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In the fetal monkey the projections from the two eyes are
initially completely intermingled within the dorsal lateral genic-
ulate nucleus (DLGN) before separating into eye-specific layers
(Rakic, 1976). To assess the cellular basis of this developmental
process, we examined the morphological properties of individ-
ual retinogeniculate axons in prenatal monkeys of known ges-
tational ages. The period studied spanned the time from when
binocular overlap has been reported to be maximum, circa
embryonic (E) day 77 through E112, when the segregation
process is already largely completed in the caudal portion of the
nucleus. Retinogeniculate fibers were labeled by making small
deposits of Dil crystals into the fixed optic tract. After adequate
time was allowed for diffusion of the tracer, fibers were visual-
ized by confocal microscopy, and morphometric measures

were made from photomontages. This revealed that retino-
geniculate fibers in the embryonic monkey undergo continuous
growth and elaboration during binocular overlap and subse-
quent segregation. Importantly, very few side-branches were
found along the preterminal axon throughout the developmen-
tal period studied. Thus, restructuring of retinogeniculate fibers
does not underlie the formation of eye-restricted projections in
the primate. Rather, the results support the hypothesis that
binocular segregation in the embryonic monkey is caused by
the loss of retinal fibers that initially innervate inappropriate
territories (Rakic, 1986).
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The overlap and subsequent segregation of retinogeniculate pro-
jections was first demonstrated by Rakic (1976) by means of
intraocular injections of tritiated amino acids in fetal monkeys.
Since then, the intermingling and later sorting out of binocular
inputs has been shown in many species, suggesting that this is a
common feature of the mammalian visual system (Chalupa and
Dreher, 1991). This developmental process could result from
different cellular mechanisms, including the loss of retinal fibers,
a retraction of retinogeniculate terminal arbors, and the elimina-
tion of axonal side-branches.

In the monkey, approximately 3 million ganglion cell axons are
generated during fetal development, whereas only approximately
1 million survive to maturity (Rakic and Riley, 1983a). Moreover,
the time course of fiber loss corresponds to the period when
eye-specific projection patterns become established. This tempo-
ral correspondence suggests that the loss of retinal fibers that
initially innervate inappropriate eye-specific territories within the
geniculate anlage could be responsible for binocular segregation.
This hypothesis is further supported by the finding that removal
of one eye during the binocular overlap period results in a
significant increase in the number of fibers in the remaining optic
nerve and an expanded retinogeniculate projection from the
remaining eye (Rakic and Riley, 1983b; Rakic, 1986).

There is also evidence for the restructuring of individual reti-
nal fibers during early development. At the time when retinal
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inputs from the two eyes are intermingled, retinogeniculate fibers
in the fetal cat have been shown to possess numerous axonal
side-branches, and this has lead to the conclusion that the forma-
tion of segregated retinogeniculate projections is caused by the
resorption of these transient processes (Sretavan and Shatz, 1984,
1986). As yet, however, nothing is known about the morpholog-
ical properties of retinogeniculate fibers during the formation of
segregated inputs in the embryonic monkey.

A recent study dealing with the formation of magnocellular
(M) and parvocellular (P) pathways has revealed a high degree of
specificity in the formation of these two functional subsystems
(Meissirel et al., 1997). By tracing individual Dil-labeled fibers, it
was shown that the first retinal fibers, presumed to stem from the
first-born PB ganglion cells (Rapaport et al., 1992), innervate the
segment of the DLGN that will differentiate into the parvocellu-
lar laminae. Several weeks later, retinal fibers begin to grow into
the portion of the DLGN that will form the magnocellular layers.
This early divergence of M and P pathways appears to reflect the
expression of distinct molecular markers on Pa and PB cells
(Meissirel et al., 1997). As in the adult monkey retina (Xiang et
al., 1995), two subpopulations of ganglion cells, presumably cor-
responding to Pa and PB ganglion cells, could be distinguished
with Brn-3a and Brn-3b antibodies shortly after these neurons
were generated.

In the present study we examined the innervation patterns and
morphological properties of Dil-labeled retinogeniculate fibers
with respect to the formation of eye-specific projection patterns.
In particular, we were interested in determining whether retinal
fibers in the developing monkey possess the axonal side-branches
that have been described in the fetal cat during the binocular
overlap period. For this purpose, we assessed the morphological
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properties of M and P retinogeniculate fibers from the period
when retinal projections have been reported to be completely
intermingled to the period when their ocular segregation is
largely completed.

An abstract of these findings has been published previously
(Snider et al., 1997).

MATERIALS AND METHODS

Cynomologus monkeys with controlled dates of impregnation provided
four fetuses of known gestational ages at embryonic day (E) 77, E85, E95,
and E112 (full term is at 165 d). Pregnant monkeys were prepared for
surgery under Alfatesine anesthesia. After intubation, anesthesia was
continued with halothane in N,O/O, (70:30) mixture. Vital signs were
monitored throughout the procedure. The fetuses were delivered by
cesarean section, deeply anesthetized, and perfused transcardially with
0.9% saline followed by 4% paraformaldehyde fixative. All incisions were
sutured, and the animals were medicated with an analgesic (Visceralgine
intramuscular injection) before being returned to their cages. Visceral-
gine was continued twice daily for 48 hr. Additionally, an E50 fetal cat
was used to obtain comparative information. The in utero surgical pro-
cedures for harvesting fetal cat tissue have been described in detail in
previous publications (Williams et al., 1983; Chalupa et al., 1984).

Fiber labeling and histology. A small block of tissue including the optic
tract and DLGN was isolated and embedded in 5% agar. The block was
then sectioned in the coronal plane (horizontal plane for cat) on a
vibratome until the optic tract close to the DLGN was visible, and two
small crystals of Dil (Molecular Probes, Eugene, OR) were implanted
into the tract. Subsequently, the block was submerged in 4% paraformal-
dehyde and stored in the dark at 37°C to allow for passive diffusion of the
Dil to the DLGN. After 1-4 months, the DLGN was sectioned at 200 wm
coronally for the monkey and horizontally for the cat, mounted on
gelatinized slides, stained with 0.005% bizbenzimide to visualize the
outline of the DLGN, and coverslipped.

Analysis. Labeled retinogeniculate axons were examined using a Bio-
Rad MRC-600 Scanning Confocal Microscope system equipped with an
argon laser mounted on an Olympus microscope or a Leica Confocal
Microscope System equipped with an argon and a krypton laser. An
Olympus D Planapo 40X UV objective, with a numerical aperture of
0.85, was used to collect optical sections in sequence as a function of
tissue depth (150-200 um) by mechanically choosing the position of the
microscope stage along the z-axis and recording an image at 2 um
intervals to generate a z-series. Images of 768 X 512 pixels were ob-
tained. These images were then compiled, and the z-series was projected
to obtain a view that was in focus throughout the entire labeled area.
Photographic montages of retinogeniculate axons were constructed with
several z-series projections (Adobe Photoshop 4.0) and printed using a
Fujix Pictography 3000 printer.

In the monkey, measurements of terminal arbors, branch points within
terminal arbors, and number of side-branches along the parent axon were
calculated from confocal montages of retinogeniculate axons from vari-
ous loci within the DLGN. Using Imagespace software, total terminal
arbor lengths were calculated by measuring and adding all axon segments
belonging to the terminal arborization. In the cat, side-branches were
counted in 40 retinogeniculate axons (E47-postnatal day 2) using the
data provided by Sretavan and Shatz (1986), their Figures 6 and 7, and
three axons from an E50 fetal cat obtained from our colony. Using NIH
Image software, the number of side-branches per millimeter of parent
axon was calculated for both species.

RESULTS

The results are based on the morphometric analysis of 100 Dil-
labeled retinogeniculate axons in fetal monkeys at four different
ages: E77, E8S, E95 and E112. These fibers were considered to be
completely labeled, as evidenced by the presence of numerous
growth cones, including fine caliber filopodia, on the distal ends.
Typically, the preterminal portion of these axons extended for
several hundred micrometers within the nucleus. With rare ex-
ceptions, the entry point from the optic tract could not be dis-
cerned because of the density of labeled fibers emanating from
the tract. Although the laminar boundaries of the geniculate have
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Figure 1. Confocal photomontage of retinogeniculate axons in the par-
vocellular segment of the monkey at E112. Note the lack of side-branches
along the parent axons and the complexity of the terminal arborization.
Scale bar, 50 pwm.

yet to form (except in the caudal portion of the nucleus of the
E112 monkey) in most cases, we were able to distinguish between
fibers terminating in the magno and parvo segments based on the
outside-to-inside temporal generation sequence of geniculate
neurons and the known rotation of this structure (Rakic, 1976).
The few fibers for which such a distinction could not be made
were excluded from the overall sample.

Examples of Dil-labeled embryonic retinogeniculate axons
from an E112 animal are shown in the photomontage depicted in
Figure 1. Both of these fibers terminated in the parvocellular
segment, but note the abrupt turn made by the lower axon. Such
changes in trajectory were not uncommon in the overall sample of
fibers we examined. This illustrative photomicrograph also shows
that the terminal arbors are tipped by growth cones. This obser-
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Figure 2. A confocal photomontage, left, and a corresponding drawing, right, of a retinogeniculate axon in the parvocellular segment of the monkey at
E95. The white arrow points to a single side-branch emanating from the parent axon. Scale bar, 50 pwm.
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Magno Parvo
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Figure 3. Tracings of reconstructed confocal photomontages of retinogeniculate terminal arbors in the fetal monkey at E77, E85, E95, and E112.
Representative magnocellular (left side) and parvocellular (right side) arborizations are shown at each age. At E77, many magno axons have not yet
formed terminal arbors, whereas the parvo axons have arborizations that are simple, with few branch points. Increasingly complex arborizations are seen
at E85, E95, and E112 on both magno and parvo axons. Note that at all ages studied, the parvo axons have larger and more elaborate arborizations

compared with magno axons. This developmental period encompasses the time during which initially intermingled retinal projections become
segregated. Scale bar, 50 um.
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Figure 4. Analysis of terminal arborization complexity of single retinogeniculate axons in presumptive magnocellular (stippled) and parvocellular
(black) layers. The left graph shows the mean number of branch points, and the right graph shows the mean total length of processes within the terminal
arbor. The number of arbors analyzed is indicated on top of each bar, and the vertical brackets denote the SEM. Because it was not feasible in all cases
to measure total arborization length, this sample is smaller than the sample of branch points.

E77
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Figure 5. Drawings of 200 um coronal sections through the DLGN showing loci of reconstructed retinogeniculate axons at two fetal ages. To the left
and right of each section an enlargement is shown of each arborization. At E77, no layers are present, and the terminal arbors are beginning to form.
By E112, lamination has become apparent in the posterior pole of the DLGN (dotted line), and arbors are much more complex. Note that the terminal
arbor at this age is within the boundary of a single layer. D, Dorsal; L, lateral. Scale bars: 50 um for enlarged individual axons; 500 um for sections.

vation implies that retinogeniculate terminals in the fetal monkey
are still in a growth state, even at this relatively late stage. From
such confocal images, drawings were made of retinal fibers as
shown in Figure 2. Note the single axonal side-branch on this E95
P fiber, indicated by the arrow in the confocal image.

The change in structure of M and P retinal fibers during the
course of development is illustrated in Figure 3. Here we depict

drawings of comparable extents of the distal ends of these axons
at different ages. At the earliest age studied (E77), most M fibers
have yet to form terminal arbors, whereas the arbors of P fibers
are beginning to be elaborated. At older ages, there is a progres-
sive increase in the complexity and overall size of axonal ar-
borizations, with P fibers continuing to show greater complexity
than M fibers. As may be seen from the examples of M and P
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Figure 6. A confocal image of terminal arborizations in the caudal portion of the DLGN at E112. Note that at this age, the magnocellular layers have
formed in this portion of the LGN (red cells) and that the arborizations ( yellow) are confined to a single layer. White arrows mark interlaminar zone.
Scale bar, 100 um. The colors of the image have been modified to enhance contrast.

fibers shown in Figure 3, the number of side-branches was no
greater early in development than at later ages. Measurements of
axonal branch points and total arborization length for a larger
sample of M and P fibers are shown in Figure 4.

To gain a better perspective of arbor size in relation to the
overall extent of the DLGN, Figure 5 compares the morphology
of M and P fibers within the nucleus at E77 and at E112. In both
cases, terminal arbors are confined to a clearly delimited region,
and the extent of the territory innervated by each arbor remains
relatively constant because of an increase in the size of the
nucleus. A more striking illustration of the territorial restriction
exhibited by retinogeniculate fibers is provided in the photomi-
crograph showing terminal arbors in the caudal portion of the
geniculate in the E112 animal (Fig. 6). At this age, individual
arbors are entirely confined to a single layer. Note that labeled
arbors near the interlaminar zones do not protrude into adjacent
layers. Rather, they seem to recognize a boundary, which appears
to confine the growing tips of the terminal arbor growth cones to

a given lamina. It should be emphasized that the Dil deposits
were made into the optic tract, so we cannot distinguish between
ipsilateral and contralateral fibers. Nevertheless, these observa-
tions indicate that geniculate laminar boundaries are recognized
by retinal terminals in the primate very early in development. It
is also the case that laminar formation does not appear to restrict
arbor size, because the dimensions of terminals were similar in
the rostral portion of the DLGN where layers had not yet formed
(data not shown).

As may be discerned by inspection of the examples of retino-
geniculate fibers shown in Figures 1, 2, 3 and 5, retinogeniculate
axons in the embryonic monkey are virtually devoid of side-
branches throughout the developmental period studied. This was
unexpected, because as noted above, such fibers in the fetal cat
have been reported to have multiple axonal side-branches during
the time when retinal inputs are intermingled within the DLGN
(Sretavan and Shatz, 1984, 1986).

To quantify the incidence of axonal side-branches, we counted
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Figure 7. Comparison of the number of side-branches per millimeter of
preterminal axon in monkey (magno, stippled bar; parvo, black bar) and in
cat (dotted bar). The number of axons analyzed is indicated on top of each
bar; standard error bars are shown. For each length of axon, the total
number of side-branches was counted and divided by the total axon length
of each fiber. Total axon length refers to the entire extent of a parent axon
within the DLGN that could be visualized in a 200 wm section. In cat,
side-branches are prevalent at early fetal ages, dropping dramatically by
E57. In monkey, side-branches on both parvo and magno axons are few
and relatively constant during the time that eye-specific laminae are being
formed. The fetal cat data at E48, E54, E57, and E65 are derived from
Sretavan and Shatz (1986), their Figures 6 and 7, whereas the E50 data
were obtained in our laboratory from Dil-labeled fibers.

such processes on the preterminal axon of M and P fibers at all of
the ages that were studied. For purposes of comparison, similar
counts were made from the illustrations of fetal cat retinogenicu-
late fibers provided by Sretavan and Shatz (1986), their Figures 6
and 7. We also analyzed fibers from an E50 cat, obtained from our
colony, that were labeled and processed in a manner identical to
the monkey, except for the horizontal plane of section.

The striking difference in the incidence of side-branches be-
tween the two species is illustrated in Figure 7. As may be seen,
axonal side-branches in the embryonic monkey are few in number
(<4.5/mm) and relatively constant during the period studied. In
marked contrast, during the period of retinal overlap in the fetal
cat (E47-ESS), the number of retinogeniculate side-branches is
high (>25/mm). By E57, when segregation of cat retinogeniculate
projections is largely completed (Shatz, 1983), the incidence of
such processes decreases to <5/mm. It is particularly noteworthy
that the frequency of side-branches observed in the embryonic
monkey during the period of binocular overlap (E64-E90) is
equivalent to that present in the cat after the formation of
eye-restricted projections (E57 and E65). Other pertinent com-
parisons between cat and monkey retinogeniculate fibers are
provided in Table 1.

DISCUSSION

In this study we examined the morphological properties of reti-
nogeniculate axons in the embryonic monkey, beginning at a time
when the inputs from the two eyes have been reported to be
completely intermingled and spanning the period when these
projections become segregated into eye-specific layers. In the fetal
monkey, retinal inputs have been reported by Rakic (1976) to be
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completely intermingled at E77 and E85, with ocular segregation
beginning by E95 and being largely completed in the caudal
portion of the DLGN by E112. We were especially interested in
determining whether the segregation of initially intermingled left
and right eye inputs in the primate involves the restructuring of
single retinal fibers. If this were the case, one would expect to find
the terminals of individual retinogeniculate fibers to be more
extensive when the projections of the two eyes are overlapping
than when they become segregated. This would be reflected by
more extensive terminal arbors or a higher incidence of axonal
side-branches during the period of binocular overlap, or both. It
follows that the formation of eye-specific domains would then be
attributable to the elimination of initially widespread axonal
processes.

Our results clearly demonstrate that retinogeniculate fibers in
the embryonic monkey undergo a process of continued growth
and elaboration during binocular overlap and segregation. There
was no evidence for retraction of terminal arbors or for the loss of
transient axonal side-branches. The few axonal side-branches we
did observe were relatively constant in number throughout devel-
opment. Thus, we conclude that in the fetal macaque monkey
some developmental factor other than the restructuring of axonal
terminals and the elimination of side-branches must be responsi-
ble for the segregation of retinal inputs.

Cell loss rather than axonal restructuring

In monkey (Rakic and Riley, 1983a) and in humans (Provis,
1987), >50% of optic nerve fibers are normally lost during the
course of prenatal development, and the period of axon loss in the
macaque corresponds to the time when eye-restricted projections
are being formed. Furthermore, intraocular injections of antero-
grade tracers leads to labeling throughout the DLGN of monkeys
that had one eye removed during the binocular overlap period
(Rakic, 1981), and correspondingly, the remaining optic nerve of
such enucleates has a higher than normal number of fibers (Rakic
and Riley, 1983b). Taken together, our findings and the results of
previous studies strongly suggest that in macaque monkey the
formation of eye-specific projections reflects the loss of retinal
fibers innervating inappropriate regions of the developing
geniculate.

What might account for such fiber loss is unknown, although
the results of prenatal monocular enucleation studies have been
interpreted as demonstrating a role for binocular competition
(Rakic, 1986). One possibility is that the terminal arbors that
innervate inappropriate eye-specific territories might be at a
competitive disadvantage, resulting in their subsequent elimina-
tion, presumably by an activity-mediated mechanism (Penn et al.,
1998). In any case, the restriction of retinal arbors to single layers
at E112 (Fig. 6) indicates that eye-specific laminar cues are
expressed in the primate DLGN early in development, perhaps
even before the beginning of the segregation process.

Comparison of developing M and P fibers

Our findings indicate that in the fetal monkey, M and P fibers
exhibit a similar process of growth and elaboration, without any
obvious sign of axonal restructuring. However, P retinogeniculate
arbors form before M arbors, and the former also became more
complex at earlier stages of development. This maturational dif-
ference between M and P pathways was evident throughout the
development period studied. Presumably, this relates to the ear-
lier generation of P ganglion cells (Rapaport et al., 1992) and the
substantially earlier ingrowth of P fibers into the geniculate an-
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Table 1. Retinogeniculate fibers analyzed

Total number of
fibers analyzed

Total number of
Age side-branches

Mean preterminal axon
length analyzed (um)

Side-branches/(mm)

Monkey E77* 37 22 422.4
E85* 33 29 460.2
E95* 41 24 518.0
E112 20 17 722.4
Cat E48* 70 11 274.2
E50* 29 3 382.1
E54* 101 10 321.0
E57 13 10 358.2
E65 22 9 537.6

3.9
2.4
33
1.6
23.2
253
314
3.6
4.5

Asterisks indicate the ages during the binocular overlap period. Data for fetal cat at E48, E54, E57, and E65 were derived
from Sretavan and Shatz (1986), their Figs. 6, 7. The side-branches/mm measure was derived by dividing the total number
of side-branches at each fetal age by the product of number of fibers analyzed and the mean length of fibers analyzed

(x1000).

lage (Meissirel et al., 1997). By contrast, at maturity the overall
extent and the complexity of M fibers are substantially greater
than that of P fibers (Conley and Fitzpatrick, 1989). It would be
of interest to determine when M fibers begin their accelerated
growth to surpass the dimensions of P fibers. In a postnatal study
of M and P fibers in the galago, Lachica and Casagrande (1988)
found that on the day of birth the two sets of retinal axons were
basically indistinguishable on the basis of size and that it was only
after several postnatal months that the M fibers exhibited an
accelerated increase in size. As in the prenatal monkey, during
the postnatal development of the galago, there was no indication
of any resorption of axonal processes in either M or P fibers.

Developmental differences between cat and

macaque monkey

The results reveal unexpected differences in the events underly-
ing the formation of segregated retinogeniculate projections be-
tween the macaque monkey and the cat. What distinguishes the
macaque from the cat is the paucity of axonal side-branches
throughout the developmental period when eye-specific projec-
tions are being formed. It would be incorrect, however, to infer
that primates and carnivores have evolved entirely different de-
velopmental strategies to form their eye-specific projections. In-
deed, in both species the ingrowth of axons appears highly di-
rected, and the formation of terminal arbors seems well defined.
Moreover, in carnivores as in primates, there is a massive loss of
optic fibers during the period when separation of left and right
eye projections is occurring (Williams et al., 1986), and removal
of one eye in a fetal cat during this period results in a significant
increase in the number of optic fibers and retinal ganglion cells in
the remaining eye (Williams et al., 1983; Chalupa et al., 1984). So
why are axonal side-branches relatively common on retinogenicu-
late fibers of the fetal cat and so uncommon in the fetal monkey?
Perhaps, this is related to the unique organizational features of
the retinogeniculate pathway in the developing macaque monkey.
One relevant factor may be that in the DLGN of this primate,
laminar boundaries separate M and P pathways. Such an organi-
zation may place greater constraints on ingrowing retinogenicu-
late axons in the primate than in carnivores, where different cell
classes are intermingled in the main laminae of the DLGN.
Consequently, retinal axons in the fetal macaque might be more
responsive to the molecular cues defining laminar boundaries
because these specify cell type (M or P) as well as ocular domains
(left or right). As yet, however, little is known about the factors

that regulate the ingrowth of retinogeniculate axons in any spe-
cies, so more study will be required to assess the validity of these
suggestions.

It is important to note that the developmental pattern we
observed in the macaque monkey may not be representative of
other primate species. It has been known since the classic studies
of Gordon Walls (1953) that the organization of retinogeniculate
projections differs among primate species. We would expect de-
velopmental differences among primate species to be related to
the degree to which both left/right eye inputs and the M and P
pathways are segregated into distinct laminae at maturity. For
this reason, it would be worthwhile to assess the prenatal devel-
opment of retinal projections in other primates such as the
squirrel monkey, which has been shown to have extensive inter-
mingling of ocular inputs at maturity within the parvocellular
laminae of the DLGN (Horton and Hocking, 1996).

Concluding remarks

The projections of the primate visual system at maturity are
characterized by an exquisite degree of precision that accounts, in
part, for the remarkable resolving power of this predominant
sensory modality. The hallmark features distinguishing the ana-
tomical organization of the primate visual pathways from those of
other species have long been recognized. In recent years, a
number of studies have also shown that the developmental events
involved in forming key components of the primate visual system
differ from those found in other species. In particular, it has been
found that the retinal decussation pattern (Chalupa and Lia,
1991) as well as callosal projections in the striate cortex of the
primate are highly precise throughout prenatal development (De-
hay et al., 1988; Chalupa et al., 1989), with no evidence of the
exuberance that has been documented in other species. What
accounts for such differences in developmental specificity remains
to be established, but it has been suggested that systems charac-
terized by a high degree of precision at maturity require high
precision “blueprints” during development (Chalupa and Dreher,
1991). This idea would seem to be supported by the ingrowth
patterns and the paucity of axonal side-branches characterizing
individual retinal fibers in monkey embryos. It seems reasonable
to think that the events described here also take place during the
formation of segregated retinal pathways in the human visual
system.
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