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The distribution of growth cones was studied in the optic 
nerve of monkeys during the first half of prenatal develop- 
ment using quantitative electron microscopic methods. Our 
aim was to test the hypothesis that ganglion cell growth 
cones extend predominantly along the surfaces of the nerve, 
just beneath the pia mater. 

A complete census of growth cones in cross sections of 
the nerve during the early phase of axon ingrowth, from 
embryonic day 39 (E39) to E41, demonstrates that growth 
cones are scattered within the majority of fascicles, even 
those located far from the surface of the nerve. By E45, 
growth cones are concentrated around the nasal, dorsal, and 
ventral edge of the optic nerve. They are less concentrated 
in the core and around the temporal edge. However, even 
as late as E49, virtually all fascicles in the nerve, whether 
deep or superficial, contain growth cones. Growth cones are 
dispersed within single fascicles and are often located far 
from glia. Thus, the newest fibers penetrate deep parts of 
the pathway and push through centers of densely packed 
bundles of older axons. This finding is consistent with the 
vagrant paths of growing axons reported in previous work 
on embryonic monkey optic nerve (Williams and Rakic, 1985). 

Our data challenge the hypotheses that growth cones ex- 
tend selectively along the basal lamina, the pia mater, or 
glial end feet. Gradients found at later stages of develop- 
ment in the nerve are not due to a particular affinity of growth 
cones for non-neuronal substrata. The pattern we observed 
is much more likely to result from central-to-peripheral gra- 
dients in ganglion cell generation and possible associations 
between growth cones originating from the same regions of 
the retina. 

A century of work has shown that axons that pioneer the path- 
way from retina to brain extend along the surface of the optic 
nerve (Keibel, 1889; Robinson, 1896; Froriep, 1906; Seefelder, 
19 10). Recent studies in several species have extended this work 
and have shown that growth cones of retinal axons are often 
found just beneath the pia and basal lamina, near or next to 
glial end feet (Sapiro et al., 1980; Rager, 1980a,b, 1983; Kray- 
anek and Goldberg, 198 1; Easter et al., 1984; Silver and Rutis- 
hauser, 1984). This pattern of peripheral growth appears to be 
common in several systems (Singer et al., 1979; Nordlander and 
Singer, 1982; Silver et al., 1982). 
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The generality of this finding has been called into question in 
recent electron microscopic studies of the optic nerve of em- 
bryonic mammals (Walsh et al., 1985; Williams and Rakic, 
1985; Williams et al., 1986). While following single axons and 
growth cones through serial sections of an optic nerve of an 
embryonic day 39 (E39) monkey embryo, we noted that growth 
cones were surprisingly widely distributed (Williams and Rakic, 
1985). However, the issue of precisely when and where growth 
cones grow in this system has not yet been adequately addressed, 
let alone resolved. The main problem has been the difficulty of 
studying the spatial distribution of growth cones using quanti- 
tative methods. Until recently, the fine structure of growth cones 
had not been well characterized, and consequently, small parts 
of growth cones could not be reliably identified among large 
populations of growing and dying fibers (Williams et al., 1986). 
A related problem was that the shape of growth cones had not 
been quantified, and consequently, estimates of key parameters 
such as the frequency of branching, the length and diameter of 
growth cones, and the distribution of lamellipodia and filopodia 
were at best imprecise. 

In this study, we have overcome several of these problems. 
Recent ultrastructural characterization of growth cones in mon- 
key embryos (Williams and Rakic, 1985, 1987) and advances 
made by other research groups (Cima and Grant, 1982; Easter 
et al., 1984; Silver, 1984; Maggs and Scholes, 1986; Bovolenta 
and Mason, 1987; Godement et al., 1987; Holt, 1989) provide 
a good foundation for a systematic study of the spatial distri- 
bution of growth cones in the monkey’s optic nerve. 

The location of growth cones is important: it has a direct 
bearing on the normal substrata and conditions ofaxonal growth 
in the CNS. These factors, in turn, have a direct bearing on 
molecular and morphogenetic mechanisms that guide growth 
cones toward their targets and generate topographic projections. 
In this paper, we focus on the depth distribution of growth 
cones-in other words, on the distance separating growth cones 
from the superficial margin of the optic nerve. 

Materials and Methods 

We have plotted the spatial distribution of growth cones of retinal 
ganglion cells in ultrathin transverse sections of the optic nerve of mon- 
key embryos. One advantage of this approach is that, in the transverse 
plane, a population of up to 2.8 million fibers can be sampled in a single 
thin section (Rakic and Riley, 1983). Furthermore, because fibers are 
cut across their long axes, membranes are well stained and distinct. As 
a result, axons and growth cones stand out in sharp contrast from their 
neighbors, and it is possible to categorize, count, and measure growth 
cones easily. This is not true of oblique and longitudinal sections. An- 
other key advantage to this approach is that it is possible to measure 
the distance between growth cones and the pial and fascicular surfaces 
in the transverse plane. Work on the nerve fiber layer of the retina and 
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on the optic chiasm and tract is currently in progress and is not covered 
in this paper. 

Much of our analysis is based on estimates of the density and per- 
centage of growth cone profiles within single fascicles of retinal ganglion 
cell axons. Fascicles are defined in single transverse sections as bundles 
of axons and growth cones surrounded by glial processes. While fascicles 
have provided us with a convenient way to subdivide the nerve for 
analysis, it is well known that these struct;res branch and merge exten- 
sivelv in the mammalian ootic nerve (Silver. 1984: Williams and Rakic. 
1984). 

~ I  

As mentioned in the introductory remarks, one difficulty of an ultra- 
structural approach is recognizing small parts of growth cones. For this 
reason, we have relied on reconstructions from serial thin sections to 
help us determine the shape, size, and ultrastructure of growth cones at 
each of 4 ages: E39, E49, E59, and E69. Serially sectioned material in 
the present study was processed to help us in developing criteria for 
recognizing and counting growth cones in the monkey, but the present 
paper does not specifically deal with the 3-dimensional shape of growth 
cones. 

Tissue. Fetal monkeys of known gestational age were removed by 
cesarean section. Gestation in this species is normally 165 d. Tissue 
from the retina, optic nerve, chiasm, and optic tract of 16 fetuses ranging 
in age from E34 to E95 was examined. Detailed quantitative analysis 
in the present study was limited to a set of 6 animals (E39, E41, E45, 
E49. E59. and E69) with the best fixation. abundant growth cones. and 
the most gppropriate plane of section through the optic nerve. All feiuses 
were perfused with mixtures of glutaraldehyde and paraformaldehyde. 
After dissection, tissue was osmicated, embedded in plastic, sectioned 
at 0.07-O. 10 pm, and stained. Single thin sections, serial thin sections 
(series of between 500 and 1000 sections), and sequential thin sections 
(single thin sections separated by series of 20-50 l-pm-thick semithin 
sections) were mounted on coated slot grids and examined with a trans- 
mission electron microscope. Low- to medium-magnification micro- 
graphs were taken and were used to make large survey montages at 
2000-3000 x . Higher-power micrographs and serial micrographs were 
printed at lO,OOO-20,000 x and used for detailed analysis and counting. 
Magnification was calibrated to within +5% using a carbon replica grid. 

Typical electron micrographs of axons, growth cones, and glial pro- 
cesses in the optic nerve are marked in some figures (see Figs. 1, 5, 6). 
To determine accurately the distribution of growth cones, we had to be 
able to categorize all structures in such micrographs. This was done by 
reconstructing growth cones in the optic nerve at E39, E49, E59, and 
E69 (Williams and Rakic, 1984; R. W. Williams and P. Rakic, unpub- 
lished observations). Growth cones in the nerve are approximately 30- 
40 pm long. However, some are as short as 15 pm, and others extend 
more than 50 pm. 

A criterionfbr growth cones. All growth cones we have reconstructed 
in the optic nerve are characterized by extensive membrane sheets, 0.05- 
0.3 pm thick, that are between 3 and 10 pm long and nearly as wide. 
These sheets, or lamellipodia, contain a mesh of actin filaments and 
usually a small number of clear vesicles (Bunge, 1973; Cheng and Reese, 
1985; Williams et al., 1986). In contrast to glial processes, lamellipodia 
do not contain ribosomes or intermediate filaments. It was therefore 
straightforward to determine whether a process originated from a gan- 
glion cell or from a glial cell. 

The distinction between axons and lamellipodia is also straightfor- 
ward because lamellipodia rarely contain microtubules. In contrast, all 
axons have at least 3 or 4 microtubules in any single transverse section. 
Because lamellipodia have such a distinct ultrastructure and because 
they are large and easy to recognize, we chose these structures as our 
criterion for growth cones. In the fetal monkey, lamellipodia are found 
in all parts of the pathway, including the optic chiasm and optic tract. 
For these reasons, we marked and analyzed only growth cone profiles 
that in single sections had 1 or more lamellipodia. 

This simple criterion has the important advantage of giving us a pure 
sample of growth cones; it excludes virtually all axons and all glial 
processes. However, from a quantitative standpoint there are some 
inherent difficulties with this criterion. One obvious problem is that 
many growth cones are branched and have 2 or more lamellipodia. A 
remarkably growth cone that we recently reconstructed had 4 lamelli- 
podia in 3 neighboring fascicles. Branching all naturally cause an over- 
estimate of the local density of growth cones. We have been able to 
determine and compensate for this error by analyzing the shapes of fully 
reconstructed growth cones. At E39, the overestimate caused by branch- 
ing averages 18.4 + 2.7% per section. (For this analysis, we studied 17 
evenly spaced sections through a series of 500 sections.) Thus, in any 
single section, the number of lamellipodia that are counted is 18% 
greater than the number of growth cones. This may seem a surprisingly 
small error considering that more than half of all growth cones are 
branched, but the explanation is simple: branches are generally restricted 
to the leading 10 pm of the growth cone, and branches are often merely 
2-5 rrn long. 

A second problem is that lamellipodia may sprout out from the sides 
and even the trailing end of the growth cone. In order to determine the 
bias introduced by using lamellipodia as our criterion, we needed to 
determine their spatial distribution along the entire length of a set of 
growth cones. Thirty-one fully and partially reconstructed growth cones 
from the E39 optic nerve were used for this purpose. More than 75% 
of the lamellipodia were located within 15 hrn of the tip. In contrast, 
well under 10% of the lamellipodia were located farther than 50 pm 
from the tip. It follows that by restricting our analysis to lamellipodia 
we have effectively focused attention on the leading 20-30 pm of the 
growth cone, the portion that is of greatest interest with respect to 
surface-mediated interactions involved in the growth and guidance of 
nerve fibers. 

The third problem is that not all transverse sections through growth 
cones will include lamellipodia. Again, by analyzing reconstructed growth 
cones, we determined that a single transverse section has roughly a 75% 
probability of cutting through 1 or more of the lamellipodia of a typical 
growth cone. The underestimate caused by lamellipodia-free segments 
therefore amounts to about 25%. This underestimate nicely counter- 
balances the 20% overestimate caused by branching, and for this reason 
the density of growth cone profiles, expressed per unit area, calculated 
from single transverse sections is only slightly less than the true value. 
We have in fact been able to confirm this by determining the absolute 
total number of growth cones in an E39 nerve by counting the number 
of fibers close to the eye and close to the chiasm and then comparing 
this number with densities estimated using our criteria. The agreement 
is striking (see Fig. 4). 

Results 
About 2.5 million retinal ganglion cells are generated between 
E34 and E80 in each eye of the rhesus macaque fetus (LaVail 
et al., 199 1). These axons grow into the optic nerve at an average 
rate of 50,000 per day-roughly 30 per minute (Rakic and Riley, 
1983). It follows that growth cones should be present in large 
numbers in the nerve throughout most ofthis 1 .Smonth period. 
We found that there are, in fact, many growth cones along the 
entire length of optic nerve as early as E39 (see Figs. 1,4). After 
E70, the rate of ganglion cell proliferation declines rapidly, and 
as a consequence, there are only a few growth cones in single 
sections of the optic nerve, diluted among a population of more 
than 2 million axons (Rakic and Riley, 1983). The analysis in 
this paper is restricted to the optic nerve. In 2 cases (E39 and 

Figure 1. Growth cones in the optic nerve at E39 and E69, the early and late end points of this study. Both micrographs are reproduced at 
16,000 x . A, A field from the ventral portion of the optic stalk at E39 with an area of 75 pm*. The long, dark, sinuous processes indicated with 
arrowheads are growth cones. Using criteria reviewed in Materials and Methods, there are 13-l 5 growth cone profiles in this micrograph (13 are 
marked). However, based on serial-section analysis of this tissue (Williams and Rakic, 1984), we know that many of the fibers (labeled s for growth 
cone shanks) are cut very near to their tips. The lightly stained regions labeled GL are glial cell processes. The basal lamina, the outer surface of 
the optic nerve, is visible as a faint gray line running along the edge of the glial cells and is indicated by 2 small arrows. B, A field from the extreme 
medial/nasal periphery at E69. The field contains 8-10 growth cone profiles (arrowheads) and several growth cone shanks (s). The edge of the nerve 
is just visible in the lower right corner. 
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Figure 2. Distribution of growth cones and fascicles at E39. A, Positions of single growth cone profiles within a O.l-pm-thick transverse section 
at a midorbital level. Each growth cone profile is represented by a short line segment that is somewhat longer than the average growth cone profile. 
As shown in B, fascicles are initially concentrated in the ventral peripheral part of the stalk. Thus, the apparent gradient of growth cones in A 
reflects fascicular distribution. Fascicles that contain many growth cones (solid areas) are widely distributed at this stage and are quite common 
deep in the stalk. A quantitative analysis of the position of fascicles plotted against concentration of growth cones per fascicle is shown in Figure 
3. This figure can be usefully compared to Figure 3 of Rager (1980a). 

E45), we have studied sections at different levels of the nerve, 
from just behind the eye to just in front of the chiasm. 

The early stage of axon ingrowth 

At E39 and E4 1, the optic nerve (or the optic stalk at this stage) 
is roughly 100 pm in diameter and contains a group of 50-l 50 
interweaving fascicles composed entirely of retinal ganglion cell 
axons (Figs. lA, 28). Between E38 and E42, these fascicles appear 
as distinct bundles in single section, but reconstructions reveal 
that fascicles interweave and form a plexus running along the 
ventral half of the stalk into the optic chiasm (Williams and 
Rakic, 1985). These fascicles cover 6-l 2% of the cross-sectional 
area of the nerve and collectively contain about 10,000 fibers 
at a point close to the eye but only 3000 fibers at a point close 
to the chiasm (see Fig. 4). At this early stage, the axons are 
located only in the ventral half of the nerve, the half that is 
continuous with the retina. 

Growth cones are scattered widely across almost the entire 
ventral half of the nerve (Figs. 2, 3A,B). Even in a single section 
only 0.1 pm thick, growth cones-or more precisely, the cross- 
sectional profiles of growth cones-are found in a substantial 
majority of fascicles, even those located more than 30-40 pm 
from the pial margin (Figs. 2B, 3A). We quantified sections at 
several levels along the E39 nerve and found that the scattered 
pattern of growth cones illustrated in Figure 2 is conserved along 
the entire length of the nerve. The plot illustrated in Figure 2B 
demonstrates that fascicles containing relatively high densities 
of growth cones are often located deep in the nerve. Note that 
many of these deeper fascicles are quite small, whereas the more 

superficial fascicles are large. The opposite pattern is seen later 
in development, when small and typically younger fascicles are 
located closer to the edge (see Fig. 9A). 

To uncover subtle gradients in the distribution of growth 
cones, we pooled data on the density of growth cones per fascicle 
from 5 sections spaced over a 500~pm distance along the nerve. 
The plot (Fig. 3A) does not reveal any marked trend or gradient. 
Fascicles with high and low percentages of growth cones are 
distributed widely. However, when we compared the distance 
from the edge of the nerve to fascicles that contain growth cones 
or to fascicles that do not contain growth cones, we were able 
to reveal a small but distinct difference (Fig. 3B). We found that 
there are relatively more fascicles without growth cones deep in 
the nerve than there are close to the edge. This small bias or 
gradient in the distribution ofgrowth cones becomes much more 
pronounced by E45. 

Quantitative test of growth cone criteria. A quantitative anal- 
ysis of the gradient in fiber number along the optic nerve allowed 
us to test the accuracy of the criterion we were using to count 
growth cones (Fig. 4). At the origin of the optic stalk at E39, 
there was a total of 10,000 f 500 fibers. Just before the optic 
chiasm, there was a total of 3000 ? 250 fibers. The rate of 
decline in fiber number is almost a linear function of distance- 
roughly 10 fibers per micron (Fig. 4). Thus, a 1 -pm-thick trans- 
verse slab of the nerve should contain, on average, 10 growth 
cone tips. Because ganglion cell growth cones are typically about 
30 wrn long (Bovolenta and Mason, 1987; Williams and Rakic, 
1987; Holt, 1989), there should be roughly 300 transected growth 
cones in a 1 -Km-thick section of the stalk, and in a 0.1 -pm-thick 
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Figure 4. Gradient in the fiber population along a single optic nerve 
at E39, censused completely at 8 sites (transverse cross sections) between 
the eye and the chiasm. The line through the circles demonstrates the 
steady decline in total fiber population from just behind the eye at the 
lamina cribrosa to within approximately 50 pm of the chiasm. The 
squares and the right ordinate show that the number of growth cone 
profiles in the montages varied from 100-300 per cross section. From 
a plot like this, it is possible to estimate true growth cone density in the 
nerve (see Results). 
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ultrathin section, there should be 29 1 transected growth cones 
(300 minus 9). Our direct counts of growth cone profiles (Fig. 
4, right ordinate) are quite close to this estimate based on the 
gradient in fiber populations. The percentage of growth cone 
profiles at different points along a single nerve at E39 varies 
from 3.7% at 250 pm behind the eye to 5.1% more proximally 
along the nerve and 2.6% close to the chiasm. These longitu- 
dinal, distal-proximal differences may reflect sampling noise, 
subtle variation in the kinetics of ganglion cell production, or 
differences in the mean velocity of axon elongation (Maggs and 
Scholes, 1986; Davies, 1989). 

It is still open to question whether growth cones at this early 
stage express selective affinity for more widely distributed glial 
cell processes. It is certainly the case that growth cones at E39 
tend to be distributed around the edge of individual fascicles 
(Fig. 1A). On the one hand, this may be viewed as support for 
the notion of selective affinity between growth cones and glial 
cell processes, but on the other hand, this finding may result as 
much from reduced mechanical resistance to growth at the fiber- 
glial interface as from any selective affinity for glial processes. 
The first growth cones to pioneer any region of the stalk grow 
into a system of neuroepithelial-glial tunnels (Silver, 1984; Wil- 
liams et al., 1986) and invariably contact the walls of these 
tunnels. But again, we do not know whether this position is due 
to simple mechanical factors or to selective affinity. In our ex- 
perience, even the very first growth cones never contact the basal 
lamina (cf. Williams et al., 1986). 

The second stage of nerve development 

Between E39 and E45, the optic nerve is transformed rapidly 
by the addition of thousands of fibers. The lumen of the stalk 
is obliterated, and the dorsal half of the nerve becomes filled 
with fibers. During this period, fiber number doubles approxi- 
mately every 24 hr, and by E45 the nerve contains 380,000 ? 
10,000 fibers and has a cross-sectional area of about 40,000 
Km*. Of this area, 70-75% is occupied by fibers; the remainder 
is occupied by glial cells and a few blood vessels. 
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Figure 3. Quantitative analysis of growth cone distribution at E39 and 
E4 1. A, Scattergram of the percentage of growth cone profiles per fascicle 
with respect to the total fascicular fiber number. Each point represents 
an analysis of a single fascicle of fibers. The analysis in A is based on 
6 montages of the optic nerve made at different levels between eye and 
chiasm (see Fig. 4). Note that the percentages on the y-axis are plotted 
using a logarithmic scale. A large number of fascicles (173 of 484) that 
did not contain growth cones have been excluded from this logarithmic 
plot. B, A quantitative comparison at E39 of the positions of fascicles 
that do not contain growth cones (the shaded bars of the histogram) and 
fascicles that do contain growth cones (solid bars). We measured the 
shortest distance from the center of the fascicle to the edge of the nerve. 
This analysis uncovers a slight peripheral bias of growth cones even at 
E39. C, Scattergram of the density of growth cone profiles at E41 in a 
single transverse midorbital section of the optic nerve. Methods of 
presentation are the same as in A, except that in this semilogarithmic 
plot we have included 6 fascicles that did not contain growth cone 
profiles along the x-axis. 
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Between E45 and E59, single cross sections of the nerve typ- 
ically cut through a total of between 1000 and 6000 growth 
cones. Growth cones are found within nearly all parts of the 
nerve (see Figs. 6,7) and are found within virtually every fascicle 
at E45 and E49. For instance, at E45, 265 of 268 fascicles that 
we quantified in the left and right nerves contained growth cone 
profiles. This finding may initially seem surprising, because at 
E39, 173 of 484 fascicles contained no growth cone profiles. 
This difference is explained by the finding that each fascicle at 
E45 is 10 times larger than at E39/E41. At E45, fascicles typi- 
cally contained an average of 1000 axons and lo-20 growth 
cone profiles. As late as E49, all parts of the optic nerve, even 
the deepest, are penetrated by new fibers. 

Growth cones are also scattered widely within individual fas- 
cicles and are as common on the inside next to other growth 
cones and axons as they are around the outside next to glial cell 
processes. A clear example of a group of growth cones in the 
center of a fascicle is illustrated in Figure 5. Here, a group of 4 
growth cone profiles is shown close to the center of a large central 
fascicle, which itself is located at the center of the nerve. None 
of the 4 growth cones contact a glial cell process at this level. 

Variability. There were some quantitative differences between 
right and left nerves at E45 that provide insight into the range 
of variation that can be found within a single case. Midorbital 
sections through the left nerve contained 370,000 fibers and 
6200 growth cone profiles, whereas comparable sections through 
the right nerve (Fig. 6) contained 380,000 fibers and 4 100 growth 
cone profiles. The percentage of growth cones on the left was 
appreciably higher than on the right (1.8% vs. 1.1%). A similar 
2-fold difference was also seen along the course of a single nerve 
taken from the E39 case (Fig. 4). Thus, as much as a 2-fold 
difference may arise from small differences in timing or sam- 
pling. 

A superficial-to-deep gradient. At E45 and as late as E70, there 
are pronounced gradients in growth cone density. Densities are 
typically low deep in the nerve and high around the perimeter. 
For instance, at E45 the density of growth cone profiles within 
individual fascicles at the margin of the nerve varies from 10 
to 100 per 100 Km*, with an average of about 25 per 100 pm2, 
whereas in the center of the nerve, the density varies between 
0 and 20 per 100 pm2, with an average of about 10 per 100 pm2 
(Fig. 7). At E49, the density gradient is somewhat greater, with 
a 4-fold difference between center and periphery (see Figs. 8A, 
11). 

While growth cone density is often high around the perimeter 
of the nerve, growth cones rarely if ever push through the glial 
sheath that surrounds the nerve. Consequently, growth cones 
in the monkey do not contact the basal lamina at any stage of 
development. This is true along the entire optic nerve, as well 
as in the retina, chiasm, and optic tract (Williams and Rakic, 
1984). 

It is important to point out that the density of growth cones 
is almost constant within a large part of nerve core (Figs. 8, 9). 
At both E45 and E49, the mean density and percentage of growth 
cones do not vary appreciably between 25 pm from the edge to 
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the center of the nerve. One can divide the nerve into two 
relatively discrete zones: a superficial rind about 15-20 Mm thick 
that contains a high density of growth cones, and a large central 
region that contains a low and fairly even distribution of growth 
cones. 

When the nerve is divided in this way, it can be shown that 
each of these two regions contains roughly the same total num- 
ber ofgrowth cones (Figs. 8B, 9B). At both E45 and E49, roughly 
half of all growth cones are located in a superficial annulus 15- 
20 pm wide, whereas the other half are located in the central 
zone. 

The superficial-to-deep difference appears to be more extreme 
when growth cone percentages per fascicle are plotted instead 
of absolute densities (Figs. 9A, squares). For instance, at E49 
the percentage of growth cone profiles averages about 0.5% in 
central fascicles and is as high as 15% in superficial fascicles, a 
30-fold difference. In comparison, the absolute density differ- 
ence is only 4-5-fold. The explanation is that the average size 
of fibers in superficial and deep fascicles differs greatly. Central 
fascicles typically contain many more small fibers than do su- 
perficial fascicles (Fig. 1 OB, C). This in turn leads to an increase 
in axon packing density and a sharp decrease in the percentage 
of growth cone profiles in the total fiber population in these 
central fascicles. The reason there are more small axons in cen- 
tral fascicles is related to axon age: small axons are typically 
older; they have been in the nerve for a longer time, and their 
growth cones have progressed farther into the brain. In contrast, 
large axons are relatively young axons or even the trailing part, 
the shank, ofthe growth cone (Fig. 5; Williams and Rakic, 1985). 

A nasal-to-temporal gradient. There is a second and equally 
important gradient in growth cone distribution. Many more 
growth cones are located in the nasal half of the nerve than in 
the temporal half (Figs. 7, 11). At E45, the difference in growth 
cone density within the midorbital nerve is about 4-5-fold be- 
tween the nasal and temporal edge. At E59 and E69, the asym- 
metry is even more marked. At this late stage, the temporal 
perimeter, like the temporal-central nerve, contains almost no 
growth cones at all. 

Growth cone density varies around the entire circumference 
of the nerve. Both the dorsal and ventral sides contain higher 
average densities than the temporal side but lower average den- 
sities than the nasal side. 

During the last phase of axon addition, from E59 to E80, the 
absolute density of growth cones decreases markedly. For in- 
stance, at E69 the peak density of growth cone profiles at the 
perimeter of the nerve is only 10 per 100 pm2. However, most 
of the superficial part of the nerve (85% of the perimeter) con- 
tains only low densities of between 0.1 and 1 .O growth cone 
profiles per km2. Central densities are also very low, in the range 
of 0.0-0.5 growth cone profiles per 100 pm2. 

Discussion 

We have analyzed the spatial distribution of unambiguously 
identified growth cones in cross sections cut through the entire 
optic nerve of fetal monkeys. Within these cross sections, as 

Figure 5. A, A cluster of typical growth cones in the center of the optic nerve at E59. The position of the field reproduced in A is shown in Figure 
11. The 4 growth cones (&&he&) are growing along a group of 8 large axons that are growth cone shanks (s). B, A half-scale drawing of A, in 
which the 4 major cellular components are labeled: axons, light gray; glia, dark gray; growth cones (gc), black, growth cone shanks, white. This 
cohort of growth cones is in the process of extending through the center of the nerve without the benefit of any contact with glial cells. C, A 
histogram of fiber diameter in the field reproduced in A. 
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c 

Figure 6. Fascicles and growth cones c 
at E45 reproduced at 10,000x. A, A j 
group of fascicles located approximate- 
ly 16 Nrn from the edge of the nerve. 
The fascicles in this region have growth 
cone densities between 7 and 12 per 100 

;, 
I: 

pm2. B, A fascicle located at the medial ? 
(nasal) perimeter of the nerve in which j’ 
growth cone density reaches a high of s.9 
46 per 100 pm*. The center of this fas- 
cicle is approximately 5 pm from the 
edge. Approximately 250 micrographs 
such as these were analyzed to provide 

; 
I 

data for the isodensity contour diagram ! 
in Figure 7. There are no notable dif- c 
ferences in the ultrastructure of growth 
cones in different parts of the optic 
nerve. 

many as 6000 growth cones are widely scattered. Growth cones 
are present in virtually all regions-around the entire perimeter 
of the nerve and in its center. However, at later stages of de- 
velopment, the temporal edge and the core of the nerve are 
sparsely populated by growth cones, whereas the nasal edge is 
densely populated. 

Shape of growth cones in relation to their density 
The geometry of growth cones can vary with position and age 
(Tosney and Landmesser, 1985; Bovolenta and Mason, 1987; 
Nordlander, 1987; Halt; 1989). This shape variation could gen- 
erate false gradients iti growth cone density. In preliminary work 
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and in work still in progress, we have found that the form of 
growth cones in the monkey varies comparatively little with age 
or position within the nerve (Williams and Rakic, 1987). For 
instance, the shape and ultrastructure of large sets of growth 
cones in the center and periphery of the nerve and on the nasal 
and temporal sides of the nerve cannot be distinguished either 
qualitatively or quantitatively. Furthermore, we have not been 
able to detect any quantitative morphological differences be- 
tween growth cones close to the retina and those close to the 
chiasm. Finally, direct comparisons of serially sectioned tissue 
in the optic nerve also demonstrate rather modest age variation 
in growth cone morphology (Williams and Rakic, 1984). None- 
theless, it should be obvious from the foregoing remarks that 
estimates of growth cone distribution should be interpreted cau- 
tiously. As a rule, relative comparisons of growth cone density 
within single sections can be made with few reservations. If 
there are twice as many growth cone profiles 10 pm from the 
pial margin as compared to 50 pm from the margin, and if the 
profiles have the same shape and size, then this result reflects 
almost precisely a 2-fold difference in the absolute number of 
growth cones. 

An additional factor to consider in this context is that there 
may be substantial differences in the mean velocity of axonal 
growth (Agiro et al., 1984; Maggs and Scholes, 1986; Davies, 
1989). Consequently, equal densities of growth cones in two 
regions of the nerve do not necessarily signify that the same 
number of growth cones will traverse the two regions in a given 
period of time. A 2-fold difference in mean velocity could give 
rise to a 2-fold difference in the flow of growth cones. Because 
this difference is invisible in static images, one must recognize 
the possibility that there are velocity gradients along the pathway 
from the retina to the target and from subpial fiber bundles to 
those located deep in the pathway. 

Growth cone gradients in relation to the period of ganglion cell 
genesis 
The spatiotemporal distribution of growth cones in the nerve 
can be readily explained in terms of the sequence of ganglion 
cell production and the retinotopic organization of the monkey’s 
optic nerve. A key finding is that retinal ganglion cells are ini- 
tially generated exclusively in the central (foveal) part of the 
retina (LaVail et al., 199 1). For this reason, the first growth 
cones that enter the optic stalk circa E34/35 originate from 
central retina. The region of most intense production gradually 
spreads outward toward the periphery, and after E50 the great 
majority of ganglion cells are generated in the mid and far pe- 
riphery of the retina. Nonetheless, even at fairly late stages of 
development (E45-55), ganglion cells are still being generated 
in small numbers in the central retina (LaVail et al., 1991). 

A second key finding is that the majority of axons originating 
from fovea1 and perifoveal parts of the retina are confined to 
the temporal and central-temporal parts of the optic nerve (Pol- 
yak, 1957; Naito, 1989). This is a consequence of the fact that 
central retina is situated on the lateral side of the optic disk. 
Although there is a great deal of dispersion of fibers from any 
particular part of the retina (Naito, 1989) it is also generally 
true that nasal fibers from the mid periphery of the retina are 
found in the nasal sector of the nerve, dorsal fibers in the dorsal 
sector, and ventral fibers in the ventral sector. 

How are these features related to the position of growth cones 
in the fetal optic nerve? After E45, the temporal and central 
parts of the optic nerve contain fewer growth cones than do the 

growth cone population = 4,100 
gc profiles/l 00pm2 

mean growth cone densitv = 13.4 1100 urn2 125-45 
area oicross-section = 43,000 pm2 ’ 
area of fascicles = 31,000 pm2 

15-25 

mean fascicular fiber density = 1255/l 00 lm2 lo- 15 

fiber population = 380,000 p!J 5- 10 
number of fascicles = 425 0 2- 5 

Figure 7. Growth cone distribution at E45. The density ofgrowth cone 
profiles was measured in a subset of 350 fascicles from which the con- 
tours were generated. Densities are typically higher close to the surface 
of the nerve and are particularly high around the medial perimeter. 
Densities are lower in the center and on the lateral side of the nerve. 

nasal, dorsal, and ventral sectors. The most plausible reason for 
this difference is that temporal and central-temporal regions 
contain fibers from the older fovea1 and perifoveal regions of 
the retina. In contrast, the nasal perimeter of the nerve gets a 
heavy influx of fibers from the nasal periphery of the retina, a 
zone of very active ganglion cell production from E45 through 
E70. This probably accounts for the high concentration of growth 
cones in the nasal half of the nerve. Axons from ganglion cells 
in the temporal periphery, also a zone of active cell proliferation, 
do not grow into the temporal quadrant of the nerve. Instead, 
they arch around the fovea and grow into the dorsal and 
ventral quadrants of the nerve (Naito, 1989). We cannot exclude 
the possibility that the small number of growth cones in the 
central and temporal parts of the nerve are wandering fibers 
that originate from the periphery of the retina. However, given 
the fact that ganglion cells are generated in the central retina at 
least as late as E55, it is more likely that the small number of 
growth cones in the core of the nerve at E59 originate from the 
last-generated ganglion cells of the central retina. 

In summary, the distribution of growth cones in the nerve is 
consistent with a simple model in which growth cones grow into 
topographically harmonious parts of the nerve. However, as we 
have shown previously by following single axons in the embry- 
onic optic stalk (Williams and Rakic, 1985) growth cones do 
not track tightly along preexisting axons, nor do they even nec- 
essarily stay together within single fascicles. Thus, if there are 
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Figure 8. Radial gradient in growth 
cone distribution at E45. A, Scatter- 
gram of the density of growth cones in 
170 fascicles from a single cross section. 
The shortest distance from the center 
of each fascicle to the periphery of the 
nerve is plotted on the x-axis. Note the 
wide range of values of growth cone 
densities around the periphery-from 
10 to 45 growth cone profiles per 100 
pm2. A line has been drawn by eye 
through the data set to provide a simple 
synopsis ofthe gradient. B, A histogram 
of growth cone density in the same 
nerve. Here, we have divided the nerve 
into 10 concentric regions, each with 
the same area. The positions of the in- 
ner and outer borders of these 10 regions 
are marked on the x-axis. For instance, 
in the annulus with outer and inner edg- 
es at 13.0 and 18.0 pm, the density of 
growth cone profiles averages about 1 l/ 
100 pmz. Because each bar represents 
the same size territory, this histogram 
can be used to assess relative and ab- 
solute numbers of growth cones in each 
zone. Roughly 50% of growth cones are 
located more than 15 pm from the pia 
mater. 
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factors intrinsic to the nerve that generate or preserve the rough 
topographic order, they would probably have a comparatively 
broad distribution. 

Locations of growth cones with respect to substrate guidance 
It has been accepted for a century that the newest retinal axons 
grow along the surface of the optic pathway (Keibel, 1889; Rob- 
inson, 1896; Froriep, 1906). This concept has received renewed 
interest due to observations that ganglion cell growth cones may 
grow preferentially just beneath the basal lamina and pia among 
the processes of glial cells (Bodick and Levinthal, 1980; Easter 
et al., 198 1, 1984; Krayanek and Goldberg, 1981; Silver and 
Sapiro, 198 1; Rager, 1983; Fraser et al., 1984; Halfter and Deiss, 
1984; Silver and Rutishauser, 1984; McLoon, 1985; Maggs and 
Scholes, 1986). The possibility of strong affinities between growth 
cones, glial processes, and the basal lamina has catalyzed a 
search for extracellular substrata and cell-surface molecules that 
direct or encourage these growth cones toward their targets. 
Among the most prominent, if not most promising, candidates 
are neural cell adhesion molecules and the extracellular matrix 
components laminin and fibronectin-molecules that have been 

a.5 13.0 la.0 23.5 29.5 36.0 44.0 54.5 80.0 

microns from edge 

found in the right place at roughly the right time in amphibians, 
birds, and even some mammals (Fraser et al., 1984; Schlos- 
shauer et al., 1984; Silver and Rutishauser, 1984; Thanos et al., 
1984; McLoon et al., 1988). These results are interpreted in light 
of probable mechanisms that guide axons toward their targets 
and that generate retinotopic projections. 

Our data do not support hypotheses that growth cones extend 
selectively along the basal lamina, the pia mater, or glial end 
feet. The nasal-to-temporal and the superficial-to-deep gradients 
found at later stages of development in the nerve do not appear 
to be due to any particularly affinity of growth cones for non- 
neuronal substrata. As summarized above, the pattern we ob- 
served is much more likely to result from the central-to-pe- 
ripheral wave of ganglion cell generation. 

Retinal ganglion cell growth cones appear to grow along many, 
if not all, types of surfaces found in the CNS and even the PNS 
(So and Aguayo, 1985; Harris, 1986). Furthermore, retinal growth 
cones manage to grow quite well even in vitro (e.g., Bonhoeffer 
and Huf, 1985). This does not mean that growth cones are 
insensitive to differences in substrata, natural or artificial. There 
are now compelling examples of growth cones that show pref- 
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erences to grow along distinct classes of axons (Bastiani, 1985; 
Kapthammer and Raper, 1987; Moorman and Hume, 1990). 
The profound differences in the arrangements of fibers in the 
optic nerve, chiasm, and tract in several vertebrate classes (Tor- 
realba et al., 1982; Maggs and Scholes, 1986; Guillery and Walsh, 
1987; Udin and Fawcett, 1988) strongly suggest that growing 
fibers also respond to changes in their environment. Further- 
more, fibers consistently terminate in particular parts of the 
brain in patterns that are most readily explained by differential 
chemoaffinities. However, it seems likely to us that growing 
nerve fibers use a combination of substrate molecules and mor- 
phogenetic cues to navigate. The guidance code could be partly 
redundant and could be robust enough that single elements could 
be deleted without causing errors of connection. 

D&erences among vertebrate classes 

The particular fiber architecture of the optic nerve depends pri- 
marily on the behavior of growth cones early in development. 
For instance, in cichlid fish, retinal ganglion cell growth cones 
definitely grow together in a single compact bundle at the surface 
of the nerve (Maggs and Scholes, 1986). This characteristic ul- 

Figure 9. Radial gradient in growth 
cone distribution at E49. Conventions 
are as in Figure 8. In the scattergram of 
A, we have added data on the percent- 
age of growth cones in each fascicle 
(squares) and also added a broken line 
to show the curve of growth cone den- 
sity at E45. Note that, when growth cone 
profiles are plotted as a percentage of 
all fibers, the gradient appears much 
steeper. The reason for this difference 
is made clear in Figure 10. The pattern 
of distribution of growth cones at E45 
and E49 is practically the same. How- 
ever, there are large quantitative differ- 
ences, as indicated in A. 

timately gives rise to a mature nerve that is ribbon shaped. One 
consequence of the peripheral affinity ofgrowth cones in goldfish 
is that fibers from different parts of the retina that grow out of 
the eye at the same stage merge in the nerve. Here they form 
annuli or bands of new fibers beneath the pia (Easter et al., 198 1; 
Scholes, 198 1; Bunt, 1982; Taylor, 1987). As a result, the optic 
pathway becomes stratified-the oldest axons are located deep- 
est; the youngest are located more superficially. This organi- 
zation is referred to as chronotopic. 

The structure of the adult mammalian optic nerve differs in 
important ways from the highly ordered chronotopic pattern 
characteristic of fish. Retinal axons in the optic nerves of hu- 
mans, monkeys, cats, and several other mammalian species are 
arranged in a comparatively disorderly, but still roughly retin- 
otopic, pattern (Polyak, 1957; Hoyt and Luis, 1962; Naito, 1986, 
1989). This class difference may reflect the more chaotic spa- 
tiotemporal pattern of ganglion cell genesis in mammals or the 
greater density of growth cones traversing the pathway. Serial- 
section analysis of single axons and growth cones has shown 
that this disorder is present as early as E39 in the monkey and 
that the disorder is most likely caused by the meandering paths 



1092 Williams et al. * Growth Cones in the Optic Nerve 

area of cross-section = 72,500 pm2 
area of fascicles = 54,500 pm2 
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growth cone population = 3,100 
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Figure IO. Global attributes of the op- 
tic nerve at E49. A, Drawing of the fas- 
cicular structure of the nerve. Note that 
the majority of fascicles in the center of 
the nerve are large, whereas fascicles 
near the perimeter are small. Small fas- 
cicles tend to contain more growth cones 
and more large axons. Large fascicles 
contain a population of older and 
smaller axons. B, Plot of the percentage 
of different growth cone (gc) and fiber 
categories per fascicle, based on the 
analysis of the same fascicles presented 
in Figure 9. Growth cone profiles are 
characterized by lamellipodia. Very 
large fibers, typically with diameters 
above 0.8 pm, were classified as growth 
cone shanks. These often have the ul- 
trastructural characteristics of growth 
cones, but lack lamellipodia. Large ax- 
ons have diameters between 0.4 and 0.8 
Wm. Large axons are simply the parts 
of fibers within 100-500 pm of the 
growth cone tip. Note that the gradient 
differs for each category and is steepest 
for growth cones and least steep for large 
axons. C, Plot of small axons. This plot 
is almost the inverse of those presented 
in B and Figure 9A. Small axons are old 
axons. They predominate in the central 
and temporal parts of the optic nerve 
and are relatively uncommon around 
the perimeter of the nerve at this age. 
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taken by individual growth cones (Williams and Rakic, 1985). 
However, it is clear that growth cones do not wander too far 
from their initial axonal neighbors, because a limited degree of 
retinotopy is maintained throughout the nerve (Naito, 1989). 
Evidently, the particular retinal site from which a fiber originates 
is somewhat more important in mammals than the time at 
which the fiber and cell body are generated. 

The notable differences in the architecture of the optic nerve, 
particularly between teleosts and mammals, suggest that there 
may be equally revealing differences in the behavior and sub- 
strate affinities of retinal growth cones in this particular part of 
the pathway. A simple difference in the expression of substrate 
preferences of homologous neurons in different vertebrate class- 
es and in different parts of the optic pathway may underlie the 
architectural differences and may explain differences in the ul- 
timate targets chosen by retinal ganglion cell growth cones. Sim- 
ilarly, a relaxation in substrate preferences in the optic nerve of 
mammals may also account for the considerable degree of mix- 
ing among fibers. 

200 240 
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