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In order to gain insight into the mechanisms involved in the 
formation of groupings of functionally similar cells in the 
developing nervous system, we have studied the formation 
of cell layers in the developing dorsal lateral geniculate nu- 
cleus (dLGN). To examine the possibility that a higher affinity 
or adhesion between cells in individual layers may play a 
role in laminar segregation, we studied cellular interrela- 
tionships in the dLGN of tree shrews before (PO), during (P4 
and P7), and just after (P15) laminar segregation has taken 
place. We compared our observations at these stages of 
development with similar observations in the adult. In none 
of the cases do we see evidence of gap junctions either 
between adjacent neurons or between neurons and pro- 
cesses in the surrounding neuropil. However, we frequently 
observe the presence of puncta adherentes between adja- 
cent neurons at all stages of development. These profiles 
are also present between neurons and cellular processes in 
the neuropil. We also see subsurface cisternae in all of our 
cases, although these are more pronounced before and dur- 
ing interlaminar space formation. As with the puncta adher- 
entes, these are found both between adjacent neurons as 
well as between neurons and other elements in the neuropil. 
We also see some evidence of what appear to be cytoplas- 
mic bridges between adjacent neurons; these are quite rare 
but appear to be present only before and during laminar 
segregation. Finally, we frequently see cytoplasmic pro- 
cesses interdigitated between otherwise immediately ad- 
jacent cells. These processes also are often found oriented 
along other portions of the neuronal plasmalemma. Whether 
these processes are portions of neuronal growth cones or 
glial processes is impossible to determine at this time. Be- 
cause of the potential role glial processes may play in the 
formation and maintenance of laminar ceil groupings during 
layer formation, we have also made a preliminary survey of 
whether glial cells can be distinguished ultrastructurally at 
the stages we have studied. 

Throughout the nervous system, functionally related cells are 
often segregated from the surrounding tissue. A particularly 
prominent example of such organization is in the visual system 
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of many species, in which cells in the dorsal lateral geniculate 
nucleus (dLGN) are arranged into distinct layers. These func- 
tionally distinct cell groupings, however, are not apparent at the 
time that dLGN cells migrate from their site of proliferation in 
the subventricular zone to their final location on the lateral 
surface of the developing diencephalon. Instead, in all species 
that have been studied, the dLGN cells initially comprise an 
undifferentiated cell mass that only secondarily segregates into 
the functionally distinct cell layers present in the adult (Rakic, 
1977; Linden et al., 198 1; Brunso-Bechtold and Casagrande, 
1982; Cusik and Kaas, 1982; Shatz, 1983). 

For some time we have been interested in the developmental 
mechanisms involved in the segregation of dLGN cell layers. 
Bilateral enucleation before the initiation of laminar segregation 
in both tree shrews and ferrets results in a subsequent failure of 
that segregation (Brunso-Bechtold and Casagrande, 1982; Guil- 
lery et al., 1985). The failure may be due to the absence of 
competition between the right and left eyes or to the simple 
absence of a major afferent input. In either case, there is a failure 
of the development mechanisms whereby the dLGN cells be- 
come physically segregated into layers. What those mechanisms 
are and how they are disrupted in bilateral enucleates remains 
unclear. 

One possible means of laminar segregation in normal animals 
is that developing dendritic processes in adjacent layers and 
ingrowing axons and their synaptic terminals are most dense at 
the laminar borders, thereby pushing the layers apart. This hy- 
pothesis, however, is not supported by our quantitative assess- 
ment of the laminar and interlaminar distribution of growth 
cones and synapses during dLGN lamination, which was pre- 
sented in the preceding paper (Brunso-Bechtold and Vinsant, 
1988). An alternate hypothesis is that there may be a greater 
affinity or adhesion between cells destined to be in a given layer 
for each other than for cells in the adjacent layers. Such an 
affinity would permit the overall growth of the neuropil to result 
in groups of cells being segregated from each other as interlam- 
inar spaces formed in regions of reduced affinity. 

Our preliminary ultrastructural studies of the developing 
dLGN have revealed that prior to laminar segregation, neurons 
are arranged in groups with considerable lengths of the plas- 
malemma of adjacent neurons in immediate contact (Brunso- 
Bechtold and Casagrande, 1985). Accordingly, we undertook a 
study of these regions of cell-cell contact in the developing 
dLGN during laminar segregation to look for ultrastructural 
correlates of the intercellular affinity or adhesion we have hy- 
pothesized. The present results have been presented previously 
in abstract from (Brunso-Bechtold and Vinsant, 1986). 
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Materials and Methods 
In the present study, we examined the dLGN from tree shrews sacrificed 
before (oostnatal dav 0’: PO). during (P4 and P8). and after (PI5 and 
P90) la&nar segregation. Td& same cases were u&d as in the preceding 
study (Brunso-Bechtold and Vinsant, 1988), and the reader is referred 
to that paper for the details of tissue preparation. Briefly, 2 animals 
from each time point were overdosed with sodium pentabarbital, trans- 
cardially perfused with a fixative of 2% paraformaldehyde, 2% glutar- 
aldehyde in 0.15 M sodium cacodylate buffer, and stored in the same 
fixative overnight at 4°C. The next day the brains were removed from 
the skull and sectioned horizontally on a vibratome; the binocular seg- 
ment ofthe dLGNs from the middle third of the nucleus (dorsoventrally) 
was cut out, and the blocks were dehydrated, osmicated, and embedded 
in Araldite. Thin sections were cut on an LKJ3 4800 ultramicrotome, 
collected onto Formvar-coated slot grids, stained, and viewed on an 
Hitachi 600CX electron microscope. Although the location of each 
micrograph was not documented as it was in the preceding study, each 
block contained only dLGN, insuring that all observations are from 
that nucleus. Furthermore, as each thin section included the mediola- 
teral extent of the nucleus, and as the entire section was studied, the 
observations reported here are not restricted to any specific layers or 
interlaminar regions. 

Results 
Before and during the segregation of dLGN layers, cells are often 
present in groups with juxtaposed plasma membranes. A low- 
power electron micrograph illustrating a group of dLGN cells 
at P4 is shown in Figure 1. A higher-power micrograph of 2 
adjacent cells in a similar group is shown in Figure 2, illustrating 
the extent of the plasma membranes in immediate contact. At 
each age, these areas of contact were examined for the presence 
of membrane specializations. 

In order to be certain that all membrane specializations in- 
cluded in the present study reflect the interrelationship between 
2 different neuronal somata, all analyses were done on juxta- 
posed neurons, both of which contained a distinct nucleus and 
nucleolus, thereby demonstrating that the membranes belonged 
to 2 different cells rather than to separate parts of a single cell. 
Thus, all examples presented here are from the immediately 
adjacent portions of 2 neurons; however, because of the in- 
creased magnification of some of the photomicrographs, the 
nuclei of these adjacent neurons cannot be seen. 

At none of the ages studied are gap junctions evident either 
between adjacent neurons or between neurons and processes in 
the surrounding neuropil. However, puncta adherentes are pres- 
ent between adjacent neurons. Although these are most frequent 
at ages when large groups of cells are commonly seen (i.e., before 
and during laminar segregation: Figs. 3A, PO; 3B, P4), these 
junctions also can be seen in older animals in the rare instances 
in which neurons are immediately adjacent. Figure 3Cillustrates 
such an example between 2 neurons in a mature tree shrew 
(P90). Furthermore, puncta adherentes are not only present be- 
tween adjacent neurons, they are also present between cells and 
processes in the surrounding neuropil. 

We also frequently observe the presence of subsurface cister- 
nae, which are segments of endoplasmic reticulum layered just 
under the surface of the plasma membrane. These can be seen 
at all ages, although they may be somewhat more common 
before and during laminar segregation. Figure 4A illustrates a 
subsurface cistern extending from the outer nuclear membrane 
of a neuron at P7; in this example the subsurface cistern is 
adjacent to a cytoplasmic process in the neuropil. These profiles 
are present singly and in pairs. A pair of subsurface cisternae 

’ We consider the first day of life to be postnatal day 0 or PO, the second day 
of life to be Pl, and so on. 

on either side of the plasma membranes of 2 adjacent neuronal 
somata, also at P7, is illustrated in Figure 4B. An example of 2 
subsurface cisternae within the same cell from the dLGN of a 
PO tree shrew is illustrated in Figure 4C. 

In addition to the membrane specializations described above, 
close inspection of segments of juxtaposed neuronal plasma 
membranes reveals the very occasional presence of cytoplasmic 
bridges. An example of a cytoplasmic bridge at PO is illustrated 
in Figure 5A; note the membranous sac at the confluence of the 
2 cells (arrow). In order to be certain that these profiles are not 
artifactual, a very rigid set of criteria had to be met before such 
a profile was considered to be a cytoplasmic bridge. First, and 
most obvious, the membrane preservation ofthe other elements 
in that case had to be excellent. Second, there had to be some 
structural continuity between the adjacent cells, such as micro- 
filaments or vesicles, that bridged the confluence between the 
cells. Third, each example was rotated using a goniometer along 
an axis parallel with that of the juxtaposed membranes to be 
certain that plasma membranes were not present across the 
apparent confluence but simply out of focus due to the plane of 
section. Only if all 3 of these criteria were met was a profile 
considered to be a cytoplasmic bridge. Another example of a 
cytoplasmic bridge with several vesicles (left arrow) at the con- 
fluence of the 2 cells is shown in Figure 5B; the right arrow 
indicates a punctum adherens. However, these profiles are only 
infrequently present before and during laminar segregation and 
are never seen after the cell layers have formed. 

In our analyses of juxtaposed segments of adjacent neuronal 
somata, it became clear that there were often thin cytoplasmic 
processes interdigitated between otherwise immediately abut- 
ting plasma membranes. An example of cytoplasmic processes 
between adjacent cells is illustrated at P14 (Fig. 6A) and P7 (Fig. 
6B). Not only are these processes present between adjacent neu- 
ronal somata, they are often present (sometimes in “stacks”) on 
other surfaces of the neuronal somata (Fig. 6C, P4). Whether 
these processes are filopodia of neuronal growth cones or glial 
processes cannot be unequivocally determined in this material. 
They are, however, strikingly similar in appearance to the glial 
processes in the adult dLGN. Figure 7 illustrates an example of 
glial processes (arrows, Fig. 7A) adjacent to an adult neuron, as 
well as glial encapsulation (arrows, Fig. 7B) of retinogeniculate 
terminals in the adult tree shrew. 

Because of the possibility that the cytoplasmic processes we 
observed were glial in origin, we made a preliminary ultrastruc- 
tural survey of whether glia can be distinguished in the tree 
shrew dLGN at this stage of development. For comparison with 
glial morphology during this period, Figure 8 illustrates ex- 
amples of neuronal morphology at P4 (Fig. 8A), P7 (Fig. 8B), 
and P15 (Fig. 8C). Nuclear chromatin is somewhat clumped, 
with no evidence of a ring of heterochromatin lining the nuclear 
membrane. The cytoplasm is relatively light and clear, and there 
are relatively few free polyribosomes. Rough endoplasmic re- 
ticulum, Golgi apparatus, and mitochondria are evident. 

By PO in tree shrews, some non-neuronal profiles are clearly 
present. There are a few immature oligodendrocytes present near 
the optic tract, but myelin figures are not seen. Astrocytes can 
be distinguished immunocytochemically in the ferret dLGN at 
a comparable stage of development (Brunso-Bechtold, unpub- 
lished observations). Nevertheless, on the basis of ultrastruc- 
tural criteria, most PO glia appear to be glioblasts, which are 
distinct from neurons but are difficult to categorize as astrocytes, 
oligodendrocytes, or microglia. By P4, astrocytes can more readily 
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Figure I. Group of adjacent cells at P4 in the tree shrew dLGN. Before and during the segregation of dLGN cell layers, cells can be seen in groups 
with immediately adjacent plasma membranes. x 7500. 
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Figure 2. Segment of juxtaposed plasma membranes between two adjacent neurons. This example is from the tree shrew dLGN at P4 but is 
typical of adjacent neurons before and during cell segregation. x 24,000. 
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Figure 3. Puncta adherentes in the developing tree shrew dLGN. Puncta adherentes are occasionally seen whenever neurons are adjacent to each 
other. Examples are illustrated at PO (A), P4 (II), and P90 (C). x 54,000. 
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Figure 4. Subsurface cistemae in the developing tree shrew dLGN. Subsurface cistemae are seen at all stages of dLGN development although 
they may be somewhat more prevalent before and during cell layer formation. A, Lower 2 arrowheads indicate a subsurface cistema that is an 
extension of the outer nuclear membrane and is found adjacent to a cytoplasmic process at P7; upper arrowhead indicates juxtaposition of the 
plasma membranes of the neuron and the cytoplasmic process. x 33,750. B, A pair of subsurface cistemae (arrowheads) along the plasma membrane 
of 2 different, immediately adjacent neuronal somata at P7. x 50,000. C, Two subsurface cistemae (arrowheads) just under the plasma membrane 
of a neuron in contact with an adjacent neuronal somata at PO. x 50,000. Nu, nucleus. 
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Figure 5. Cytoplasmic bridges in the developing tree shrew dLGN. Although rare, cytoplasmic bridges such as these in the tree shrew at PO (A) 
and P7 (B) are seen before and during but not after cell layer segregation. Such bridges have been reported in other systems and have been 
hypothesized to synchronize the differentiation of developing cells (see text). Long arrows point to membranous vesicles at the site of the cytoplasmic 
bridges. Short arrow points to a punctum adherens. x 67,000. 
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Figure 6. Cytoplasmic processes in the developing tree shrew dLGN. Cytoplasmic processes (arrowheads) are common features of all the immature 
ages we have studied. In A (P14) and B (P7) they are interposed between otherwise immediately adjacent neuronal somata. Subsurface cistemae 
in A are present in each neuron adjacent to the cytoplasmic process. The processes are also found along the outside surface of the somata as 
illustrated in C (P4). Nu, nucleus. A, x 33,600; B, x 21,600; C, x 28,000. 
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Figure 7. Glial processes in the adult dLGN. Arrows in A (P90) indicate glial processes adjacent to neuronal somata in the adult. Arrows in B 
indicate glial process encapsulating the multiple terminal (MT) in the adult. Note the similarity in appearance to the cytoplasmic processes observed 
during development. Nu, nucleus. A, x 21,600; B, x 32,400. 
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Figure 8. Immature neurons in the developing tree shrew dLGN. Examples of neurons are shown from P4 (A, x 1 O,OOO), P7 (B, x 8000) and P15 
(C, x 8750). Neurons, in contrast to immature glia, have relatively few free ribosomes; narrow-bore rough endoplasmic reticulum, not arranged in 
a definitive pattern; somewhat clumped nuclear chromatin with no evidence of deposits of heterochromatin at the periphery of the nucleus. Large 
nucleoli are common. Nu, nucleus; G, Golgi apparatus; ER, endoplasmic reticulum. 
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Figure 9. Immature astrocytes in the developing tree shrew dLGN. Immature astrocytes can be distinguished on the basis of ultrastructural criteria 
at P4: (1) ring of heterochromatin at the periphery of the nucleus, (2) otherwise homogeneous nuclear euchromatin, (3) paler cytoplasm than in 
oligodendrocytes, and (4) usually enlarged, densely filled cistemae of rough endoplasmic reticulum (arrowheads). Immature astrocytes are illustrated 
at A (P4), x 11,000; B (P7), x 13;500; and C (P15), x 13,500. Nu, nucleus; Z, astrocytic inclusion body. 
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Figure IO. Immature oligodendrocytes in the developing tree shrew dLGN. A few oligodendrocytes can be distinguished at PO, mostly near the 
optic tract, although myelinated fibers are not seen. We could distinguish immature oligodendrocytes on the basis of the following criteria: (1) 
dense, often blotchy chromatin in the nucleus; (2) usually many neurotubules and free ribosomes; (3) endoplasmic reticulum studded irregularly 
with ribosomes and often present in regular rows; (4) frequently abundant and enlarged Golgi apparatus; and (5) cytoplasm denser than in astrocytes. 
Immature oligodendrocytes are illustrated at A (P4), x 15,600; B (P7), x9625; and C (P15), x 17,000. Nu, nucleus; G, Golgi apparatus; ER, 
endoplasmic reticulum. 
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be distinguished on the basis of a ring of heterochromatin at Consequently, the subsurface cisternae in the developing dLGN 
the periphery of the nucleus, with otherwise generally homo- may be playing a role not unlike that hypothesized for gap 
geneous euchromatin throughout the nucleus, distended cister- junctions in other tissues. Especially in instances in which the 
nae of rough endoplasmic reticulum filled with relatively dense subsurface cistemae appear in pairs, the positioning of the layers 
material (arrowheads, Fig. 9A), and paler cytoplasm than is of endoplasmic reticulum just under the plasma membrane, and 
found in oligodendrocytes (Vaughn and Peters, 1974; Skoff et thus the potential for affecting the neuronal surface, seems par- 
al., 1976; Pamavelas et al., 1983). Astrocytes of similar ap- titularly well suited to neuron-neuron or neuron-glia com- 
pearance are also present at P7 (Fig. 9B) and P15 (Fig. 9C’). munication (see also Le Beux, 1972; Watanabe and Bumstock, 

Although unlikely to be the source of the cytoplasmic pro- 1976). 
cesses we see, oligodendrocytes in the dLGN can also be dis- 
tinguished at P4. The nucleus contains dense, often blotchy Cytoplasmic bridges 
chromatin. The cytoplasm is considerably denser than that of Although cytoplasmic bridges are only rarely found in our ma- 
astrocytes, and there are many free ribosomes, as well as narrow- 
bore cisternae of rough endoplasmic reticulum irregularly stud- 
ded with ribosomes, many neurotubules, and abundant Golgi 
profiles (Fig. 1OA) (Vaughn and Peters, 1974; Skoff et al., 1976; 
Pamavelas et al., 1983). Examples of oligodendrocytes at P7 
and P15 are illustrated in Figure 10, B and C, respectively. 

Discussion 
The goal of the present investigation was to determine whether 
ultrastructural profiles exist that might mediate the cell-cell af- 
finity or adhesion we have hypothesized during the period of 
cell layer segregation in the dLGN. To achieve this goal, we 
examined juxtaposed segments of neuronal plasma membranes 
in the groups of dLGN cells that we have reported to be present 
before and during the segregation of dLGN cell layers (Brunso- 
Bechtold and Casagrande, 1985). While our results have not 
revealed any definitive ultrastructural correlates of an intercel- 
lular affinity between dLGN cells, we have observed specialized 
profiles that help to characterize the intercellular relationships 
before, during, and after laminar segregation. 

Membrane specialization 
Puncta adherentes have long been recognized to play a role in 
the physical attachment of adjacent cells to each other (McNutt 
and Weinstein, 1973; Ginzberg et al., 1985). And perhaps not 
surprisingly, these profiles are occasionally present when cells 
are adjacent to each other regardless of developmental stage. 
Careful analysis of cell groupings before and during laminar 
segregation, however, reveals that these profiles are by no means 
sufficiently prevalent to be a major mechanism of specific cel- 
lular adhesion during that time. 

Gap junctions are known to be involved in cellular coupling 
and are found in several different regions of the developing 
embryo (Potter et al., 1966; Ginzberg et al., 1985; see Caveney, 
1985, for review), as well as specifically in the developing ner- 
vous system (Hayes and Roberts, 1975; Mollgord and Moller, 
1975). We therefore anticipated that these profiles might also 
be present between immediately adjacent cells during the period 
of laminar segregation. Despite careful survey of the tissue how- 
ever, we have been unable to find any evidence of gap junctions 
between dLGN neuronal somata during the period of cell layer 
segregation. 

Another membrane specialization, the subsurface cistema, 
has been reported widely in the nervous system, although it has 
not been described in detail during development. This special- 
ization has been reported to be present only in neurons but to 
be positioned adjacent to glia (Siegesmund, 1968) as well as 
other neurons (Fisher and Goldman, 1975; Her&s and Lafarga, 
1979). The major function is believed to be more closely related 
to intercellular communication than adhesion (Rosebluth, 1962). 

terial, they merit mention for several reasons. First, they are 
found in tissue in which other membranes are excellently pre- 
served without discontinuities. Second, they are present only 
before or during the time cell layers are segregating; they are 
never seen after P7. Furthermore, such structures have been 
documented in other developing systems. Das (1975, 1977) re- 
ported that they are present in the developing cerebellum and, 
with serial reconstruction, showed that the vesicles which are 
often present in the confluence between the 2 cells result in a 
lattice of narrow continuities between adjacent cells. He hy- 
pothesized that the cytoplasmic bridges could play a role in 
synchronizing cell differentiation. “Incomplete cytokinesis,” 
which closely resembles the cytoplasmic bridges described here, 
has also been reported in the immature bat raphe nuclei (Machin 
et al., 1983). In the dLGN it is unlikely that the cytoplasmic 
continuities we occasionally see are due to incomplete cell di- 
vision since cells divide in the subventricular zone and then 
migrate to the lateral surface of the diencephalon (Rakic, 1977). 
Cytoplasmic bridges have also been observed in the developing 
chick trigeminal system (Heaton and Moody, 1980) as well as 
in a very different system, the tubular accessory gland of the 
meal worm (Happ and Happ, 1982). In the latter system, they 
are also believed to play a role in synchronizing differentiation. 

One interesting possibility then is that these cytoplasmic 
bridges could play a role, perhaps in conjunction with subsurface 
cisterns, in synchronizing the differentiation of dLGN cells. Ac- 
cordingly, once all cell layers have begun to segregate, the cells 
would differentiate in synchrony. If the plasma membranes of 
adjacent dLGN cells adhere to one another by molecular cell 
surface affinities, the composition of the cell surface might then 
be altered to result in reduced interneuronal affinities. Such a 
possibility is certainly consistent with our observation that, after 
the segregation of dLGN cell layers, the neuronal somata are 
no longer found in large groups with much of their plasma 
membranes in immediate contact. 

Cytoplasmic processes 
The frequent interdigitation of fine cytoplasmic processes be- 
tween otherwise immediately adjacent neuronal plasma mem- 
branes before and during dLGN laminar segregation raises the 
issues both of the identity of these processes and of what role 
they might play in that segregation. With respect to their iden- 
tity, it is impossible at this point to be certain whether they are 
filopodia of neuronal growth cones or fine extensions of devel- 
oping astrocytes. Only serial reconstruction and/or electron mi- 
croscopic immunocytochemistry will allow absolute determi- 
nation. Some of the profiles share many of the features of growth 
cones (Brunso-Bechtold and Vinsant, 1988) having a meshwork 
of microfilaments, few organelles, and occasional membranous 
sacs or vesicles. Reports in the literature suggest that the absence 
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of ribosomes and intermediate filaments distinguish processes 
as neuronal growth cones rather than extensions of glia (Wil- 
liams et al., 1986). However, the fine glial processes that en- 
capsulate the retinogeniculate terminals generally do not appear 
to contain those organelles. In summary, we feel it is premature 
to identify these profiles as either neuronal or glial in origin; in 
fact, they may well be comprised of both. 

Regardless of the origin of the cytoplasmic processes, the 
question arises of what their role might be in the developing 
dLGN. If they are neuronal growth cones, they may be using 
the surface of the dLGN neurons for pathfinding. Conversely, 
if they are glial processes, they may be playing a role in inter- 
cellular communication via subsurface cisterns or in the inter- 
cellular affinity we have hypothesized between cells destined to 
occupy the same layer. They could, for example, be essentially 
“holding together” cells within a layer via a combination of 
mechanical and molecular cell surface mechanisms. Consider- 
able recent evidence points to such involvement of glia in the 
developing cytoarchitecture of structures in the CNS (e.g., Coo- 
per and Steindler, 1986; Hatten and Mason, 1986) as well as 
in developing fiber pathways (Silver, 1984). Clearly, the final 
resolution of this issue awaits further investigation. 
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