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ABSTRACT In both human and Old World primates
visual information is conveyed by two parallel pathways: the
magnocellular (M) and parvocellular (P) streams that project
to separate layers of the lateral geniculate nucleus and are
involved primarily in motion and coloryform discrimination.
The present study provides evidence that retinal ganglion cells
in the macaque monkey embryo diverge intoM and P subtypes
soon after their last mitotic division and that optic axons
project directly and selectively to either the M or P moieties
of the developing lateral geniculate nucleus. Thus, initial M
projections from the eyes overlap only in prospective layers 1
and 2, whereas initial P projections overlap within prospective
layers 3–6. We suggest that the divergence of the M and P
pathways requires developmental mechanisms different from
those underlying competition-driven segregation of initially
intermixed eye-specific domains in the primate visual system.

The segregation of motion and feature vision is a pervasive
attribute of primate brain organization at all levels of the
neuraxis, from the retina to the frontal lobe (1, 2). In Old
World primates motion and coloryform discrimination is
carried out by separate, magnocellular (M) and parvocellular
(P) neuronal pathways that originate in the retina and project
to separate M- and P-dedicated layers of the lateral geniculate
nucleus (LGN) situated in the thalamus (refs. 3 and 4; Fig. 1).
This segregated information then is transmitted from the LGN
to M- and P-related sublayers and modules in the visual cortex
(5–8). Although the details of the physiology have not been
agreed on, it is generally accepted that neurons belonging to
these separate streams can be distinguished on the basis of
their time of origin (9), morphology (10, 11), connectivity (12,
13), biochemistry (14, 15), and different signaling molecules
(16, 17).
In spite of the significance of the separation of M and P

systems for understanding the functional anatomy of the
human brain, surprisingly little is known about their develop-
ment. In contrast, the development of ocular dominance
pathways, which transmit information from the eyes via sep-
arate synaptic chains to the cerebral cortex, has been exten-
sively studied and used as a premier model system for under-
standing principles governing the segregation of neuronal
connections in the mammalian brain (18–21). A major step in
understanding the development of this system was made in the
1970s when the injection of radioactive axonal tracers into the
eyes of macaque embryos revealed that visual connections
from the eyes initially overlap in the LGN (22, 23). The
subsequent discovery that optic axons are more numerous
during this early period of overlap than in adults (24), and that

prenatal enucleation results in the maintenance of a wide-
spread projection from the remaining eye (25), demonstrated
that competitive interactions play an important role in the
segregation of initially overlapping retinal projections. These
findings, as well as the seminal studies of Hubel, Wiesel, and
LeVay (26) on visual deprivation in neonatal primates, led to
the concept of activity-dependent regulation of connections
subserving binocular vision in a variety of mammalian species
(21, 27, 28) and serve as a choice model system for the study
of formation of connections in mammals (19, 21, 29, 30).
Inexplicably, however, neither prenatal monocular nor binoc-
ular enucleation in the monkeys prevented the formation of M
and P subsystems in the LGN (25) and the striate cortex
(31–35), suggesting that the early divergence of visual projec-
tions into M and P functional channels involves activity-
independent molecular mechanisms, as has been recently
proposed for other systems (36–39).

MATERIALS AND METHODS

Timed-pregnant monkeys were obtained from the New En-
gland Regional Primate Research Center (Southborough,
MA) and California Primate Research Center (Davis, CA).
The gestational ages of the embryos were routinely assessed by
ultrasonographic measurements and at the appropriate stage
harvested by Caesarean section under general anesthesia in
accordance with National Institutes of Health guidelines.
For the immunocytochemical analysis animals were deliv-

ered at embryonic (E) days 47, 60, 68, 82, 93, 113, and 120 of
the 165-day gestation period in this species. Eyes were rapidly
enucleated and placed in chilled PBS. The retina was carefully
dissected from other tissue layers, frozen at 270C8, cryosec-
tioned (8–10 mm), and maintained at 208 until the time of
processing. Adjacent cryosections were incubated overnight in
Brn-3a and Brn-3b antibody (40–42), followed by secondary
antibodies conjugated to horseradish peroxidase and pro-
cessed for visualization of diaminobenzidine reaction product.
Immunoreacted retinae were examined on a light microscope
coupled to a computer equipped with an image-grabbing
board. The pattern of labeled ganglion cells in selected seg-
ments of central and peripheral retinae was recorded on a
video camera and photographed for illustration.
Study of the neuronal connections was carried out on fetal

rhesus monkeys of the following ages: E48, E53, E64, E74, E95,
E115, and E135 (gestational period, 165 6 2 days). The
specimens were overdosed with barbiturate and transcardially
perfused with heparinized, buffered saline followed by fixative,
with the exception of the E48 and E53 embryos, which were
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immersion fixed. Special care was taken during later dissection
not to distort the developing optic nerves, chiasm, and optic
tracts when exposing the ventral and dorsal aspect of the brain.
Carbocyanine dye crystals (DiI: 1,19-dioctadecyl-3,3,39,39-
tetramethylindocyanine perchlorate, Molecular Probes) were
implanted into the optic nerve to examine the crossed and
uncrossed retinal projections. For the older specimens (from
E74 onward), due to the increasing distance from the eye to the
brain, DiI implants were made into the optic tract. After an
appropriate storage time in fixative at 378C, the brains were
embedded in 5% agar and cut coronally at 100- to 200-mm
thickness. Brain sections mounted onto gelatinized slides
subsequently were counterstained with a solution of 0.0025%
bisbenzimide in distilled water and coverslipped before visu-
alization. To increase resolution, labeled retinal axons were
viewed using a laser scanning confocal microscope equipped
with a filter set matching the excitation-emission characteris-
tics of DiI (MRC 600, Bio-Rad). Sets of optical sections
(z-series) were collected through brain sections, and the
resulting series of digitally recorded images were recon-
structed into a single image. Photomontages were constructed
using a computer imaging program (Adobe Photoshop).

RESULTS

Early Divergence of M and P Retinal Ganglion Cells.
Targeted disruptions of the Brn-3 genes in knockout mice
resulted in the absence of ganglion cell subpopulations, indi-
cating that these molecules play an essential role in the
development of specific ganglion cell types (40, 41). Consistent
with these results in rodents, Brn-3a and Bn-3b in the adult
macaque monkey are selectively expressed by subsets of retinal
ganglion cells that project to the M and P layers of the LGN
(42). Thus, in the adult macaque monkey retina, the Brn-3a

antibody labels heavily about 10% of P-type ganglion cells and
labels lightly approximately 90% of M cells. In contrast, the
Brn-3b antibody stains all P-type cells heavily and M-type cells
lightly (42). Although these two antibodies cannot be used to
determine unequivocally whether an individual ganglion cell
belongs to the M or P class, they do provide a reliable assay for
assessing the presence of these two separate populations in the
retina as a whole. Moreover, the differential expression of the
Brn subtypes provides the only available means for assessing
diversity among ganglion cells in the embryonic retina. With
these considerations in mind, we addressed two questions: (i)
when are Brn-positive-staining cells first observed in the
embryonic macaque retina; and (ii) at what age does the
differential staining pattern correspond to that found in the
mature retina?
Brn-3a and Brn-3b positive cells were clearly evident in

retinae at all embryonic ages. In the youngest specimen (E47),
immunoreactive cells were observed both in the ganglion cell
layer and the migratory zone (Fig. 2 a and b). In E68-E82
embryonic retinae, labeling in the central regions was confined
to the round-shaped cells of the ganglion cell layer (Fig. 2 c and
d). However, in the less mature peripheral regions of these
retinae, Brn antisera continued to stain spindle-shaped cells
that appeared to be migrating from the proliferative neuro-
epithelium toward the ganglion cell layer (Fig. 3 b and d).
Adult-like patterns of light and heavy labeled cells were

observed with either Brn-3a or Brn-3b antibodies throughout
the embryonic period, suggesting that POU (the gene complex
that comprises the family of Brn transcription factors) domain

FIG. 1. Schematic illustration of neuronal connections between the
eyes and the LGN in the macaque monkey. The connections subserv-
ing the left and right eyes might be either parvocellular (P, about 80%),
magnocellular (M, about 10%) or others (K, I, or S about 10%, not
shown). The different types of ganglion cells in the retina are inter-
mixed, although the percentage of P cells is higher in the central retina
than at the periphery. In the LGN, layers 1 and 2 are magnocellular
(red), and layers 3–6 parvocellular (green). The set of M ganglion cells
in a given eye that project to the contralateral LGN terminate in layer
1, whereas those that project ipsilaterally terminate in layer 2. The P
ganglion cells project to layers 3 and 5 to the LGN on the same side,
and 4 and 6 on the opposite side. For more details see ref. 1–7.

FIG. 2. Cross sections of the central retinae of E47 (a and b) and
E68 (c and d) macaque embryos immunostained with an antibody
generated against Brn-3a (a and c) and Brn-3b (b and d). Most labeled
cells in the E47 specimen are situated in the ganglion cell layer (GCL)
(a and b), but some appear to be in the process of migrating from their
sites of origin near the retinal pigment epithelium toward the GCL. At
E68, neurogenesis for the central region of the retina has been
completed and all labeled cells are situated within the GCL (c and d).

Neurobiology: Meissirel et al. Proc. Natl. Acad. Sci. USA 94 (1997) 5901



proteins are expressed differentially in separate ganglion cell
classes from the onset of retinal development. An alternative
explanation for these results may be that differences in labeling
intensity signify a cell’s transition from an immature to mature
state. However, our observations do not support this possibil-
ity. First, the same differential pattern of labeling was found
both before and after the arrival of cells at the ganglion cell
layer. Even migrating cells situated close to their origin in the
proliferative zone could be classified into heavily and lightly
labeled categories, indicating that the two populations are
separated soon after their last cell division (Fig. 2). Further-
more, if light cells transform into dark cells during the course
of development, we should observe an increasing percentage
of darkly labeled cells at later embryonic ages. However, we
did not observe an overall increase in the number of darkly
labeled cells. Rather, as described below, the change in label-
ing pattern is entirely consistent with the emergence of re-
gional density differences that characterize M and P ganglion
cells in the mature primate retina.
Based on the distribution of heavily and lightly labeled

subsets of Brn-3b positive cells, the ratio of M and P ganglion
cells changes systematically during development at various
retinal eccentricities. Between E47 and E82, the density of M
ganglion cells in central retinal regions was equal to or slightly
higher than P cell density (Fig. 4 b–d). By E113-E120, however,
the very same regions were dominated by P cells (Fig. 4a). It
may be significant that the period of decrease in the proportion
of central M cells corresponds to the onset of the rapid loss of
retinal ganglion cells through apoptosis (43). The initial ratio
of M and P cells in central retina may be altered in favor of P
cells by the selective elimination of some M ganglion cells,
possibly in response to a change in the number of M-dedicated
neurons in the LGN by E80 (44). This hypothesis is supported
by the fact that a proportionally larger number of M than P

cells is eliminated from the monkey LGN during the course of
normal development (44).
Differentiation of embryonic cells to a generic ganglion cell

phenotype minutes after their final mitotic division has been
observed in the avian and rodent retina using a variety of
markers (45–47). Our detection of the early and selective
expression of Brn-3a and Brn-3b in the embryonic monkey
retina extends these findings by showing that, in primates,
ganglion cells have the capacity to differentiate into M and P
neuronal subtypes shortly after being generated. Members of
the POU family of homeodomain-containing proteins are
good candidates for establishing specific cellular phenotypes
because they act as transcription factors and are capable of
inducing changes in basic cellular programs (40, 41). As
indicated below, such early divergence of ganglion cell sub-
types may be an essential step in development of M and P
pathways, enabling subtype-specific axons to identify appro-
priate M and P domains in the LGN.
Specificity of Retinogeniculate Projections in Embryo. Pre-

vious studies on the development of retinogeniculate pathways
in macaque embryos using intraocular transport of radioactive
tracers demonstrated a complete overlap of ipsilateral and
contralateral projections between E64 and E78 (22, 23). In the
present study, we made implants of DiI crystals into the optic
nerve of fixed embryos at an earlier stage, beginning at E48,
which is only a few days after retinal axons begin to navigate
across the optic chiasm (48). At this age, crossed ganglion cell

FIG. 3. Cross sections of the macaque retinae at E68 (a and b) and
E82 (c and d) immunostained with an antibody for Brn-3b. In the more
mature central regions, labeled cells are situated exclusively in the
ganglion cell layers (GCL) (a and c). However, in the immature,
peripheral regions of the retina (b and d), cohorts of migrating
immunopositive cells appear to be streaming from the neuroepithe-
lium, near the retinal pigment epithelium to the GCL.

FIG. 4. Representative sections of the central retinae from the
E113 (a), E82 (b), E68 (c), and E47 (d) embryo immunostained with
Brn-3b antibodies to illustrate proportions of heavily and lightly
reacted cells at various embryonic ages.
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axons already have reached the anlage of the LGN (Fig. 5A)
and all geniculate neurons have been generated and have
completed their migration (49). However, despite the avail-
ability of thalamic target neurons, the initial contingent of
retinal fibers bypasses the dorsal thalamus to innervate the
retinorecipient zones of the midbrain. Several days later,
retinal fibers coursing through the LGN anlage begin to sprout
short branches that terminate selectively in the medial segment
of the nucleus (Fig. 5B). With continued development, there
is robust innervation of the medial segment of the geniculate,
with very few fibers terminating in its lateral aspect (Fig. 5C).
This highly selective innervation of the LGN is displayed by
both crossed and uncrossed retinal axons, although the in-
growth of ipsilateral fibers lags at least 5 days behind. At still
later stages of gestation, the LGN anlage rotates so that the
medial and lateral segments achieve a dorsal-ventral orienta-
tion (49) (Fig. 5 D-E). During the course of this rotation,
significant retinal innervation of the ventral region of the
LGN, formerly the lateral segment, was first observed at E74

(Fig. 5D), nearly a month after fibers colonized the medial
segment. Because lamination of the geniculate does not occur
until about E91 (49), a precise boundary between M and P
laminae is not directly visible at that age. However, based on
the outside-to-inside temporal generation sequence of LGN
neurons (49), it can be inferred that the early-innervated
medial segment corresponds to the region that will form the P
layers, whereas the later-innervated lateral segment differen-
tiates into the M laminae.
In adult primates, M and P retinogeniculate arbors are

characterized by distinct morphologies (8). Remarkably, clear
differences were evident in the present study between retino-
geniculate axons innervating the M and P moieties from the
time that terminal arbors first became elaborated. For in-
stance, the first retinal terminal arbors were formed in the P
region of the LGN by E95, and these were characterized by
multiple ramified processes (Fig. 6A), resembling the cluster-
like P arbors of mature animals (8). By contrast, retinal arbors
in theM layers weremuch simpler at this age, consisting of only

FIG. 5. Photomontages of confocal images through representative coronal sections of the diencephalon showing the distribution of DiI-labeled
retinal axons in the embryonic thalamus. (A–D) Dashed lines indicate the border of the dorsal lateral geniculate (dLGN) with a dorsal orientation
to the top and a lateral orientation to the right. (A–C) The contralateral side to the DiI optic nerve implants. (A) At E48, retinal axons navigate
the contralateral optic tract before being deflected away from the pial surface as they approach the geniculate. A few axons course dorsally past
the dLGN toward the midbrain. (B) At E53, there is greater ingrowth of retinal fibers, some of them elaborating medially directed branches. Note
that the lateral aspect of the dLGN remains totally devoid of retinal axons (p). Branches derived from the axon trunks are concentrated at the bottom
third of the dLGN, and in some cases these extend past its medial border in the external medullary lamina (arrow). (C) At E64, an increasing number
of axonal branches invade the medial region of the nucleus. Note that, at this age, the lateral segment of the dLGN is still virtually free of retinal
afferents. The section shown is from the rostral part of the dLGN, but essentially the same pattern is observed throughout the rostro-caudal extent
of the nucleus. (D) At E74, DiI crystals were implanted into the optic tract to reduce the distance of diffusion. Virtually the entire extent of the
nucleus now receives a retinal innervation. The coronal section is from the caudal aspect of the dLGN. (E) Schematic representation of the dLGN
rotation (arrows) fromE48 to adulthood. The presumptiveM layers (shaded area) rotate from a lateral to a ventral position whereas the presumptive
P layers rotate from a medial to a dorsal position (46). (Scale bar: A–C, and E, 500 mm and D, 400 mm.)
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a few short terminal processes (Fig. 6B). Moreover, assessment
of the total number of branch points of individual retino-
geniculate arborizations revealed that the degree of terminal
branching was significantly greater in the early-innervated P
segment than in the M segment (Fig. 7). Taken together, the
selective innervation of the M and P moieties of the LGN by
retinal axons, and the distinctive morphological features of
their terminal arbors, demonstrate a highly precise specifica-
tion of these functional visual subsystems in the primate
embryo. Although we cannot rule out that some M and P
ganglion cells may initially innervate inappropriate segments
of the LGN, these data suggest a highly specific molecular-
based recognition by M and P ganglion cells of their respective
LGN target neurons.

DISCUSSION

The early and precise specification of the M and P retino-
geniculate system that we have demonstrated here stands in
contrast to the lack of specificity in initial target selection by
the very same projections originating from the left and right
eyes, which are intermixed before segregating into appropriate
ipsilateral and contralateral layers of the LGN in primates (22)
and in other species (50, 51). The selective elimination of
initially supernumerary ganglion cells (43) and LGN neurons
(25) may contribute to binocular segregation (22, 25, 52).
Furthermore, the refinement of retinogeniculate terminal
arbors by activity-dependent events also plays a significant role
in this process (21, 53).

Although neuronal activity may adjust the ratio of M and P
cells in the retina and in the LGN (41), it does not appear to
induce neuronal assignments into these two basic functional
subsystems. Moreover, at very early stages of development
retinal ganglion cells are incapable of discharging action
potentials due to their low density of sodium-voltage gated
channels (54). Activity-mediated segregation of ganglion cell
axons into ipsilateral and contralateral layers of the LGN
occurs at much later stages of development and only within the
appropriate moiety, so that M retinogeniculate terminals,
originating from the left and right eyes, eventually compete
only for M layers 1 and 2, whereas P ganglion cell axons
compete only for P layers 3 to 6. Thus, it seems reasonable to
infer that the selective innervation patterns of M and P layers
that we have documented here reflect the expression of
laminar-specific molecular markers. In this respect, factors
underlying the formation of the M and P channels may be
fundamentally similar to those proposed for guiding the se-
lective innervation of cortical layer 4 by thalamic afferents
(55–58). Our results also indicate that the development of the
functionally distinct visual connections may follow similarly
precise molecular markers as observed in the olfactory system
(36).
The developmental mechanisms underlying the early for-

mation of separate M and P projections versus the late
segregation of initially intermixed binocular projections would
seem to reflect the functional differences between these two
systems. While the M and P streams are destined to carry
different aspects of visual perception, the binocular system is
concerned with the allocation of identical input transmitting
from each eye to the two sides of the brain. The distinct M and
P systems emerge separated from the start. In contrast, the
initially intermixed inputs from the two eyes become segre-
gated by competition for available synaptic targets. This may
explain why manipulation of retinal input in embryos has
different effects on the development of these two visual
subsystems.Monocular enucleation in monkey embryos results
in dramatically enlarged input and territory of the brain
subserving the remaining eye (2, 22). In contrast, neither
prenatal monocular nor binocular enucleation prevents the

FIG. 6. Confocal images of representative terminal retinogenicu-
late arbors viewed from the coronal plane. Selected arborizations
centered on a 200-mm thick section counterstained with bisbenzimide
were reconstructed and localized in relation to the border between the
M and P layers, viewed under UV illumination. Upper shows retinal
axons arborizing in the P compartment, whereas lower illustrates
axonal terminals in the M compartment. Arrowheads point to growth
cones at the distal end of terminal branches. (Upper) A dense clump
of terminal processes is already apparent at E95 in the P region of the
dLGN. Increasingly complex arbors, still bearing growth cones, are
seen at E115 and E135. (Lower) Long bifurcated axonal branches are
apparent in the M region at E95, with higher order processes just
beginning to form. From E115 onwards axonal branches emerge
gradually from the main trunk and ramify typically in two overlapping
clumps of terminals, resembling the morphology of adult M arboriza-
tions. (Scale bar 5 50 mm.)

FIG. 7. Analysis of terminal arborization complexity of single
retinogeniculate axons inM (open bar) and P (solid bar) layers at three
fetal ages. The number of arbors analyzed is indicated in parenthesis
above each bar, and the vertical bracket denotes the SEM. Note that,
at all fetal ages, examined P arbors had a significantly greater number
of branch points than M arbors (P , .05 on a t test). During this
developmental period there was also a trend for the overall size of P
arbors to be larger than M arbors (not shown), but this was not
statistically significant.
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emergence of basic cytoarchitectonic and chemoarchitectonic
features of the M and P systems (31–35). These findings in
previously enucleated monkeys, coupled with the present
results, raise the question of whether the segregation of
binocular connections that occurs late in development through
competitive interaction provides a general model for the
formation of distinct functional connections.
The projections ofM and P retinogeniculate projections into

separate territories in the LGN are unique to primates,
although parallel visual channels exist in other mammalian
species (59–61). In particular, studies in the cat have called
attention to the role of competitive interactions among dif-
ferent classes of retinogeniculate terminals in refining imma-
ture X and Y pathways (62, 63). Such a mechanism may be
operative in this species because different cell types are largely
intermingled within the A laminae of the geniculate (64, 65).
In this respect, the organization of these functional subsystems
in primate visual system is different from nonprimate species,
even at early stages of embryonic development. The early
differentiation and segregation of M and P pathways in an Old
World primate demonstrated here is likely to occur during
formation of the human visual system.
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