
The Journal of Neuroscience 
April 1966, 6(4): 990-1003 

Prenatal Development of Cat Retinogeniculate Axon Arbors in 
the Absence of Binocular Interactions 

David W. Sretavan and Carla J. Shatz 

Department of Neurobiology, Stanford University School of Medicine, Stanford, California 94305 

During prenatal development of the cat’s retinogeniculate pro- 
jection, inputs from the ganglion cell axons of the two eyes are 
initially intermixed with each other within the lateral geniculate 
nucleus (LGN). As development proceeds, the inputs sort out to 
give rise to the eye-specific layers characteristic of the adult. 
During this sorting out process, individual axons undergo a ste- 
reotyped sequence of morphological changes that ultimately 
produce the characteristic pattern of arborization in which axon 
arbors are restricted in extent only to those layers of the LGN 
appropriate for the eye of origin (Sretavan and Shatz, 1984, 
1986). Here, we examine whether binocular interactions be- 
tween retinal ganglion cell axons from the two eyes are required 
for the formation of this restricted pattern of terminal arbori- 
zation. 

To examine this question, one eye was removed at embryonic 
day 23 (E23), when ganglion cell axons have not yet reached 
the optic chiasm, and the ganglion cell axons from the remain- 
ing eye were allowed to develop in the complete absence of bin- 
ocular interactions. At E59, when segregation into eye-specific 
layers is normally almost complete, the retinogeniculate projec- 
tion from the remaining eye was then examined both by anter- 
ograde transport following intraocular injections of 3H-leucine 
and by the in vitro filling of individual ganglion cell axons with 
HRP. Results from the intraocular injections showed that in the 
absence of one eye, the remaining eye is still capable of forming 
both ipsilateral and contralateral optic tracts; however, the pro- 
jection was distributed diffusely throughout each LGN, rather 
than being confined to normal eye-specific territories. 

When individual HRP-filled axons were reconstructed and 
examined, it was remarkable to find that the pattern of terminal 
arborization was virtually indistinguishable from normal axons. 
As usual, arbors were restricted to the distal portion of each 
axon trunk, and measurements showed that the total linear length 
of axon contributing to each arbor was within the normal range 
(enucleated, 2310 f 920 Mm; normal, 2520 + 810 pm). Fur- 
thermore, the terminal arborizations of axons appeared to be 
organized into a series of tiers within the LGN in a pattern 
surprisingly similar to the pattern of eye-specific layers nor- 
mally present by E59. Also unchanged was the normally occur- 
ring loss of axons from the remaining optic nerve: Counts at 
ES9 showed that about 2.3 x lo5 axons were present in enu- 
cleated animals as compared to 2.5 x lo5 axons in controls. 
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Finally, examination of a retinal whole-mount of the remaining 
eye at E59 indicated that the normal central to peripheral gra- 
dient of ganglion cell density was also present. 

These observations indicate that although binocular interac- 
tions are necessary for some aspects of the development of the 
retinogeniculate projection, a number of important develop- 
mental events can still occur in the absence of binocular inter- 
actions. These include the normally occurring reduction in axon 
number in the optic nerve and the restriction of ganglion cell 
terminal arbors within the LGN. Thus, interactions that occur 
between ganglion cells intrinsic to one eye may be equally im- 
portant in the formation of the retinogeniculate projection. 

In the adult mammalian visual system, each lateral geniculate 
nucleus (LGN) receives inputs from retinal ganglion cells of both 
eyes, and these inputs are segregated into a series of eye-specific 
layers. However, during development, inputs from the two eyes 
are initially intermixed with each other within the LGN, and 
the adult segregated pattern only emerges subsequently (cats: 
Shatz, 1983; ferrets: Card-Linden et al., 198 1; hamsters: Frost 
et al., 1979; So et al., 1978, 1984; monkeys: Rakic, 1977; opos- 
sums: Cavalcante and Rocha-Miranda, 1978; possums: San- 
derson et al., 1982; rats: Bunt et al., 1983). We have studied 
the morphological correlates of this developmental process at 
the level of individual retinal ganglion cell axons by examining 
the sequential change in branching pattern of retinogeniculate 
axons filled with HRP during fetal development in the cat (Sre- 
tavan and Shatz, 1984, 1986). Our results show that during the 
initial period of intermixing of eye inputs, axons along their 
entire course through the LGN are studded with short side 
branches, some of which are located in territory that is destined 
to belong exclusively to the other eye. As the eye-specific layers 
emerge, axons simultaneously retract selected side branches from 
inappropriate territory and elaborate a terminal arbor within 
LGN territory appropriate to their eye of axon origin. 

In view of these observations, it seemed essential to learn 
more about the mechanisms responsible for producing the 
branching pattern of individual retinogeniculate axons. One 
possibility is that binocular competitive interactions between 
the axons from the two eyes (perhaps via the elaboration and 
retraction of side branches) produce the restricted branching 
pattern of mature retinogeniculate axons. Recent evidence sup- 
porting binocular competition as a mechanism has come from 
experiments in which one eye is removed during development 
at a time when retinal projections from the two eyes are inter- 
mixed within the LGN. The global pattern of projection from 
the remaining eye is then examined at some later developmental 
age or in adulthood by intraocular injections of anterograde 
tracers (Chalupa and Williams, 1984; Rakic, 198 1; So et al., 
1984; for review, see Shatz and Sretavan, 1986). Results from 
these studies have consistently demonstrated that the inputs 
from the surviving eye, instead of being restricted only to parts 
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of the nucleus appropriate to that eye, have now spread through- 
out. Thus, early eye removal can prevent the development of 
the adult segregated pattern of eye input, suggesting that this 
aspect of the normal development of connections between retina 
and LGN depends on the presence of afferents from both eyes. 

The major question we wish to address here is whether bin- 
ocular interactions are also required to produce the normal re- 
stricted terminal arborization pattern of individual retinogenic- 
ulate axons. To answer this question, we have modified somewhat 
the approach used previously. In order to examine the devel- 
opment of individual retinogeniculate axons in the complete 
absence of binocular interactions, we removed one eye in cat 
fetuses at embryonic day 23 (E23), a time when ganglion cell 
axons have not yet reached the optic chiasm (Williams et al., 
1986; J. Silver, M. Kliot, and C. J. Shatz, unpublished obser- 
vations). The resulting pattern of the retinogeniculate projection 
and the morphological appearance of individual retinal ganglion 
cell axons from the remaining eye were then studied at E59, 
when normally the segregation of eye input is essentially com- 
plete (Sretavan and Shatz, 1986). As expected, our results based 
on the intraocular injection of anterograde tracers show that the 
remaining eye projects throughout both the contralateral and 
the ipsilateral LGN. However, when individual retinogeniculate 
axons were visualized by filling them with HRP in vitro, it was 
remarkable to find that all had restricted patterns of terminal 
arborization virtually identical to those seen in normal animals, 
indicating that binocular interactions are not strictly necessary 
for this particular aspect of morphological development. A brief 
report of these findings has been presented (Sretavan et al., 
1984). 

Materials and Methods 
In order to produce a retinogeniculate system innervated exclusively by 
afferents from one eye, we performed monocular enucleations on cat 
fetuses at E23 of the 65 d aestation period. At E23. retinal axons have 
just grown out of the globe into the optic nerve, ‘and none have yet 
reached the optic chiasm (Williams et al., 1986; J. Silver, M. Kliot, and 
C. J. Shatz, unpublished observations). After surgery, fetuses were al- 
lowed to develop further in utero until E59 and then the retinogeniculate 
projection from the remaining eye was studied to compare it with the 
projection in normal fetuses of the same age. By E59 individual retin- 
ogeniculate afferents in normal animals have already developed re- 
stricted terminal arbors (Sretavan and Shatz, 1984, 1986) and the adult- 
like pattern of separate and nonoverlapping layers is already present 
(Shatz, 1983). All experiments reported here were performed on nor- 
mally pigmented cat fetuses taken from timed-pregnant mothers bred 
for 24 or 48 hr. In 48 hr breedings, the second day was counted as the 
first day of gestation (El). 

Surgery 
Cesarian sections were performed with animals under general anesthesia 
using a mixture of halothane/nitrous oxide/oxygen. Expired CO, was 
monitored and maintained at 3.5-4%. and dextrose (5%) Ringer’s so- 
lution was given intravenously throughout the entire surgical procedure. 
Terbutaline sulfate (Brethine, Geigy) was also given intravenously in 
0.1-0.2 mg boluses when necessary to comrol uterine contractions. Fur- 
ther details of the surgical procedure can be found in Shatz (1983). 

Fetal enucleations 
At E23, each of multiple uterine sacs is about 2-2.5 cm long, with the 
fetus contained within each sac about l-l.5 cm in crown-rump length. 
To expose a fetus, an incision was made through the uterine musculature 
and the placenta longitudinally along the middle or at one end of each 
sac. When possible, only the head of the fetus was exposed through the 
incision. Great care was taken not to incise the chorionic and amniotic 
membranes, except immediately overlying the eye intended for removal. 
A hand-held electric cautery (Storz) was used to puncture these mem- 
branes and destroy the eye. A cautery tip size of about a millimeter was 
selected, since at this age the eye is also approximately a millimeter in 
diameter. A second, less reliable, method was to surgically excise the 
eye by microdissection. After enucleation, the fetuses were gently rein- 

serted deep within the uterine sac and the overlying incisions closed. 
Because of the fragility of fetuses at such early stages of in utero devel- 
opment, only about 20% of the operated animals survived into late 
gestation. 

Intraocular injections of tritiated leucine 
After monocular enucleation, the fetuses were allowed to develop further 
in utero until E58. Each fetus then received a single intraocular injection 
of 250 PCi ‘H-leucine (New England Nuclear, NET 135H: specific ac- 
tivity, 40-60 Ci/mmol) in 25 ~1 of0.9% saline along the temporal ciliary 
margin to label the entire retinogeniculate projection from the remaining 
eye (see Shatz, 1983, for complete details). After a survival of 24 hr, 
the injected fetuses were delivered by cesarian section at E59 and pre- 
pared either for in vitro labeling of retinogeniculate axons (see below) 
or processed for autoradiography. 

For autoradiography, the fetuses were perfused intracardially with 4% 
paraformaldehyde in 0.1 M phosphate buffer (pH 7.4). After postfixation 
and embedding, frozen sections (20 pm) were cut in the horizontal plane 
through the LGN and portions of the optic tract. Every fifth section was 
processed for autoradiography using NTB-2 liquid emulsion (Shatz, 
1983). An additional set of sections was stained with cresyl violet. 

In vitro labeling of retinogeniculate a&rents 
The main objective of this study was to examine the branching pattern 
of individual retinogeniculate axons that developed in the absence of 
interactions with afferents from the other eye. To do this, we used an 
in vitro method to fill fetal optic tract axons with HRP (Sretavan and 
Shatz, 1984, 1986). This method involves the dissection and removal 
of part of the diencephalon, including the optic tract and the LGN from 
the cranium. Small deposits of HRP are then made into the tract and 
the entire prepara?ion is placed in a tissue slice chamber for 4-6 hr. 
During this incubation period, the preparation is continuously super- 
fused with oxygenated mammalian Ringer’s solution supplemented with 
5% glucose and maintained at 32-34°C. 

For histological analysis, the fetal preparations were immersion-fixed 
in a mixture of 1% paraformaldehyde, 1.25% glutaraldehyde in 0.1 M 

phosphate buffer (pH 7.4). After overnight fixation (15-18 hr), 100 pm 
sections through the LGN were cut in the horizontal plane on a vibra- 
tome. Free-floating sections were reacted for HRP histochemistry using 
a modification of the diaminobenzidine and CoCl, intensification meth- 
od of Adams (198 1). HRP-filled afferents were examined using a 63 x 
Zeiss planapo objective (oil, N.A. 1.4), and the terminal arbors of retino- 
geniculate axons were reconstructed from multiple sections with a cam- 
era lucida. In this study, a total of 25 retinogeniculate axons filled with 
HRP were completely reconstructed. Details of the in vitro method for 
labeling fetal axons and the evaluation of the technique have been 
presented previously (Sretavan and Shatz, 1986). This method reliably 
allows the filling and detailed examination of retinogeniculate axons 
throughout the entire period of development between E38 and birth. 

Since each fetus studied in vitro had received an intraocular injection 
of )H-leucine 24 hr earlier, the entire retinogeniculate projection was 
also labeled. After the reconstruction of HRP-labeled afferents, the ret- 
inal projections were examined in the same material by applying a ‘H- 
sensitive film (LKB ultrofilm) directlv against each tissue section. The 
LKB film was exposed for 10 d and then developed (Sretavan and Shatz, 
1986). In the same in vitro preparations, portions of the optic tract 
below the level of the LGN were saved and the radioactive label within 
the optic tract examined after processing for autoradiography. To do 
this, portions of the diencephalon containing the optic tracts were reim- 
mersed in 4% paraformaldehyde in 0.1 M phosphate buffer with 20% 
sucrose. Frozen sections (20 pm) were then taken and processed for 
liquid emulsion autoradiography as described above. 

Electron microscopic analysis of optic nerve 
The number of axons in the remaining optic nerves of monocularly 
enucleated animals and in the optic nerves of control animals was de- 
termined at E59 using quantitative electron microscopic analysis. To 
prepare the optic nerves for electron microscopy, the control animals 
(not enucleated) were perfused intracardially with a mixture of 2% para- 
formaldehyde, 2.5% glutaraldehyde, and 0.2% acrolein with 4 mM CaCl, 
in 0.1 M sodium cacodylate buffer (pH 7.35). In two monocularly enu- 
cleated animals, immediately after the optic tracts and LGNs had been 
removed for the in vitro labeling of retinal afferents, the optic nerve was 
promptly immersion-fixed in the same electron-microscopic fixative for 
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Figure 1. Dark-field autoradiographs of the labeling pattern in the 
optic tracts contralateral and ipsilateral to an intraocular injection of 
‘H-leucine. Top, Animal examined at E59 following unilateral enu- 
cleation at E23. Bottom, Control animal examined at E60. Both hori- 
zontal sections are taken approximately 400 pm dorsal to the optic 
chiasm. The dotted white lines delineate the outline of the diencephalon. 
Although the contralateral optic tract appears to be of normal size in 
the enucleated case, the ipsilateral tract occupies a smaller cross-sec- 
tional area. In the E60 control, portions of the temporal lobe can be 
seen at the left and right sides of the photo. The temporal lobes in the 
enucleated case were dissected away in order to label optic tract axons 
with HRP. (The reconstructed terminal arbors of some of the axons 
from this enucleated fetus are shown in Fig. 9.) 

48-72 hr at 4°C. (Time elapsed from the delivery of the fetus to im- 
mersion fixation of the nerve was approximately 10 min.) It is worth 
noting that the same dissection procedure is used for physiological stud- 
ies (Shatz and Kirkwood, 1984) in which the optic nerve remains viable 

for many hours. The nerves were then osmicated (1% 0~0, in 0.1 M 

phosphate buffer), block-stained with 0.5% uranyl acetate, and embed- 
ded in Spurr embedding medium (Polysciences, Inc.). Thin sections 
were placed on a 300 mesh copper grid and stained with 0.5% uranyl 
acetate followed by 0.2% lead citrate. Fixation by immersion or per- 
fusion produced adequate ultrastructural detail required for axon counts 
(see Fig. 10). Estimates of the number of axons in the optic nerve were 
determined using the method of systematic grid analysis described in 
Ng and Stone (1982) and Williams et al. (1983b). This method involves 
the systematic sampling of all areas of the optic nerve at set intervals 
determined by the 300 mesh grid spacing. From approximately 100 
micrographs for each nerve, the average number of axons per unit area 
was computed. This number was then multiplied by the total area of 
the optic nerve to obtain an estimate of the total number of axons in 
the nerve. 

Retinal whole-mount 
The retina of one of the monocularly enucleated fetuses was prepared 
as a whole-mount at E59 and stained with cresyl violet to examine the 
distribution of ganglion cells across the retina. After removal of the 
cornea, the eye was immersion-fixed overnight in 4% paraformaldehyde 
and then prepared using standard retinal whole-mount techniques (Stone, 
1978). All ganglion cells were counted while viewing the retina using a 
63 x oil immersion objective (N.A. 1.4). To examine the density dis- 
tribution of retinal ganglion cells along the nasotemporal axis, all gan- 
glion cells within a 100 pm* area at 400 pm intervals along this axis 
were counted. 

Results 
The results presented here are based on eight normally pig- 
mented animals, each of which had one eye removed on E23. 
At the time of analysis (E59), each animal appeared to be well 
formed with a range of crown-rump lengths (110-130 mm) 
normal for its age (Shatz, 1983). On the enucleated side, the 
cranium was smooth, with almost no hint of an orbit. However, 
superficial structures such as eyelids were present. The gross 
appearance of the brain itself also was also normal, and both 
the telencephalon and diencephalon were symmetrical. As ex- 
pected from the early monocular enucleations, only one optic 
nerve was present. 

Optic tracts after early monocular enucleations at E23 
In the experimental fetuses, retinal axons grow into the optic 
chiasm without encountering axons from the other eye, a situ- 
ation not found during normal development. Nevertheless, fe- 

Figure 2. Nissl-stained horizontal sections through the contralateral and ipsilateral LGN of an E59 fetus that had one eye removed at E23. The 
nucleus contralateral to the remaining eye (CONTRA) appears normal in size and shape and its innermost boundary (large arrow) is well defined. 
The ipsilateral nucleus (ZPSZ), on the other hand, appears slightly smaller and its innermost border (large arrow) is less well defined. OT, Optic 
tract; A, anterior. 
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Figure 3. Dark-field autoradiographs showing the labeling pattern in the LGN of an E59 fetus that had one eye removed at E23 and received an 
intraocular injection of jH-leucine in the remaining eye at E58. Both LGN contralateral (CONTRA) and ipsilateral (ZPSI) to the surviving eye 
appear to be covered completely by radioactive label. On both sides, however, there are regions of slightly sparser and slightly denser labeling. The 
white dashes mark the inner border of the nucleus in these horizontal sections. Sections oriented as in Figure 2. 

tuses with one eye removed had both a contralateral and an 
ipsilateral optic tract. The optic chiasm and tracts were also 
located in the appropriate positions at the ventral base and along 
the lateral surface of the diencephalon. An example of the pat- 
tern of labeling within the optic tracts following an intraocular 
injection of ‘H-leucine in an E59 animal that had one eye re- 
moved at E23 is shown in the autoradiographs of Figure 1. 
Results from a control animal at the same age are shown in the 
lower half of the figure for comparison. In both cases, a hori- 
zontal section approximately 400 Mm dorsal to the optic chiasm 
is shown; the dotted lines depict the outline of the diencephalon. 

In the experimental case, the contralateral optic tract appears 
rather similar in cross-sectional area to the normal control. On 
the other hand, the ipsilateral tract occupies a substantially 
smaller area than normal. It is possible that early eye removal 
results in a smaller number of axons in the optic tract ipsilateral 
to the surviving eye. Alternatively, in the absence of axons from 
the other (removed) eye, the ipsilateral axons may coalesce to 
occupy a smaller cross-sectional area within the optic tract. 

Retinal projection to the LGN 
Even though the LGN is supplied by afferents from only one 
eye in the monocularly enucleated fetuses, the LGN both con- 
tralateral and ipsilateral to the remaining eye appeared fairly 
well formed at E59. Figure 2 shows horizontal sections taken 
approximately through the middle of the contralateral and ip- 
silateral lateral geniculate nuclei in an enucleated animal. On 
both sides, the optic tract (OT) runs along the posterior and 
lateral surface of the LGN. The LGN contralateral to the sur- 
viving eye is of approximately normal size and shape for this 
age (cf. Shatz, 1983, Fig. 9). The innermost boundary of the 
LGN (see arrow) is sharply defined, and the adjacent perigenicu- 
late nucleus can be identified as a halo of cells just outside this 
boundary. In contrast, the ipsilateral nucleus is slightly smaller 
than normal and than its contralateral counterpart. In addition, 
the innermost boundary of the ipsilateral LGN appears to be 
less well defined (see arrow). It is worthwhile pointing out that 
the ipsilateral nucleus appeared to be variably but consistently 
smaller in its dorsal-to-ventral extent, as well as its mediolateral 
extent when compared to the contralateral nucleus. 

Intraocular injections of 3H-leucine show that the pattern of 
the retinogeniculate projection from the remaining eye is very 
different from normal. In normal fetuses at E59, afferent input 
from the two eyes to the LGN has already sorted out from the 

earlier immature pattern. Thus, an intraocular injection in a 
normal fetus at this age results in the labeling of only certain 
regions of the nucleus, i.e., those layers occupied by afferent 
terminals from the injected eye. Intervening layers occupied by 
afferents from the other eye are devoid of label (see Shatz, 1983; 
Fig. SA). In enucleated animals, both the contralateral and the 
ipsilateral LGNs are completely filled with label, indicating that 
all parts of the LGN are occupied by retinal afferents from the 
remaining eye. An example of this labeling pattern is shown in 
the dark-field autoradiographs of Figure 3. Although the con- 
tralateral nucleus (Fig. 3, left) is completely filled with label, the 
labeling density does not appear to be totally even; zones of 
heavier and lighter label are often encountered within the LGN. 
For instance, it was our impression that the middle third of the 
nucleus (the zone corresponding to layer Al in normal fetuses) 
was more heavily labeled than elsewhere. The projection to the 
ipsilateral nucleus also occupies nearly completely the entire 
nucleus, but the overall area of the ipsilateral projection is small- 
er than that found on the contralateral side, in accordance with 
the diminished size of the LGN ipsilaterally. Again there are 
hints of unevenness in the labeling pattern. The projection to 
the innermost border of the ipsilateral nucleus also appears, to 
be faint and less distinct than that seen on the contralateral side. 
These results show that in the cat after early eye removal, as in 
other mammals after later enucleations (Rakic, 198 1; Chalupa 
and Williams, 1984; So et al., 1984), the afferent projection 
from the surviving eye fails to become restricted and instead is 
distributed throughout the entire LGN. 

Arborization pattern of individual 
retinogeniculate aferents 
The complete labeling of the LGN following intraocular injec- 
tion in enucleated animals could arise if individual retinogenicu- 
late axons have abnormally widespread branching patterns, a 
situation that might occur if binocular interactions between af- 
ferents from the two eyes are required for axons to develop a 
restricted adult-like pattern of terminal arborization. To inves- 
tigate this possibility, we filled individual retinogeniculate axons 
in monocularly enucleated fetuses at E59 with HRP using the 
in vitro labeling method. 

In every animal in which we knew that the retinogeniculate 
projection covered the entire LGN as revealed by the intraocular 
injections, it was remarkable that individual retinogeniculate 
axons were nevertheless restricted in their pattern of terminal 
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arborization in a manner similar to that seen in normal axons 
at the same age. This finding is shown in Figure 4, in which a 
series of terminal arbors of retinogeniculate axons reconstructed 
from the enucleation cases are compared with a series of axons 
taken from a normal control fetus at a similar age (E58). [The 
normal axons are part of another study of the normal devel- 
opment of retinogeniculate afferents (Sretavan and Shatz, 1986).] 
In this figure, all afferents are drawn at the same scale and are 
placed at the same orientation, with the optic tract toward the 
bottom of the page and the inner border of the LGN toward 
the top. A simple comparison reveals that retinogeniculate af- 
ferents from the enucleated animals have terminal arbors that 
are almost identical in size and shape to those of normal control 
animals. In both cases, the portion of the axon nearest the optic 
tract is smooth and unbranched, while heavy branching occurs 
only within the terminal arbor at the distal portion of each axon. 
Furthermore, terminal arbors are quite narrow and cylindrical 
in shape in enucleated and control animals alike. The only ob- 
vious difference between the two is that in enucleated animals 
the trajectory taken by some axons within the LGN en route to 
the terminal arbor is unusual (see first five axons in the upper 
right of this figure and also Fig. 8). 

We wondered whether these qualitative impressions could be 
confirmed quantitatively. In an earlier study, we found that the 
total linear length (amount) of axon contributing to the terminal 

Figure 5. Graph showing the relation- 
ship between the total linear length of 
axon contributing to the terminal arbor 
and developmental age. The black dots 
represent measurements of total ter- 
minal arbor length in axons taken from 
a previous study of normal retinogenic- 
ulate development and illustrate the 
roughly linear increase in axon arbor 
length with developmental age (Sreta- 
van and Sham, 1986). Measurements of 
axons from early monocularly enucle- 
ated animals in the present study are 
shown by diamonds. Open diamonds 
represent axons found in the ‘LGN ip- 
silateral to the surviving eye; black diu- 
mends represent axons in the contra- 
lateral nucleus. Results from the 
enucleated animals fall well within the 
normal range, indicating that retino- 
geniculate axons developing within the 
LGN in the absence of afferents from 
the other eye are neither retarded nor 
accelerated in their growth. 

arbor correlates well with developmental age (Sretavan and Shatz, 
1986). This measurement is therefore a good index of the ma- 
turity of each retinogeniculate axon. In Figure 5, measurements 
of the terminal arbors of retinogeniculate axons from our enucle- 
ated animals are compared with a set of measurements from 
normal retinogeniculate axons. Black dots represent the total 
linear length of axon contributing to the terminal arbors of 
normal retinogeniculate afferents. With increasing develop- 
mental age, there is roughly a linear increase in the net amount 
of axon contributing to the terminal arbor. For comparison, 
measurements at E59 of 18 retinogeniculate axons from enu- 
cleated animals are plotted onto this graph using black and white 
diamond symbols. White diamonds represent afferents mea- 
sured in the ipsilateral nucleus, while black diamonds represent 
contralateral afferents. The results from the enucleation exper- 
iments fall well within the normal range of axon terminal growth 
for their developmental age, indicating that retinogeniculate ax- 
ons in enucleated animals are neither retarded in their growth 
nor excessively large for their developmental age. 

Spatial organization of retinogeniculate afferent 
terminals within the LGN 
In the course of examining the restricted branching patterns of 
retinogeniculate alferents in the enucleated animals, it became 
evident that the terminal arbors were not randomly distributed 
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Figure 6. Four retinogeniculate axons reconstructed from an E59 fetus 
that had one eye removed at E23 to show axons with terminal arbors 
restricted to either the inner or middle third of the nucleus. The terminal 
arbors of each pair of axons in the LGN contralateral and ipsilateral to 
the remaining eye were located in the same loo-pm-thick section. The 
locations of the terminal arbors with respect to the nucleus are shown 
below. Dotted lines demarcate the inner (I), middle (M), and outer (0) 
third of the nucleus. One axon of each pair arborizes in the inner third 
of the LGN, while the other arborizes in the middle third. OT, Optic 
tract. 

throughout the LGN. For example, in both the contralateral and 
ipsilateral LGN, reconstructed axons arborized either within the 
inner third or within the middle third of the nucleus but never 
spanned both inner and middle thirds. This arrangement is 
shown in Figure 6. Here, the LGNs contralateral and ipsilateral 
to the remaining eye are outlined, and in each LGN, two retino- 
geniculate axons have been reconstructed. Each pair of axons 
had the major parts of their terminal arborizations confined to 
the same 1 OO-wrn-thick section. Dotted lines indicate approxi- 
mately the inner, middle, and outer (closest to the optic tract) 
thirds of the nucleus. As can be seen, one axon in each nucleus 
terminates within the inner third of the nucleus, while the other 
axon terminates within the middle third of the nucleus. Thus, 
as expected from the eye-injection experiments, individual ax- 
ons from the remaining eye do innervate regions of the nucleus 
that are normally only occupied by afferents from the other eye. 
However, the unexpected finding is that this innervation is in 
the form of a very precise and restricted set of terminal arbor- 
izations. 

This observation that terminal arbors seem to be localized to 
either the inner or middle third of the nucleus suggests that all 
afferents from the remaining eye may distribute their terminal 
arbors into one of three tiers within the LGN. This suggestion 
is supported in cases where a sufficient number of neighboring 
axons could be reconstructed to show that the terminal arbors 
of four or five axons are found grouped next to each other within 
such a tier. An example of this tier-like arrangement is shown 
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MONOCULAR ENUCLEATION at E23 

CONTRALATERAL AXONS FILLED at E59 

Figure 7. A group of five retinogeniculate axons in the LGN contra- 
lateral to the remaining eye. All five axons had the major portion of 
their terminal arborization located within the same sections, and, when 
reconstructed, all have terminal arbors that collectively form a tier 
located approximately in the middle third ofthe nucleus. ANT, Anterior; 
LAT. lateral. 

in Figure 7. Here, five axons from the remaining eye that project 
to the contralateral LGN are shown. The main portions of the 
terminal arborizations of all five afferents were located in and 
reconstructed from the same adjacent sections. Each of these 
axons runs into the LGN from the optic tract below to arborize 
within the nucleus. However, the afferents do not traverse all 
the way across to the inner border of the LGN, but rather elab- 
orate a discrete terminal arborization within the middle portions 
of the LGN. Together, the terminal arbors of all five axons are 
arranged in a tier parallel to the optic tract in a fashion very 
reminiscent of the arrangement of terminal arbors from the 
ipsilateral eye within layer Al of normal fetuses (cf. Sretavan 
and Shatz, 1986, Fig. 14B). 

In another part of the same LGN, a separate set of four axons 
were reconstructed together, and their terminal arbors were found 
to form a tier in the inner third of the nucleus (Fig. 8). In addition 
to this group of four axons, the terminal arborizations of a fifth 
axon within the same section were found located in the middle 
third of the LGN not overlapping the zone of termination of 
the other four axons. The afferents shown in this figure illustrate 
another unusual feature occasionally seen in some enucleated 
animals. All four axons belonging to the innermost tier take an 
abnormal route to their sites of termination. Instead of entering 
the LGN from the optic tract below and running radially across 
the nucleus in the usual manner (Sretavan and Shatz, 1986), 
these axons leave the optic tract just adjacent to the anterolateral 
comer of the nucleus and follow an abnormal tangential route 
across the LGN. Despite this unusual route, the axons still form 
terminal arbors of normal size and orientation, with the long 
axis of their terminal arbors perpendicular to the plane of the 
tiers (or layers). 

Evidence for a tier-like arrangement of arbors within the ip- 
silateral nucleus is less clear but nevertheless suggestive. Figure 
9 shows a group of ipsilaterally projecting axons from the re- 



The Journal of Neuroscience Retinogeniculate Axons Following Early Monocular Enucleation 

MONOCULAR ENUCLEATION at E23 

CONTRALATERAL AXONS FILLED at E59 

Figure 8. A group of five axons in the LGN contralateral to the re- 
maining eye. These axons were from the same LGN as in Fig. 7 but 
were located in a more ventral portion of the nucleus. The terminal 
arbors of four axons form a tier in the inner third of the nucleus. A fifth 
axon has its terminal arbor located in the middle third of the nucleus, 
not overlapping the terminals of the other four axons. These four axons 
also take an unusual route into the LGN: Instead of entering the LGN 
from the optic tract below, they originate from the optic tract adjacent 
to the anterolateral comer of the nucleus. 

maining eye. Two afferents arborize in the middle third of the 
nucleus, while three others arborize within the inner third of 
the nucleus. The single axon located at the lateral end of the 
nucleus was the only one encountered in this study that did not 
have a restricted arborization. Instead, it had many short side 
branches given off throughout its main axon trunk. 

To sum up so far, it is clear from the results presented above 
that interactions between afferents from two different eyes are 
not strictly necessary for retinogeniculate axons to acquire a 
normally restricted pattern of terminal branching. There are 
several ways in which this result may be interpreted. First, per- 
haps retinogeniculate afferents intrinsically form restricted ter- 
minal arbors of a predetermined size as part of a hard-wired 
developmental program and therefore can never expand over a 
large amount of LGN territory made available in enucleated 
animals. Alternatively, a restricted branching pattern might be 
produced as a result of interactions occurring among the retinal 
ganglion cells of the remaining eye. 

Number of axons in the remaining optic nerve 
One of the ways in which retinogeniculate afferents from the 
same eye might interact with each other to produce a restricted 
branching pattern could be simply through a crowding effect 
due to the presence of abnormally large numbers of afferents in 
the LGN competing for limited terminal space. It is known that 
during the normal prenatal development of the cat’s visual sys- 
tem, more than 70% of the axons originally present in the optic 
nerve are eliminated (Ng and Stone, 1982; Williams et al., 1983a). 
If this loss results from binocular competition within the targets, 
as has been suggested (Rakic, 198 1; Rakic and Riley, 1983a, b, 
Williams et al., 1983b), the early removal of one eye, as in our 
experiments, might save a large number of axons in the re- 
maining optic nerve that would otherwise have been eliminated. 

- 1OOvm 
LA, 

Figure 9. A group of six axons from the LGN at ES9 of an E23 
monocularly enucleated fetus ipsilateral to the remaining eye. The major 
part of each axon’s terminal arbor was located in the same sections. 
The terminal arbors of the two medially located axons are found in the 
middle third of the nucleus, while three other axons all arborize in the 
inner third of the nucleus. The most laterally located axon was the only 
one encountered in this study that did not have a well-defined terminal 
arbor. Instead, processes are given off throughout the course of its main 
axon trunk. 

This increase in optic axon number could then lead to an in- 
creased competition for terminal space within the LGN between 
axons of the remaining eye, one consequence of which could be 
restriction of terminal arborizations. To investigate this possi- 
bility, we performed a quantitative electron microscopic anal- 
ysis to determine whether there was an abnormally large number 
of axons in the remaining optic nerve at E59 following enu- 
cleation at E23. The analysis was conducted on two optic nerves 
from fetuses in which retinogeniculate afferents had also been 
reconstructed and were known to have a restricted pattern of 
arborization. Two other optic nerves from normal control fe- 
tuses of the same age were also analyzed. The appearance of 
axons within the optic nerve from an enucleated fetus and a 
normal control at E59 is shown in the electron micrographs of 
Figure 10. 

The results of this analysis from enucleated and control fetuses 
at E59 are listed in Table 1. In the first enucleated fetus, there 
was an estimated total of 2 12,000 axons in the remaining optic 
nerve. This number is very similar to the number of 220,000 
obtained in the optic nerve of a normal control animal from 
the same litter. A second experimental case had an estimated 
242,000 optic axons in the remaining nerve, while a second 
control optic nerve had 269,000 axons. Thus, both the control 
and enucleated animals had counts close to those of Ng and 
Stone (1982)-E57: 275,000; E60: 219,000-and Williams et 

Table 1. Estimates of the number of optic nerve axons in animals 
enucleated at E23 and in control animals 

Case 

14 
20 

3 

4 

No. No. axons Estimated 
Age at Age micro- counted no. of 
enucleation examined graphs (n) axons 

E23 ES9 115 4714 212,000 
Control E59 109 5821 220,000 
E23 ES9 81 3524 242,000 
Control E59 101 4221 269,000 

a Siblings from same litter. 



Q
 

_”
 

II\
 

B
 

“9
 

Fi
gu

re
 

IO
. 

E
le

ct
ro

n 
m

ic
ro

gr
ap

hs
 o

f 
ax

on
s 

in
 t

he
 o

pt
ic

 n
er

ve
 o

f 
a 

no
rm

al
 c

on
tro

l 
(le

ft)
 a

nd
 o

f 
an

 E
59

 f
et

us
 e

nu
cl

ea
te

d 
at

 E
23

 (r
ig

ht
). 

Th
e 

pa
le

 c
irc

ul
ar

 p
ro

fil
es

 a
re

 o
pt

ic
 a

xo
ns

 c
ut

 in
 

cr
os

s 
se

ct
io

n.
 I

n 
co

nt
ra

st
, 

gl
ia

l 
cy

to
pl

as
m

 
is

 d
en

se
 w

ith
 r

ib
os

om
e 

ro
se

tte
s 

an
d 

gl
ia

l 
fil

am
en

ts
. 

O
fte

n 
gr

ou
ps

 o
f 

op
tic

 a
xo

ns
 a

re
 e

nv
el

op
ed

 b
y 

gl
ia

l 
pr

of
ile

s.
 



The Journal of Neuroscience Retinogeniculate Axons Following Early Monocular Enucleation 999 

E59 RETINA (0th er eye enucleated at E23) 

PERIPHERY 
15um 

AREA CENTRALIS 

10 - 

5- 

O- 

AREA CENTRALIS 

n Figure I I. Results of an analysis of a 
whole-mount of the remaining retina 
from a fetus monocularly enucleated at 
E23. The number of ganglion cells per 
100 pm* area at 400 pm intervals along 
the nasotemporal axis was counted. A, 
Bright-field photos compare the ap- 
pearance of the area centralis with a 
portion of the peripheral retina in a cre- 
syl violet-stained whole-mount. The 
area centralis has a very high density of 
ganglion cells compared to peripheral 
retina, which has only a few retinal gan- 
glion cells and an abundant number of 
dark heavily staining glial cells. B, Graph 
shows the gradient in ganglion cell den- 
sity along the nasotemporal axis of the 
same retina. The density of ganglion 
cells at area centralis was about 10,000 
cells/mm2 and an approximately 2O:l 
gradient in density between central and 
peripheral retina can be seen. These re- 
suits are very similar to those reported 
for normal fetuses at similar ages (Stone 
et al., 1982). 

INFERIOR SUPERIOR 

al. (1986)-E56: 230,000; E61: 267,000-for normal fetuses. 
These results demonstrate that early enucleation does not appear 
to increase greatly the number of axons in the surviving optic 
nerve. Consequentiy, the restriction in branching of retinogen- 
iculate arbors in monocularly enucleated fetuses cannot be ex- 
plained simply by the presence of an abnormally large number 
of axons in the optic nerve, all of which, in turn, might enter 
the LGN and crowd each other out of territory made available 
by the absence of the other eye. On the other hand, there are 
many other factors that might also limit the amount of terminal 
space available to each retinogeniculate afferent and some of 
these will be considered in the Discussion. 

Discussion 
In this study we have altered the normal retinogeniculate path- 
way by removing an eye during early fetal life. As a result, only 
afferents from one eye grow into and innervate both lateral 
geniculate nuclei, thereby forming an experimental monocular 

retinogeniculate projection. By doing this, we intended to distin- 
guish between aspects ofdevelopment in this system that depend 
on binocular interactions in the target and those that are intrinsic 
to retinal ganglion cells, or that can be expressed through in- 
teractions among retinal ganglion cell axons of one eye alone. 

The results of this study indicate that many events occurring 
during the prenatal development of the retinogeniculate system 
can still occur in the absence of normal binocular interactions. 
These include the formation of both an ipsilateral and a con- 
tralateral retinogeniculate projection, and the normal massive 
loss of axons within the optic nerve. Within the LGN, even in 
the absence of binocular interactions, individual retinogenicu- 
late afferents from the remaining eye can still form restricted 
terminal arbors normal in size and shape. In addition, although 
alternate layers belonging to the two eyes are not present, afferent 
terminals in enucleated animals are segregated into tiers in such 
a way that regions of the nucleus normally occupied by afferent 
terminals from the removed eye are now replaced by a layer- 
like tier of alIerent terminals from the remaining eye. 
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Formation of an ipsilateral projection 
At the level ofa single retinal ganglion cell axon, the optic chiasm 
represents a pathway choice early in development. Individual 
growth cones as they arrive at the chiasm are faced with the 
decision to cross over to the contralateral tract or to enter the 
ipsilateral tract. To what extent do axons depend on the presence 
of afferents from the other eye at the chiasm in order to turn 
into the ipsilateral optic tract? The results here show clearly that 
in the absence of axons from the other eye at the optic chiasm, 
a substantial number of retinal axons are still able to enter the 
ipsilateral tract, indicating that binocular interactions are not 
necessary to form an ipsilateral projection. Similar results have 
been obtained in chicks (Ferreira-Berrutti, 195 1) and mice 
(Godement, 1984) and the present finding suggests that the con- 
clusion holds true as well for mammals with extensive binocular 
connections. This is not to say, however, that during normal 
development, interactions between afferents from the two eyes 
do not occur at the chiasm. For instance, the presence of axons 
from both eyes may be very important in determining the nor- 
mal and topographically correct pattern of decussation at the 
chiasm. 

Prenatal loss of axons in the cat’s optic nerve 
During normal development of the cat’s optic nerve, the number 
of optic axons reaches a maximum of 500,000-600,000 at E40- 
45 (Ng and Stone, 1982; Williams et al., 1983a). Subsequently, 
about 450,000 axons are eliminated to give rise to the adult 
number of 150,000 axons. About 80% of the axons to be elim- 
inated are lost during the 3-4 week period following E45, so 
that by birth, only about 200,000 axons are present. The re- 
maining 20% disappear postnatally at a slower rate until the 
adult number is reached by 1 or 2 months after birth (for further 
details, see Ng and Stone, 1982; Shatz and Sretavan, 1986). 
At present, the reason for the elimination of roughly 450,000 
axons is unknown, but it has been suggested that competition 
between afferents from the two eyes within target nuclei (LGN 
and superior colliculus) might be responsible (Rakic and Riley, 
1983b; Williams et al., 1983b). However, as shown here, the 
prenatal loss of optic axons still occurs in the remaining retinal 
projection of fetuses monocularly enucleated prior to optic nerve 
outgrowth. This observation suggests that the loss of optic axons 
during normal prenatal development may be regulated by mech- 
anisms other than binocular competition. 

Our finding that a normal number of axons is eliminated from 
the optic nerve in early enucleated animals is actually quite 
consistent with results from earlier experiments in rat (Crespo 
et al., 1984; Lam et al., 1982) cat (Williams et al., 1983b), and 
monkey (Rakic and Riley, 1983b). In these experiments, one 
eye was removed after the target nuclei had been innervated, 
and then the number of axons in the remaining nerve was ex- 
amined at later developmental times or in adult animals. For 
example, in cats (Williams et al., 1983b), when the animals were 
examined as adults after late fetal eye removal, only about 10% 
of the axons that normally would have died during development 
were actually saved. In our study and those in rat (Crespo et 
al., 1984; Lam et al., 1982) no difference in the number of optic 
nerve axons between enucleated and control animals could be 
found; in other words, suggesting that no axons were saved. One 
explanation for this discrepancy is that, at least in our study, 
the variability inherent in the optic nerve counts (see Table 1) 
is sufficiently great that a difference of 10% could easily be 
obscured. Since much of the variability is likely to arise from 
differences in the exact developmental age from litter to litter, 
one way to minimize it is to examine both control and enu- 
cleated fetuses from the same litter. Although we were able to 
do this only once, we did find good agreement between the 
counts in both animals, suggesting that early enucleation in the 

cat may not alter at all the normal prenatal loss of axons in the 
remaining nerve. 

Another more important consideration is that in our exper- 
iments and those performed in rat, the effects of enucleation 
were examined at some later time during development rather 
than in adulthood. It should be noted that we examined the 
optic nerve at E59, a time when normally about 80% of the 
axon loss has already occurred; the remainder is then lost be- 
tween E59 and 1-2 months postnatally. This observation raises 
the possibility that binocular interactions may come into play 
primarily during this later phase of axon loss, thereby accounting 
for the discrepancy between the results ofearlier studies in which 
the number of optic axons was counted in the adult animal and 
our results. Thus, it now appears that, at least in cat, the major 
loss of axons from the optic nerve during development can occur 
largely independently of the effects of binocular interactions, 
since it cannot be prevented by either early or late eye removal. 
However, binocular interactions may be involved in regulating 
a small proportion of this loss since, as mentioned above, eye 
removal does save about 10% of the axons. Whether binocular 
interactions become important only during the later, more grad- 
ual phase of axon loss requires further study. 

If axon loss is largely independent of binocular interactions, 
then it might occur as a consequence of mechanisms intrinsic 
to the pathway from a single retina. If so, the question arises as 
to what developmental change or changes are reflected in this 
massive loss of optic nerve axons. One possibility is that the 
axon loss is related directly to the death of retinal ganglion cells 
associated with the establishment of topographic order. For ex- 
ample, in the development of the rat’s retinocollicular projec- 
tion, it is known that ganglion cells projecting to topographically 
inappropriate regions of the superior colliculus are eliminated 
by cell death (Insausti et al., 1984; O’Leary et al., 1984; for 
review, see Shatz and Sretavan, 1986). 

Another example of topographically related cell death may 
be the creation of the central-to-peripheral gradient in ganglion 
cell density during development. The adult gradient in central- 
versus-peripheral retinal ganglion cell density (Stone, 1965, 1978) 
is derived from an earlier immature pattern of uniform cell 
density across the retina (Stone et al., 1982). In support of the 
idea that cell death plays a role in this aspect of retinal topog- 
raphy, it is known that an 18:l central-to-peripheral gradient 
in ganglion cell density is apparent by E57, toward the end of 
the rapid phase of axon loss in the nerve (Stone et al., 1982). 
In addition, there is preferential loss of retinal ganglion cells 
from peripheral retina during development (Kliot and Shatz, 
1982; Sengelaub and Finlay, 1982; Stone et al., 1982; for review, 
see Shatz and Sretavan, 1986). 

In this context, it is worthwhile mentioning that the central- 
to-peripheral gradient of ganglion cell density is still established 
in the absence of binocular interactions. For example, Chalupa 
et al. (1984) have shown that monocular enucleation at E42 
does not prevent the development of the gradient. We have 
obtained similar results even when the enucleation is performed 
at E23. In one such animal in which the optic nerve was prepared 
for EM (case no. 3, Table I), the retina was also prepared as a 
whole-mount. Analysis showed that there was a normal peak 
density of 10,000 cells/mm2 at the area centralis and that the 
gradient in central versus peripheral retina was also normal: The 
density of retinal ganglion cells in central retina was about 20 x 
that in peripheral retina (cf. Stone et al., 1982). These results 
are shown in Figure 11 and further support the suggestion made 
above that axon loss may be due to interactions among the 
ganglion cells of one retina. 

The exact nature of these intraretinal interactions is, ofcourse, 
unknown. But one such set of interactions between ganglion 
cells has already been described (Linden and Perry, 1982; Perry 
and Linden, 1982). In those studies, it was found that dendrites 
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of retinal ganglion cells in newborn rats are able to increase their 
territory when nearby ganglion cells are destroyed, suggesting 
that dendrites interact or compete with each other, presumably 
for presynaptic inputs. This kind of competition could result in 
ganglion cell death, although at present it is completely unknown 
whether dendritic competition contributes to the establishment 
of the central-to-peripheral gradient in ganglion cell destiny. 

Another set of interactions entirely consistent with the ex- 
perimental results discussed above in the context of develop- 
ment of topographic order are those occurring between the ter- 
minals of retinal ganglion cells from the same eye within their 
targets. During normal development, ganglion cell axons from 
each eye establish a topographic map within the LGN that is 
not only orderly, but also reflects the heavy representation of 
central retina over peripheral retina. It may be that this feature 
of organization of the retinal projection actually arises as a con- 
sequence of interactions between axons of ganglion cells from 
the same eye within the target, as has been suggested previously 
(Stone et al., 1982). For example, progressively later arriving 
ganglion cell axons from peripheral retina might find most LGN 
territory already occupied by earlier-arriving axons from more 
central regions and therefore would compete for an ever-di- 
minishing amount of target. Such a situation could cause a great- 
er loss of ganglion cells from the peripheral than central retina, 
and this loss could be independent of the presence or absence 
of the other eye. 

Development of restricted terminal arbors after early 
monocular enucleation 
The major result of this study is our finding that individual 
retinogeniculate afferents can still develop a restricted terminal 
arbor in the absence of interactions with afferents from the other 
eye. These terminal arbors are very similar in size, shape, and 
complexity to terminal arbors found on normal retinogeniculate 
afferents. This raises the question of the nature of the interac- 
tions responsible for specifying the pattern of terminal arbori- 
zation. It may be that some of the developmental mechanisms 
normally involved in restricting terminal arbors are present even 
in the absence of binocular interactions. One possibility is that 
in enucleated animals the terminal space available to each reti- 
nogeniculate afferent is somehow limited, perhaps due to the 
survival of excessive numbers of ganglion cells that would nor- 
mally have died. Our finding here that the number of axons in 
the remaining optic nerve does not differ significantly from nor- 
mal animals of the same age argues against this suggestion. 
However, the possibility remains that abnormal collateral 
branching at the optic chiasm or even more centrally could also 
result in limited terminal space within the LGN. 

Another possibility is that each afferent intrinsically may be 
capable only of arborizing within and innervating a limited 
amount of LGN territory during prenatal development. This 
possibility also seems unlikely to be a completely satisfactory 
explanation since the size of retinogeniculate terminal arbors 
during prenatal development can in fact be altered experimen- 
tally. For example, the removal of one eye later, at E44, after 
afferents from both eyes have innervated the LGN, causes some 
afferents from the remaining eye to expand into adjacent vacated 
territory and form an arbor that covers an area larger than 
normal (Sretavan et al., 1985). Thus, since under some circum- 
stances, retinal afferents can in fact expand their terminal arbor, 
it seems much more reasonable to suppose that in the case of 
early enucleations, the afferents are actually restricted by ex- 
trinsically imposed factors. 

Normal developmental mechanisms may in fact be respon- 
sible for producing, in enucleated animals, the remarkable ar- 
rangement of axon terminal arbors into tiers reminiscent of 
normal layers. If so, while effects such as crowding and intrinsic 
factors could conceivably account for the existence of restricted 

terminal arbors, they are certainly not sufficient to account for 
the tiers, and additional explanations are required. One such 
explanation derives from the observations that in the LGN of 
many mammals, afferents of different functional classes, such 
as ON-center or OFF-center ganglion cells, are segregated within 
separate layers (primate: Schiller and Malpeli, 1978; mink: Le- 
Vay and McConnell, 1982; ferrets: Stryker and Zahs, 1983). 
Recent evidence suggests that even in the cat, ON and OFF 
ganglion cell axons are segregated to some degree from the top 
to the bottom of a single layer (Bowling, 1984). Perhaps as a 
consequence of the early enucleation, ON and OFF afferents 
from the same eye, or some other functionally distinct classes, 
are now totally segregated into separate tiers. In theory, it should 
be possible to prove this by determining the functional identity 
of retinal ganglion cells that project to each tier by allowing 
enucleated animals to live until they are old enough to be studied 
physiologically. Such experiments are now in progress (e.g., see 
Sretavan et al., 1985). In this regard, it is worth speculating that 
had animals survived into postnatal life, separate cellular layers 
might have formed within the LGN, reflecting the tier-like ar- 
rangement of afferent input. 

Another equally likely explanation derives from the fact that 
in normal animals, alternate layers such as layers A and Al 
received input from the nasal retina of the contralateral eye or 
from the temporal retina of the ipsilateral eye (Sanderson, 197 1; 
Stone, 1966; Stone and Fukuda, 1974). It is conceivable that 
the adjacent tiers seen in enucleated animals represent the sep- 
arate projections from the nasal and temporal portions of the 
remaining retina. This unusual projection pattern could arise as 
a result of an abnormal decussation pattern at the chiasm. In 
the early-enucleation animals, one eye was removed before optic 
axons reach the optic chiasm. Consequently, the pattern of de- 
cussation could be highly abnormal and the normal partition 
of axons from nasal and temporal retina into the contralateral 
and ipsilateral tracts respectively might be perturbed. This type 
of decussation error is in fact known to exist in the neonatal 
cat’s visual system, where a small projection from nasal retina 
into the ipsilateral tract has been found (Jacobs et al., 1984) 
but its magnitude during prenatal development is not known. 
It is quite possible that such mistakes at the chiasm are much 
more frequent in our monocularly enucleated animals and are 
also preserved and not eliminated. As a result, axons from all 
parts of the retina may be found together within each optic tract. 
However, a recent study of the effects of early enucleation on 
the retinofugal projection in the mouse (Godement, 1984) sug- 
gests that, at least for the ipsilateral projection, the decussation 
pattern is relatively normal. 

In nature, abnormal decussation patterns at the optic chiasm 
exist in albino and pigment-deficient animals such as the Sia- 
mese cat. As a result of an error at the chiasm, the contralateral 
projection in these animals arises not only from the nasal retina, 
but also from adjacent parts of the temporal retina (Cooper and 
Pettigrew, 1979; Guillery, 1969; Shatz, 1979; Stone et al., 1978). 
It is now known that this decussation error occurs during the 
initial outgrowth of retinal afferents (Kliot and Shatz, 1985; 
Shatz and Kliot, 1982). Within the LGN of Siamese cats, afferent 
terminals from nasal and temporal retina project to separate 
but adjacent layers. By analogy, the adjacent tiers found in our 
monocularly enucleated animals could also represent terminal 
arbors from the nasal and temporal portions of the remaining 
retina. This can be proven by means of retrograde labeling of 
ganglion cells in enucleated animals-experiments that are also 
currently in progress. 

In conclusion, the results of this study demonstrate that many 
normal features of the retinogeniculate projection can develop 
in the absence of binocular interactions. This by no means im- 
plies that binocular interactions are not important in the de- 
velopment of eye-specific layers of input in the normal animal. 
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However, it serves to emphasize that axons do not interact with 
each other only on the basis ofa difference in their eye of origin. 
Instead, they may interact with each other to produce layers 
because they are different from each other in other ways, just 
as retinal axons from the same eye may be different and, under 
the right experimental conditions, may sort out from each other 
into tiers. If so, then during development, what determines the 
final position, size, and shape of a retinal ganglion cell axon 
arbor within the LGN need not only be eye of origin, but also 
retinal site of origin (e.g., nasal versus temporal), functional 
identity, and other factors that distinguish retinal ganglion cells 
within a single retina from each other. Ganglion cells even with- 
in the same retina could be distinguished by differences in their 
pattern of activity in much the same way as has been proposed 
for axons from the two eyes in the development of ocular dom- 
inance columns in the cat (Stryker, 1981; Stryker and Harris, 
1986; Stryker and Strickland, 1984) and in the development of 
ocular dominance stripes in the experimental retinotectal pro- 
jection in amphibia and fish (Boss and Schmidt, 1985; Con- 
stantine-Paton and Reh, 1983; Meyer, 1982). This proposal is 
consistent with the finding that functional connections exist 
between retinal ganglion cells and LGN neurons throughout the 
prenatal period of the cat’s fetal development under study here 
(Shatz and Kirkwood, 1984). It is also consistent with the ob- 
servation that monocular blockade of activity by TTX during 
neonatal life in kittens produces LGN neurons that receive an 
abnormal mixture of functional properties from ganglion cells 
ofthe treated eye (Archer et al., 1982). Whatever the underlying 
mechanism, the results of our study underscore the importance 
of considering the interactions that may occur between the gan- 
glion cells of one eye, as well as those occurring between both 
eyes, in describing the events associated with the normal de- 
velopment of this system. 
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