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In the present study, we quantified the distribution of growth 
cones and synapses in 2 developing layers, as well as in 
the intervening interlaminar space of the dorsal lateral ge- 
niculate nucleus (dLGN) in tree shrews. Our goal was to gain 
insight into mechanisms involved in the segregation of dLGN 
cells into layers during development. We sacrificed tree 
shrews before (PO), during (P4 and P7), and after (P15) lam- 
inar segregation as well as at maturity (P90). The dLGN from 
each animal was sectioned horizontally, and all tissue for 
analysis was blocked from the middle third of the nucleus 
along the dorsoventral axis. Each micrograph was coded 
and blindly scored for the number of growth cones and syn- 
apses in layers 4 and 5 and the intervening interlaminar 
space. We also measured each growth cone and classified 
synapse type. Statistical analyses of these data reveal that 
neither growth cones nor synapses are significantly more 
common in the interlaminar space early in the period of lam- 
inar segregation (P4). By nearly a week after the interlaminar 
space can first be distinguished (P7), there are more growth 
cones in the interlaminar space than in the layers, but this 
difference is no longer present at (P15). These results sug- 
gest that, although neuropil development at the laminar bor- 
ders may not play a role in the onset of laminar segregation, 
it may contribute to the widening of the interlaminar spaces 
once this process has begun. In addition, growth cones con- 
tinuously decrease in number and become less bulbous and 
more linear in shape with development. Synapses, on the 
other hand, continuously increase in number with age and 
pass through a transient period characterized by heavy spi- 
nous terminations. 

In all species studied, cell layers that develop in the dorsal lateral 
geniculate nucleus (dLGN) segregate from an unlaminated mass 
of undifferentiated cells (Rakic, 1977; Linden et al., 198 1; Brun- 
so-Bechtold and Casagrande, 1982; Cusik and Kaas, 1982; Shatz, 
1983). This lamination takes place after the segregation of the 
retinal input into eye-specific bands is well underway. If that 
input is removed bilaterally at birth, the laminar segregation of 
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dLGN cells does not take place, although laminar borders can 
still be distinguished on the basis of cytological criteria (Brunso- 
Bechtold and Casagrande, 198 1; Guillery et al., 1985). Fur- 
thermore, in the absence of retinal input, the extraretinal pro- 
jections to the dLGN in tree shrews no longer terminate in the 
laminated pattern seen in normal animals (Brunso-Bechtold et 
al., 1983; Sutton and Brunso-Bechtold, 1988). Of particular 
interest is the corticogeniculate projection. This projection grows 
into the dLGN during the first postnatal weeks and normally 
terminates densely in the interlaminar spaces as the layers are 
beginning to segregate (Brunso-Bechtold and Casagrande, 1983). 
However, following removal of retinal input at birth, the cor- 
ticogeniculate projection no longer terminates at the laminar 
borders and instead terminates in a homogeneous but topo- 
graphic band across the mediolateral extent of the nucleus. 

What clues do these experimental results provide to the mech- 
anisms normally involved in the redistribution of dLGN cells 
into layers? One possibility lies in the effect of the partial deaf- 
ferentation of dLGN cells following removal of retinal input. 
Deafferentation is known to result in incomplete dendritic de- 
velopment (e.g., see also Cowan, 1970; Peusner and Morest, 
1977; Deitch and Rubel, 1984) and dendritic elaborations have 
been reported to be a major component of the interlaminar 
spaces in cat dLGN (Guillery, 1966). It is possible that in the 
absence of retinal input dLGN dendrites, which normally extend 
into the interlaminar spaces and receive the corticogeniculate 
input, fail to develop fully. In the absence of their usual target 
and in the presence of vacated retinogeniculate synaptic sites, 
the corticogeniculate fibers would then terminate within the 
layers rather than at the laminar borders. Thus, following re- 
moval of the retinal fibers at birth, the cell layers may fail to 
segregate because the normal complement of developing dLGN 
dendrites and ingrowing corticogeniculate fibers are no longer 
physically pushing the layers apart at the laminar borders. 

In normal development, then, the dLGN layers would seg- 
regate because of a directed dendritic growth at the laminar 
borders in combination with an initial ingrowth and subsequent 
termination of extraretinal projections at the laminar borders. 
According to this hypothesis, there normally would be more 
axonal and/or dendritic growth cones in the interlaminar spaces 
as those spaces are beginning to appear than in the layers. To 
test this hypothesis, we have quantified the number of growth 
cones in 2 dLGN layers and in the intervening interlaminar 
space during the period of laminar segregation. We have also 
determined the synapse distribution in those areas to reveal any 
role that temporal or regional variations in synaptogenesis might 
play in laminar segregation. A preliminary report of these results 
has appeared in abstract form (Vinsant and Brunso-Bechtold, 
1986). 
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Materials and Methods 
Tree shrew dLGN anatomy. The dLGN of tree shrews contains 6 layers, 
numbered from medial to lateral, which are most easily distinguished 
in horizontal section. Layers 2-4 and 6 receive input from the contra- 
lateral eye, and layers 1 and 5 receive input from the ipsilateral eye. 
These cell layers form postnatally. By postnatal day 2’ (P2), layers 1 
and 2 and layers 4 and 5 have begun to segregate from each other; by 
P6, the segregation of other layers is underway as well; by P14, all 
interlaminar spaces are distinguishable but continue to widen as the 
nucleus matures (see Brunso-Bechtold and Casagrande, 1982). 

It obviously would be a prohibitively large task to quantify the growth 
cone and synapse distribution in all 6 layers of the dLGN and the 
intervening interlaminar spaces. We therefore selected layers 4 and 5 
and the intervening interlaminar space for our analysis. We chose those 
particular layers for our sample for 2 reasons. First, they allow com- 
parison between a contralaterally innervated layer (layer 4) and an ip- 
silaterally innervated one (layer 5). Second, the interlaminar space be- 
tween layers 4 and 5, which can first be distinguished by P2, widens 
rapidly and is large enough for reliable sampling by P4. 

Tissue preparation. In order to study the distribution of growth cones 
and synapses during laminar segregation, we sacrificed tree shrews be- 
fore (PO). during (P4 and P7). and iust after (P 15) laminar segregation. 
as well as at m&rity (P90).‘Two animals were sacrificed at-each age: 
Each animal was overdosed with sodium pentobarbital(80 mg/kg) and 
transcardially perfused for 3045 min with a fixative consisting of 2% 
glutaraldehyde and 2% paraformaldehyde in 0.15 M sodium cacodylate 
buffer. A peristaltic pump (Ismatec) was used to achieve a constant 
perfusion rate (20 ml/min). Following perfusion the animal was decap- 
itated just caudal to the obex, the skull was carefully opened, and the 
brain was stored overnight in fixative at 4°C. 

The brain then was removed from the cranium and trimmed to in- 
clude only the diencephalon and rostra1 mesencephalon. That block of 
tissue was then sectioned horizontally on a vibratome (Lancer) at 200 
Nrn and collected in 0.15 M sodium cacodylate buffer. The sections 
containing the dLGN were identified using a Nikon Zoom dissecting 
microscope mounted on a dark-field/light-field base. The middle third 
of the dLGN sections (along the dorsoventral axis) were selected, and 
the dLGN was cut out and placed in labeled vials containing 0.15 M 
sodium cacodylate buffer. Using the dark-field/light-field illumination, 
it was possible to cut out blocks whose borders precisely corresponded 
to those of the dLGN in all animals and to those ofthe binocular segment 
ofthe dLGN in animals with laminated dLGNs. The blocks were washed 
in buffer, postfixed for a half-hour in 2% osmium, washed thoroughly 
in buffer, and embedded in Araldite. Prompt processing of tissue appears 
to be important for membrane preservation, especially at the youngest 
ages. Thin sections (700 A) were cut on an LKB 4800 ultramicrotome 
and collected onto Formvar-coated copper slot grids. At the beginning 
and end of each series of thin sections, a 1 pm semithin section was cut 
with a glass knife and stained with toluidine blue. 

Data collection and analysis. Thin sections were viewed with an Hi- 
tachi 600 CX electron microscope equipped with micrometers on the 
X and Y stage controls. Each thin section to be used for quantification 
was reconstructed by recording the X and Y coordinates of its perimeter 
and major landmarks and plotting these onto graph paper. One of the 
adjacent semithin sections was then projected onto the thin section 
outline using a zoom camera lucida attached to a Nikon Optiphot light 
microscope, and laminar borders were drawn onto the outline on the 
basis of the cytoarchitectural features in the semithin section. At P4, 
P7, P15, and P90, 12 laminar (6 in layer 4 and 6 in layer 5) and 13 
interlaminar sites for electron micrographs were then chosen on the 
basis of the cytoarchitectural features and indicated on the outline draw- 
ing. At PO (before laminar segregation has begun), 25 sites were chosen 
randomly from the lateral half of the nucleus, but nonadjacent to the 
optic tract; this approximates the region of future layers 4 and 5 and 
the intervening space. The appropriate X and Y micrometer readings 
were determined for each electron micrograph site indicated on the 
outline drawing.’ 

’ We count the first day of life as postnatal day 0 (PO), the second day as Pl, 
and so on. 

1 When using microscope coordinates to graph outline, the X stage micrometer 
could be read directly and recorded as the X coordinate. The Y stage control on 
the Hitachi 600 CX, however, is not linear with respect to the X stage control; 
therefore, each Y stage micrometer reading was multiplied by 1.25 to obtain the 
proper Y coordinate. When determining coordinates from graph paper to be used 

This method accurately relates our EM sample to the light microscopic 
cytoarchitectural criteria commonly used to identify layers and inter- 
laminar spaces, which are difficult, if not impossible, to distinguish with 
EM. It also eliminates experimenter bias (e.g., selection on the basis of 
the presence of cell bodies or a predominance of a certain synaptic type), 
since the coordinates for each electron micrograph are predetermined. 

Each electron micrograph was then coded and scored blindly. For 
each micrograph the number of growth cones was recorded, and these 
were broken down into pre- and postsynaptic categories when possible. 
In addition, synapses were categorized by type of terminal and post- 
synaptic element and counted. When all counts were completed, the 
numbers in each category were summed for all interlaminar micro- 
graphs, for all layer 4 micrographs and for all layer 5 micrographs per 
animal. Growth cone areas and perimeters were measured in all mi- 
crographs using a Bioquant (R&M Biometrics) morphometrics system. 
Shape factors were derived for growth cones using the formula 4+I)/ 
p’. The areas of all cell bodies and blood vessels included in the mi- 
crographs were also measured, summed, and subtracted from the total 
area to determine the actual area of neuropil sampled. Growth cone 
number was subsequently normalized to 10,000 pm2 of neuropil. 

Numbers for statistical analyses were derived from counts in 25 mi- 
crographs per animal and 2 animals per time point. For the effect of 
age alone, D values were computed using a l-way analysis of variance. 
When assessing age by location effects, the repeated measures analysis 
of variance model was used. If this test indicated a significant interac- 
tion, 2-sided paired t tests were performed at individual time points to 
reveal effect of location. 

Results 
Laminar data 
Our primary intent in the present study was to determine the 
quantitative differences in the neuropil between the interlaminar 
spaces and layers. To eliminate any bias introduced by a de- 
velopmental difference between ipsilaterally and contralaterally 
innervated dLGN layers, we included both an ipsilaterally in- 
nervated layer (layer 5) and a contralaterally innervated one 
(layer 4) in our sample. Analysis of variance indicates that there 
is no significant difference in either growth cone number or 
synapse number between the 2 layers. Therefore, for the results 
presented here, the data from layers 4 and 5 were combined 
and reanalyzed for comparison of interlaminar versus laminar 
data in each category at each age. 

Criteria for quantitative categories 
For consistency in quantification of growth cones and synapses, 
we selected a strict set of morphological features to serve as 
criteria for categorization. Such criteria are based on features 
that appear to be distinguishing characteristics of the structures 
in question. For clarity, the results as well as the descriptions 
of the morphological features used as criteria will be presented 
separately for growth cones and synapses. 

Growth cones 
Morphology. The asterisks in Figure 1 indicate examples of 
typical growth cones at PO (Fig. lA), P4 (Fig. lB), P7 (Fig. 1 C), 
and PI 5 (Fig. ID). Although growth cones vary in appearance, 
several characteristics were consistently present and were used 
as criteria in identifying profiles as growth cones. Profiles count- 
ed as growth cones were at least 0.5 pm* in area, were filled with 

on microscope, the micrometer reading for the X stage control could be read 
directly as the X coordinate on the graph paper; the micrometer reading for the 
Y stage control was obtained by dividing the Y coordinate on the graph paper by 
1.25. 
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Figure 1. Growth cones in the developing tree shrew dLGN. These electron micrographs illustrate the criteria used to classify developing processes 
as growth cones (*): (1) a minimum of 0.5 pm’ in area, (2) filled with a microfilamentous feltwork, (3) no more than 1 neurotubule in leading edge 
ofgrowth cone enlargement, (4) no more than 3 rosettes ofpolyribosomes, (5) at least one membranous sac, (6) no organelles other than mitochondria 
and various types of sacs. A, PO: Typical bulbous growth cone. x 22,400. B, P4: Large, bulbous, postsynaptic growth cone with synapse at arrowhead. 
x 22,400. C, P8: Note the variety in growth cone appearance; some are bulbous, while others are smaller and denser. Arrowheads indicate synaptic 
densities. x 16,800. D, P14: Growth cones at this age are generally much more linear in shape. x 16,800. 
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Agure 2. Presynaptic growth cone at P8. This axon profile expands into a bulbous growth cone swelling. Arrowheads indicate 2 developing somatic 
synapses. Nu, nucleus. x 36,000. 

a microfilamentous feltwork, had no more than one neurotubule 
in the leading edge of the growth cone enlargement, had no more 
than 3 rosettes of polyribosomes, had at least one membranous 
sac, and had no organelles other than mitochondria and various 
types of vesicles. Profiles meeting these criteria ranged from 
large bulbous structures to small dense structures (Fig. 1). 

The identification of a growth cone as axonal or dendritic is 
quite difficult. Shape is not a useful criterion; bulbous growth 
cones can either be dendritic, as illustrated by the postsynaptic 
growth cones in Figure lB, C (arrowheads), or axonal, as illus- 
trated by the presynaptic growth cone in Figure 2. In the present 
study, growth cones were classified as pre- or postsynaptic only 
if an obvious synaptic profile was present. However, as only 
10% of the growth cones could be identified as clearly pre- or 

postsynaptic according to our criteria, these categories were not 
included in the statistical analyses. 

Quantitative data. An overview of changes in growth cone 
number during development is illustrated in Figure 3A. This 
graph presents the mean number of growth cones in 10,000 Km2 
of neuropil at each age studied. With increasing age, there is a 
significant decrease in the mean number of dLGN growth cones 
(p = 0.012). At P15, there is a transient elevation in growth 
cone number in comparison with P7 and P90. Although we 
cannot rule out a real increase in growth cone number at this 
stage of development, it may be that this elevation is due to an 
observed increase in developing dendritic spines, which are sim- 
ilar in size and appearance to growth cones at this age. Also, 
during these early stages of rapid brain development, we cannot 
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rule out the possibility that some of the growth cones may be 
glial in origin. 

A comparison between the number of growth cones in the 
layers and the interlaminar space is illustrated in the graph in 
Figure 3B. Only P4, P7, and P15 are included here because 
interlaminar spaces are not present at PO and growth cones are 
not present at P90. Statistical analysis shows a significant overall 
effect of location with age (p = 0.022). Subsequent paired t tests 
at each age however, indicate that these is no significant differ- 
ence between laminar and interlaminar values at P4 (p = 0.235) 
or P15 (p = 0.346); the only significant difference between lam- 
inar and interlaminar values occurs at P7 @ = 0.007) nearly a 
week after laminar segregation has begun. 

One of the most readily apparent changes in growth cones 
during the period of interlaminar space formation is the change 
in size and shape. This difference is illustrated in the electron 
micrographs in Figure 4, in which growth cones are indicated 
by asterisks. In Figure 4A, numerous large, spherical growth 
cones can be seen; this example is from P4 but is quite typical 
of the appearance of many parts of the neuropil at PO as well. 
In marked contrast, Figure 4B illustrates the neuropil from the 

Figure 3. Quantitative growth cone 
data. A, Mean number of growth cones 
in 10,000 FrnZ at each age studied. A 
one-way analysis of variance indicates 
a significance difference in mean growth 
cone number between the various ages 
(a = 0.012). The transient increase in 
growth cone number at P 15 may be due 
to inclusion of some spines in our 
counts; immature spines can be quite 
large and can share features of growth 
cones. B, Mean number ofgrowth cones 
per 10,000 Frn’ in the interlaminar space 
and layers at each age in which both 
growth cones and interlaminar space are 
present (P4, P7, and P15). The only sig- 
nificant difference is at P7 ( = 0.007). 
At P7 the interlaminar space between 
layers 4 and 5 has been present for ap- 
proximately 5 d, suggesting that the 
greater number of growth cones in the 
interlaminar space may be a response 
to the laminar segregation rather than 
a causal factor. C, Growth cone area 
and perimeter at each age studied. There 
is a slight increase in growth cone area 
between PO and P4; thereafter there is 
a continuous decrease in area with age. 
In contrast, there is a steady increase in 
growth cone perimenter at each age 
studied. D, Growth cone shape at each 
stage studied. The data illustrated in 
Figure 4 were used to quantify growth 
cone shape (shape factor 47r(A)lp2). A 
circle has a shape factor of 1.0 and a 
line has one of 0. After P4, dLGN growth 
cones gradually become less rounded. 

dLGN of a tree shrew sacrificed on P15, in which the growth 
cones are much smaller in area and more linear in shape. 

To determine whether this change in shape is significant, we 
measured the areas and perimeters of all growth cones in our 
sample. We used these data to determine a shape factor for each 
growth cone using the formula 4a(A)lp2, where A is area and p, 
perimeter. In this analysis, a value of 1.0 is a perfect circle 
and values approaching 0 approach a straight line. Although 
growth cones tended to be somewhat larger in the interlaminar 
space than in the layers, there are no statistically significant 
interactions between layers and the interlaminar space in the 
perimeter, area, or shape factor of the growth cones. Therefore, 
raw data from the layers and interlaminar space were combined, 
corrected for area, and subsequently analyzed for the effect of 
age. 

The combined perimeter and area data are shown in Figure 
3C. During the first 2 weeks of postnatal development in the 
tree shrew dLGN, growth cone perimeter increases steadily. 
During that same period, growth cone area increases slightly to 
a peak at P4 and then decreases steadily. The changes in shape 
factor with age are shown in Figure 30. During the first half of 
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Figure 4. Comparison of typical fields of growth cones at P4 and PI 5. Growth cones are indicated by asterisks at P4 (4) and P 15 (B). There is a 
considerable change in shape between these ages as the profiles become less bulbous and more linear. Arrowhead in B indicates small amount of 
rough endoplasmic reticulum in a profile that would result in its not being counted as a growth cone in our sample. x 18,000. 
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the first postnatal week (PO and P4), the growth cones are quite 
circular (shape factor = 0.8) whereas by the end of the second 
postnatal week (P15), they are considerably more linear (shape 
factor = 0.4). An analysis of variance indicates this change in 
shape factor with age is statistically significant 01 = 0.007). 

Synapses 
Morphology. In this portion of our study, our main objective 
was to determine whether there is a significant difference in 
synaptic density at any age between the layers and interlaminar 
spaces, not to study the development of differences in synaptic 
types. Nevertheless, we were faced with the special problem of 
establishing classifications that reflect the nonhomogeneity of 
dLGN synaptic profiles but that also are useful at very early 
stages of development when the characteristics of mature dLGN 
synapses (Guillery, 1969) cannot yet be recognized. Accordingly, 
we have classified terminals as either “simple terminals” (STs), 
i.e., those having a single contact, or as “multiple terminals” 
(MTs), i.e., those having more than one synaptic contact. In all 
instances, the criteria for a synapse were the presence of at least 
3 synaptic vesicles in the vicinity of the synaptic site and the 
presence of a clear postsynaptic thickening. 

Figure 5 illustrates synapses in the adult (P90) dLGN for 
comparison with those in the developing dLGN. The synapses 
illustrated in Figure 5, A and B, are classified as STs in the 
present study. The round vesicles in these small, dense terminals 
suggest that these profiles correspond to the RSD profiles of 
Guillery in cats (1969) and to the RS profiles of Hajdu et al. 
(1982) in tree shrews, which have been demonstrated to be 
primarily extraretinal in origin (Szentagothai et al., 1966; Jones 
and Powell, 1969; Hajdu et al., 1982). Nevertheless, some small, 
simple terminals in the cat dLGN have been demonstrated also 
to be retinal in origin (Robson and Mason, 1979). Figure 5, C 
and D, illustrates examples of large MTs. The round vesicles 
and large, pale mitochondria, as well as the glial encapsulations 
(arrowheads in Fig. 5C) suggest that these profiles correspond 
to the RLP profiles in cats (Guillery, 1969) and to the RL profiles 
in tree shrews (Hajdu et al., 1982); similar profiles have been 
described in other species as well (e.g., Colonnier and Guillery, 
1964). These complex terminals are part of the synaptic glo- 
meruli characteristic of the mature dLGN (Szentagothai, 1970) 
and are known to be retinal in origin (Szentagothai et al., 1966; 
Guillery, 1969; LeVay, 197 1; Wong-Riley, 1972b; Hajdu et al., 
1982). In addition to the RSD and RLP profiles, F-type synapses 
containing flattened or pleiomorphic vesicles (Fig. 5, C, D) are 
evident in the adult and are associated with intrinsic connections 
(Szentagothai, 1963; Guillery, 1969; Wong-Riley, 1972a; Hajdu 
et al., 1982). While RSDs would belong almost exclusively to 
our ST category in the adult (Guillery, 1966) and the RLPs 
would most commonly belong to the MT category, it must be 
emphasized that there is no direct equivalence between the cat- 
egories, nor did we intend to establish one. Our goal was quite 
simply to establish a very basic categorization that would be 
useful in quantifying synaptogenesis at all developmental stages. 

Many of the features described above that distinguish mature 
synaptic types are not present in the immature tree shrew dLGN. 
In fact, although STs are present at PO (Fig. 6, A, B), MTs are 
rarely seen. By P4, STs are more common (Fig. 6D), and MTs 
(Fig. 6C) are beginning to be seen as well. At P4, however, glial 
encapsulations are not present, and other defining characteristics 
are absent as well. 

The earliest examples of terminals containing flattened ves- 

icles are illustrated at P7 in Figure 7, B-D. In addition, Figure 
7A illustrates a typical example of an ST (arrowhead) synapsing 
on a large growth cone at P7. Spinous synapses, although oc- 
casionally present at PO and P4, are considerably more frequent 
by P7; MTs synapsing on several spines are shown in Figure 
7C. Although MTs are more common at P7, many are quite 
simple in appearance (Fig. 70). 

At P15, synapses often terminate on spines (S) (Fig. 8) some 
of which are connected to the dendritic shaft by long necks (Fig. 
8A). At this stage, synapses on dendritic shafts are also common 
and are illustrated in Figure 8, A, B. By P15, the neuropil is 
becoming more mature in appearance: MTs at this stage of 
development are abundant (Fig. 8, C, D) and are more likely 
to be encapsulated (arrowhead, Fig. SC) and to be found in more 
complex synaptic configurations, as exemplified by the F-type 
contact in Figure 80. 

Quantitative data. The postnatal changes in total number of 
synapsing STs and MTs per 10,000 pm2 of neuropil are shown 
in Figure 9A. Clearly, throughout development, STs are more 
numerous than MTs. Both STs and MTs increase gradually 
between PO and P7. There is a large increase in the number of 
STs by P15, and this increase continues between P 15 and P90; 
at P90 the number of STs is nearly double that at P7. The 
number of MTs also increases somewhat between P7 and P 15, 
but then decreases by P90. An analysis of variance indicates a 
significant difference with age in the mean number of synapsing 
terminals of both types (ST, p = 0.00 1; MT, p = 0.008). 

The postnatal changes in total number of synaptic contacts 
per 10,000 hrn* of neuropil (i.e., number per area) in the layers 
and interlaminar space, irrespective of terminal type, are shown 
in Figure 9B. While there are always more synapses in the layers 
than in the interlaminar space, t tests indicate no significant 
difference at any particular age. The cumulative effect of con- 
sistently greater synapse number in layers versus interlaminal 
space is significant (p = 0.008) however, as is the effect of age 
0, = 0.003). To be certain that there were no differences masked 
by variation in the size of synaptic elements in the layers and 
interlaminar spaces, we measured the mean lengths of the syn- 
aptic densities and subsequently derived a number per volume 
for the interlaminar space and the layers using the formula NV = 
NA/(T + ML), where NV is the number per volume; NA, the 
number per area; T, section thickness; and ML, mean synaptic 
length. These data revealed p values equivalent to those based 
on number per area. In summary, synaptogenesis increases at 
roughly the same rate in both regions throughout development, 
and there is no significant difference in synapse number with 
location at any age. 

To analyze the distribution of postnatal synaptogenesis more 
closely, we compared the percentage of synapsing terminals in 
the interlaminar space that were STs or MTs with the percentage 
of synapsing terminals in the layers that were STs or MTs. This 
comparison is illustrated in Figure 1 OA. Although STs are always 
more common in the interlaminar space than in the layers, they 
are clearly the dominant synaptic type in both locations, and 
there is no significant effect of ST location with age. On the 
other hand, there are more MTs in the layers than in the inter- 
laminar space, and statistical analysis revealed that the overall 
effect of the location of those terminals with age was significant 
(p = 0.050). In addition, the percentage of laminar MTs in- 
creases between P4 and P7, which may reflect a maturation of 
laminar STs into MTs. 

By also identifying the postsynaptic element, we have been 
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Figure 5. Synapses in the tree shrew dLGN at P90 (maturity). A and B illustrate profiles which would be counted as STs in the present study. 
They are comparable to the RSD terminals of Guillery ( 1969) and RS terminals of Hajdu et al. ( 1982). C and D illustrate MTs which are comparable 
to the RLP terminals of Guillery (1969) and RL terminals of Hajdu (1982). F-type profiles can be seen as well. Arrowheads point out glial 
encapsulations: S, dendritic spine; D, dendritic shaft; MT, multiple terminal; F, type F synapse. x 2 1,500. 
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Figure 6. Synapses in the tree shrew dLGN at PO and P4. A and B, Illustrate STs at PO. C, MT at P4; D, STs at P4. MTs are infrequently 
encountered at this age. S, dendritic spine; D, dendritic shaft; GC, growth cone; MT, multiple terminal. x 21,500. 

able to compare the mean number per area of spinous and and age (p = 0.008), as well as significant main effects of age (p 
dendritic synapses per 10,000 pm2 of neuropil during postnatal = 0.0003) and synaptic type (p = 0.0006). Paired t tests to 
development; these data are shown in Figure 10B. Analysis of examine the difference at each age, however, show significance 
the data reveals a significant interaction between synaptic type only at P15 (p = 0.04). At both PO and P90, the number of 
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Figure 7. Synapses in the tree shrew dLGN at P7. A, Arrowhead indicates an ST synapsing on a large growth cone. B, A perforated synapse and 
one of the earliest examples of an F-type synapse. C, A large MT synapsing on several spines and a smaller MT containing pleiomorphic vesicles. 
D, MT in contact with a growth cone and a F-type profile. P, perforated synapse; F, type F synapse; MT, multiple terminal; GC, growth cone; S, 
dendritic spine; D, dendritic shaft. x.2 1,500. 
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Figure 8. Synapses in the tree shrew dLGN at P15. A, Note the long neck of the simple spinous contact. B, Synapses on dendritic shafts as well 
as on a small spine connected to a dendrite. C, MT contacting numerous dendritic spines; arrowhead indicates glial encapsulation. D, Another MT 
showing the beginning of more complex synaptic configurations. D, dendritic shaft; S, dendritic spine; M, axon undergoing myelination; MT, 
multiple terminal. x 23,400. 
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Figure 9. A, Mean number of synaps- 
ing multiple and simple dLGN termi- 
nals in 10,000 hrn’ at each age studied. 
At all ages there are more STs than MTs. 
The number of STs increases through- 
out postnatal development (p = 0.00 1) 
with the largest increase between P7 and 
P15. There is also a significant inter- 
action between number of MTs and age 
@ = 0.008). The number of MTs grad- 
ually increases to a peak at P 15 after 
which it slightly decreases. B, Mean 
number of svnanses ner 10,000 Mum’ in 
interlaminar space and layers at each 
age studied after the beginning of lam- 
inar segregation. The number of syn- 
aptic contacts in both the layers and 
interlaminar space increases through- 
out postnatal development. Paired t tests 
at each age indicate there is no signifi- 
cant difference in synapse number be- 
tween the layers and interlaminar space 
at any age, suggesting that synaptogene- 
sis at the dLGN laminar borders is 
unlikely to be the causal factor initiat- 
ing cell layer segregation. 
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spinous and dendritic synapses is basically equivalent. During 
the intervening period, spinous synapses increase to a peak at 
P15, after which they decline. Concomitantly, dendritic syn- 
apses remain low unti 1 P15, after which they increase. These 
observations are consistent with a decrease in the number of 
dendritic spines between P 15 and maturity. 

Discussion 
Comparison of layers 4 and 5 
Although data were collected separately for layers 4 and 5, there 
were no significant differences between the 2 layers. Studies in 
other species have suggested that the development of the con- 
tralateral retinogeniculate projections is in advance of the ip- 
silateral one (Lund and Bunt, 1976; So et al., 1978; Linden et 
al., 198 1; Shatz, 1983). That this is not reflected in our data 
may be due to one or more of several factors. First, a temporal 
difference in development between the ipsilateral and contra- 
lateral retinogeniculate projections may not be present in tree 
shrews. Second, since our data are collected well after the seg- 
regation of the ipsilateral and contralateral retinogeniculate pro- 
jections, maturational differences between these innervated lay- 
ers may have equilibrated. Finally, contralateral and ipsilateral 
differences in the retinogeniculate projection may not be reflect- 
ed in growth cone or synaptic density. 

Growth cones 
The present results provide qualitative as well as quantitative 
information on the nature of the neuropil in the dLGN during 
the period of cell layer segregation. Detailed information is 
available in the literature on the development of individual 
retinogeniculate fibers (e.g., Robson and Mason, 1979; Mason, 
1982a, b; Sretavan and Shatz, 1984; Sretavan and Shatz, 1986); 
however, little data has been published on the changing mor- 
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phology of growth cones and synapses in the dLGN at the time 
cell layers are forming. 

The appearance of the profiles classified as growth cones in 
our study is consistent with many descriptions of growth cones 
in the literature, based on in vitro (Bunge, 1973; Yamada et al., 
1974) as well as in vivo studies (Del Cerro and Snider, 1968; 
Tennyson, 1970; Hinds and Hinds, 1972; Skoffand Hamburger, 
1974; Vaughn et al., 1974; Williams et al., 1986). In all descrip- 
tive studies, growth cones are reported to contain a microfila- 
mentous feltwork and membranous vesicles with relatively few 
organelles. These vesicles are particularly abundant in in vitro 
studies (e.g., Bunge, 1973). In the present study, we often see 
large growth cone profiles filled with microfilamentous feltwork 
and containing only 1 or 2 small vesicular sacs. The overall 
similarity between the appearance ofgrowth cones in the present 
study and those in the literature (see above), as well as the well- 
fixed appearance of membranes and other structures such as 
mitochondria, suggests that the often bulbous appearance of the 
growth cone profiles is a valid feature of their morphology rather 
than the result of poor tissue preservation. 

Although several studies of growth cones have addressed the 
issue of axonal versus dendritic growth cone morphology, it is 
difficult to determine growth cone identity unequivocally. For 
example, studies addressing in vitro (Pfenninger and Bunge, 1974) 
and reactive growth cone formation (Knyihar-Csillik et al., 1985) 
may identify characteristics that differ from developing axonal 
and dendritic growth cone profiles in vivo. Serial reconstructions 
in vivo in embryonic tissue have shed some light on character- 
istics of dendritic (Hinds and Hinds, 1972; Skoff and Ham- 
burger, 1974; Vaughn et al., 1974) and axonal growth cones 
(Skoff and Hamburger, 1974). In one of these studies, dendritic 
growth cones are described as regular and either bulbous with 
sparse organelles or rather small and dense, whereas all axonal 
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Figure 10. A, Percent synapsing sim- 
ple and multiple terminals in the inter- 
laminar space and layers at each age 
studied after the beginning of laminar 
segregation. STs make up a larger per- 
centage of synapsing terminals in both 
the layers and the interlaminar space. 
The increase, however, between P4 and 
P7 in the nercentaae of laminar MTs 
may reflect-the mat;ration of some STs 
into MTs. B, Mean number of spinous 
and dendritic synapses in 10,000 pm2 
at each age studied. At P4, P7, and P15 
during dLGN development there are 
more synapses on spines than on den- 
drites. Between PI 5 and P90, the mean 
number of spinous synapses decreases 
and the mean number of dendritic syn- 
apses increases to roughly comparable 
levels. Statistical analysis reveals a sig- 
nificant interaction between synapse 
type and age (p = 0.008); however, 
paired t tests reveal the only age at which 
the difference between synapse type is 
significantly different is at P15 @ = 
0.04). The changes in synapse type with 
age may be correlated with decreases in 
the number of dendritic spines between 
early development and maturity. 

growth cone profiles are described as dense but with a more 
irregular profile (Skoff and Hamburger, 1974). 

In the tree shrew dLGN the size and shape of individual 
growth cones appear to be directly related to the stage of de- 
velopment, i.e., with increasing age the growth cones become 
increasingly linear. This observation may be due to one or both 
of 2 factors. First, both axonal and dendritic growth cones may 
become more linear either as they simply become more mature 
and send out increasingly finer processes or as a response to the 
increasing mass or changing nature of the neuropil. This is con- 
sistent with the idea that growth cones may change shape during 
development in response to changes in the extracellular envi- 
ronment (Norlander and Singer, 1982; Mason, 1985a, b). It may 
also be that the shape of growth cones may vary depending on 
the role they are playing in relation to other growth cones of 
the same type (Reh and Constantine-Paton, 1985). Second, it 
may be that only organelle-sparse, dendritic growth cones with 
a bulbous morphology are present early in development and 
that these are then replaced by denser, more linear dendritic, 
as well as axonal, growth cones. 

While it is impossible to distinguish between these factors 
without serial reconstructions at each of the ages in our study, 
several relevant observations can be made. For example, we 
often see bulbous profiles that are clearly presynaptic. Although 
the presence of presynaptic dendrites in the mature dLGN sug- 
gests that it is possible that the presynaptic growth cones in the 
early postnatal dLGN are dendritic, the overall immaturity of 
synaptic configurations at that stage of development makes it 
unlikely that all bulbous presynaptic growth cones are dendritic 
in origin. In addition, light microscopic evidence has demon- 
strated that the retinal fibers are not only in the dLGN at birth 
in tree shrews but are also segregated into eye-specific bands 
(Brunso-Bechtold and Casagrande, 1982). Since bulbous growth 
cones are by far the predominant morphological type at birth, 
it is quite likely that at least some of them are axonal. Thus, 

while dendritic and axonal growth cones undoubtedly vary in 
morphology, the maturation of the growth cone and its relation 
to the surrounding neuropil also may play a significant role in 
the determination of growth cone shape and size. 

It is perhaps not surprising that there is a decrease in growth 
cone number after P4. By that time retinal input is well estab- 
lished (Brunso-Bechtold and Casagrande, 1982) input from the 
superior colliculus is present, and input from the visual cortex 
has begun to arrive (Brunso-Bechtold and Casagrande, 1984). 
Between P7 and P15, however, there is an increase in growth 
cone number to a transient peak at P15. While there may be an 
actual transient, secondary increase in growth cone number, it 
may well be that the peak is instead due to a proliferation of 
dendritic spines at that stage of development. Several points 
support this conclusion. First, qualitative observation reveals a 
massive development of dendritic spines at P 15; we frequently 
observe spines with long necks and large collections of polyri- 
bosomes located at their bases in the dendritic shaft (see Steward 
and Falk, 1986). Second, our quantitative data reveal that growth 
cone areas are decreased to an average of 0.75 pm2 at PI 5. This 
puts many of the growth cones in the size range of large devel- 
oping spines. Since developing spines share many characteristics 
with growth cones, (i.e., presence of filamentous feltwork, pau- 
city of organelles), some may have been unavoidably included 
in our sample. 

The segregation of cells into individual layers begins about 
P2 in tree shrews. By P4 the interlaminar space between layers 
4 and 5 is wide enough to be clearly distinguishable. At that 
stage of development, there is no significant difference between 
the number of growth cones or size of growth cones in the layers 
and interlaminar spaces. By P7, however, well after the inter- 
laminar space between layers 4 and 5 can be distinguished, there 
are significantly more growth cones in the interlaminar space 
than in the adjacent layers. Since this difference is not present 
at P4, it is likely that, rather than playing a role in initiating the 
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segregation of cell layers, the growth cones may instead grow 
into the already formed interlaminar space, thus playing a role 
in widening them. 

Synapses 
It should be reemphasized here that the goal of the present study 
was to determine whether synaptogenesis plays a role in initi- 
ating the segregation of dLGN cells into layers. Thus, the pri- 
mary concern was one of quantification, not one of categori- 
zation. However, it also seemed important to quantify the results 
in a manner that reflected the lack of homogeneity of synaptic 
type apparent even before mature synaptic classifications can 
be distinguished. Consequently, synapses were categorized as 
STs and MTs, depending on whether the terminal had one or 
more synaptic contacts on different postsynaptic elements. 

At PO, all synapses fall in the category of STs. By P4, a few 
MTs are present, but the pale, watery mitochondria and glial 
encapsulations characteristic of RLPs cannot yet be distin- 
guished. It is not until P7 that hints of the adult synaptic mor- 
phology can first be distinguished. At that time, a few F-type 
terminals containing flattened vesicles and some presynaptic 
dendrites are present. Even so, these features are not common 
enough to be used as the basis of a meaningful categorization. 
By P15 the synaptic profiles are beginning to take on a more 
mature appearance and the beginnings of synaptic terminal en- 
capsulations can be seen, but the quantification of most ter- 
minals would still be equivocal using criteria established in the 
adult. 

One issue regarding synaptic type does arise, however, con- 
cerning the synaptic terminals present at PO. At that age no MT 
profiles are present. At PO, however, retinogeniculate fibers are 
known to be segregated into eye-specific bands in tree shrew 
dLGN (Brunso-Bechtold and Casagrande, 1982). At an even 
earlier developmental stage in cats, retinogeniculate fibers have 
been demonstrated to make functional contacts (Shatz and Kirk- 
wood, 1984). In addition, in the PO tree shrew, light microscopic 
results suggest that the majority of the corticogeniculate pro- 
jection have not yet entered the nucleus and that the collicu- 
logeniculate projection is not yet mature (Brunso-Bechtold and 
Casagrande, 1984). It thus seems unlikely that all of the ST 
profiles present at PO are extraretinal in origin. A more likely 
possibility is that many of the STs present at PO are instead 
immature retinal terminals, which eventually mature into large, 
complex MTs. This possibility is further supported by the ob- 
servation that the percentage of MTs in the layers increases 
approximately 2-fold between P4 and P7. Since the predomi- 
nant site of retinogeniculate termination is the layers, this sug- 
gests that some of the laminar STs may be maturing into MTs 
between P4 and P7. 

Regarding the distribution of postsynaptic elements (i.e., spine, 
dendrite, growth cone), there is no significant effect of location 
(layer vs. interlaminar space) or terminal type (ST vs. MT). 
There is, however, a significant difference in the overall numbers 
of spinous versus dendritic synapses. As previously discussed, 
at PO the numbers of synapses on spines and dendrites are 
roughly equivalent, as they are at maturity. However, during 
the first 2 postnatal weeks there is a much greater increase in 
the number of synapses on spines than on dendrites, with the 
number of spinous synapses reaching a peak at P 15. This is the 
same age at which we have suggested that our transient peak in 
growth cone number may, in fact, be due to the inclusion of 
developing spines in our sample. A similar transient period of 

numerous dendritic spines has been demonstrated in numerous 
systems, including the developing auditory hindbrain (Smith, 
198 1) and the visual cortex (Boothe et al., 1979; Michel and 
Garey, 1984). In addition, Sretavan and Shatz (1986) used an- 
terograde filling of retinogeniculate fibers with HRP to dem- 
onstrate that at early stages of development those fibers are 
covered with fine side branches. Although comparison of the 
times of laminar segregation in the 2 species suggests that that 
period in cats is considerably earlier in development than the 
peak of dendritic spines in tree shrews, it is difficult to make 
direct temporal comparisons between the species. It would be 
interesting to know whether there is any relation between the 
period of transient axonal side branches observed in cats and 
the period of transient dendritic spines we see in tree shrews. 
The reduction of dendritic spines as development progresses 
also could be explained by the absorption of the spine neck once 
permanent contacts are in place in order to conserve space as 
myelination increases. 

The basic picture presented by our results is one of steadily 
increasing synapse formation during postnatal development. This 
increase can be seen in the number of synapses in both the layers 
and the interlaminar space. Although there are always more 
synapses present in the layers, and there is a cumulative main 
effect of location (p = O.OOS), there is no significant difference 
in synaptic number with location at any particular age. This 
steady increase in synapse number during dLGN development 
is in contrast to the observation in many systems that there is 
an overproduction of synapses during development and a sub- 
sequent decrease at maturity (see Hopkins and Brown, 1984). 
It is further curious in light of the transient peak in dendritic 
spines suggested by our results; dendritic spine development is 
believed to mirror the ongoing synapse formation (e.g., Morest, 
1969; Hamori, 1973). It may well be that there is a transient 
peak in synapse density between P 15 and maturity that we have 
missed due to a lack of time points in that interval. Nevertheless, 
the lack of any peak in synapse number during laminar segre- 
gation, coupled with the fact that synapses are more prevalent 
in the layers than the interlaminar space, argues against the role 
of differential synapse formation along laminar borders in ini- 
tiating the segregation of dLGN cells into layers. 

Potential mechanisms of laminar segregation 
In summary, our data indicate there are not significantly more 
growth cones or synapses in the interlaminar space than in the 
layers during the early period of laminar segregation. These 
results thus suggest that the segregation ofdLGN cells into layers 
is not initiated by a selective development of neuropil elements 
at the laminar borders. This finding, however, does not by any 
means rule out a role of increasing neuropil in laminar segre- 
gation. Clearly, the increasing volume of neuropil as afferent 
pathways grow in, as dendrites and axon terminals develop, and 
as synaptic contacts are made leads to an increase in intercellular 
space. The critical question is how an overall increase in neuropil 
(i.e., versus a directed increase at the laminar borders) could 
result in the segregation of dLGN cells into distinct layers. 

One possible means of laminar segregation, although not di- 
rectly related to an increase in neuropil, is that dLGN cells may 
actively migrate towards the center of individual layers. A sec- 
ond possibility is that cells destined to be in the same layer may 
have a greater affinity for, or adhesion to, each other than to 
cells in adjacent layers. Finally, cells destined to be in the same 
layer may be kept together by a outside force such as glial cell 
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processes. In both of these latter possibilities, the overall in- 
crease in intercellular space due to expanding neuropil would 
lead to intercellular space formation along “faults” between 
layers where intercellular affinity is reduced or absent. 

The possibility that cells migrate to the center of each layer 

Guillery, R. W. (1969) The organization of synaptic interconnections 
in the laminae of the dorsal lateral geniculate nucleus of the cat. Z. 
Zellforsch. 96: 1-38. 

Guillery, R. W., A.-S. LaMantia, J. A. Robson, and K. Huang (1985) 
The influence of retinal afferents upon the development of layers in 
the dorsal lateral geniculate nucleus of Mute/ids. J. Neurosci. 5: 1370- 

is unlikely for 2 principal reasons. First, the cells do not appear 
migratory when examined ultrastructurally. Second, if migra- 
tion were occurring, there should be an increased density of cells 
in each layer early in the period of laminar segregation. Although 
no quantitative data on this issue are presently available, light 
microscopic examination reveals that, while there may be an 
increase in density along the lateral border of layer 4 during 
laminar development, such an increase is not seen either along 
the medial border of layer 4 or in any of the other developing 
layers. 

The other 2 possibilities, that the cells in a prospective layer 
have a higher affinity for each other than for cells in other layers 
or that the cells in a prospective layer are held together by outside 
constraints such as glia, remain plausible hypotheses. In either 
instance, the overall increase in intercellular space due to in- 
creasing volume of neuropil would lead directly to the formation 
of neuropil-filled spaces between individual cell layers. We are 
currently exploring both of these possibilities. One specific as- 
pect of the interrelationship of adjacent neuronal somata is ad- 
dressed in a companion paper (Brunso-Bechtold and Vinsant, 
1988). 
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