development of callosal connections in the visual
cortex of the rat. Journal of Comparative Neurology, 2.39,
1-26.
Ostrach, L. H., I r b y , M. A., & Chalupa, L. M. (1986). Topographic organization of retinocoHicular projections in the
fetal cat. Socie&for Neuroscience Abstracts, 12, 119.
Perry, V. H., & Cowey, A. (1979a). The effects of unilateral
cortical and tectal lesions on retinal ganglion cells in rats.
Experimental Brain Research, 35, 85-95.
Perry, V. H., bi Cowey, A. (1979b). Changes in the retinofugal
pathway following cortical and tectal lesions in neonatal
and adult rats. Experimental Brain Research, -35, 87-108.
Perry, V. H., & Cowey, A. (1982). A sensitive period for ganglion cell degeneration and the formatio~l-ofaberrant retinofugal connections following tectal lesions in rats.
Neuro.sciazce, 7, 583-584.
Perry, V. H., bi Cowey, A. (1984). Retinal ganglion cells that
project to the superior colliculus and pretectum in the
macaque monkey. Neuroscience, 12(4), 1125-1 137.
Perry, V. H., Oehler, R., & Cowey, A. (1984). Retinal ganglion
cells that project to the dorsal lateral geniculate nucleus in
the macaque monkey. Neuroscience, 12, 1101-1 123.
Pettigrew, J. D., Dreher, B., Hopkins, C. S., McCall, M. J., &
Brown, M. (1988). Peak density and distribution of ganglion
cells in the retinae of microchiropteran bats: Implications
for visual acuity. Brain, Behavior and Evolution, 32, 39-56.
Purves, D., & Lichtman, J. W. (1985). Principles of neural development. Sunderland, MD: Sinauer Associates.
Rakic, I? (1976). Prenatal genesis of connections subserving
ocular dominance in the rhesus monkey. Nature (London),
261, 467-471.
Ramoa, A. S., Campbell, G., & Shatz, C. J. (1989). Retinal ganglion B cells project transiently to the superior colliculus
during development. Proceedings of the National Academy
of Sciences U S.A., 86, 2061-2065.
Rapaport, D. H., Yasumura, D., LaVail, M. M., & Rakic, P.
(1987). Cytogenesis of monkey retina: Comparison of the
generation of retinal pigment epithelium and neural retina.
Sociely for Neuroscience Abstracts, 13, 238.
Reese, B. E., & Cowey, A. (1988). Segregation of functionally
distinct axons in the monkey's optic tract. Nature (London),
331, 350-351.
Reese, B. E., & Guillery, R. W. (1987). Distribution of axons
according to diameter in the monkey's optic tract. Journal
of Comparative Neurology, 260, 453-460.
Reese, B. E., & Ho, K.-Y. (1988). Axon distributions across the
monkey's optic nerve. Neuroscience, 27, 205-214.
Rhoades, R. W., & Dellacroce, D. D. (1980). Visual callosal
connections in the golden hamster. Brain Research, 190,
248-254.
Robinson, S. R., Sung, L., Dreher, B., & Taylor, I. (1990). The
distribution of ipsilaterally projecting retinal ganglion cells
in adult and neonatal rabbits. Proceedings of the AwCralian
Physiological and PharmacologicaE Society, 21, 28.

University of New South Wales, 1986). Dissertation Abstracts International, 47(1), 35B.
Williams, R. W., & Chalupa, L. M. (1982). Prenatal development of retinocollicular projections in the cat: An anterograde tracer transport study. Journal of Neuroscience, 2,
604-622.
Williams, R. W., & Chalupa, L. M. (1983). Development of the
retinal pathway to the pretectum of the cat. Neuroscience,
10, 1249-1267.
Woo, H. H., Jen, L. S., & So, K.-F. (1985). The postnatal development of retinocollicular projections in normal hamsters
and in hamsters following neonatal monocular enucleation:

A horseradish peroxidase tracing study. Developmental
Brain Research, 20, 1-13.
Wye-Dvorak,J. (1984). Postnatal development of primary visual projections in the tammar wallaby (Macropus eugenii).
Journal of Comparative Neurology, 228, 491-508.
Yamauchi, K., & Yamadori, T. (1982). Retinal projection to the
inferior colliculus in the rat. Acta Amtomica, 114, 355360.
Yhip, J. P. A,, & Kirby, M. A. (1990). Topographic organization
of the retinocollicular projection in the neonatal rat. Visual
Neuroscience, 4, 3 13-329.

Downloaded from Downloaded
http://mitprc.silverchair.com/jocn/article-pdf/3/3/209/1754868/jocn.1991.3.3.209.pdf
from http://direct.mit.edu/jocn/article-pdf/3/3/209/1932048/jocn.1991.3.3.209.pdf by guest on 25 September
by guest
2021 on 18 May 2021

Chalupa and Drehw

239

