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During development of the mammalian cerebral cortex, tha- 
lamic axons must grow into the telencephalon and select 
appropriate cortical targets. In order to begin to understand 
the cellular interactions that are important in cortical target 
selection by thalamic axons, we have examined the mor- 
phology of axons from the lateral geniculate nucleus (LGN) 
as they navigate their way to the primary visual cortex. The 
morphology of geniculocortical axons was revealed by plac- 
ing the lipophilic tracer Dil into the LGN of paraformaldehyde- 
fixed brains from fetal and neonatal cats between embryonic 
day 26 (E26; gestation is 65 d) and postnatal day 7 (P7). 

This morphological approach has led to three major ob- 
servations. (1) As LGN axons grow within the intermediate 
zone of the telencephalon toward future visual cortex (E30- 
40), many give off distinct interstitial axon collaterals that 
penetrate the subplate of nonvisual cortical areas. These 
collaterals are transient and are not seen postnatally. (2) 
There is a prolonged period during which LGN axons are 
restricted to the visual subplate prior to their ingrowth into 
the cortical plate; the first LGN axons arrive within visual 
subplate by E36 but are not detected in layer 6 of visual 
cortex until about E50. (3) Within the visual subplate, LGN 
axons extend widespread terminal branches. This repre- 
sents a marked change in their morphology from the simple 
growth cones present earlier as LGN axons navigate en route 
to visual cortex. 

The presence of interstitial collaterals suggests that there 
may be ongoing interactions between LGN axons and sub- 
plate neurons along the entire intracortical route traversed 
by the axons. From the extensive branching of LGN axons 
within the visual subplate during the waiting period, it ap- 
pears that they are not simply “waiting.” Rather, LGN axons 
may participate in dynamic cellular interactions within the 
subplate long before they contact their ultimate target neu- 
rons in layer 4. These observations confirm the existence of 
a prolonged waiting period in the development of thalamo- 
cortical connections and provide important morphological 
evidence in support of the previous suggestion that inter- 
actions between thalamic axons and subplate neurons are 
necessary for cortical target selection. 

Received May 31, 1991; revised July 29, 1991; accepted July 30, 1991. 

We thank Drs. E. I. Knudsen, J. H. P. Skene, and W. T. Newsome for useful 
comments on the manuscript, and R. Yamawaki for help with fetal surgeries. This 
work was supported by NIH Grant EY02858 to C.J.S. and NIH Training Grant 
HD07249 to A.G. 

Correspondence should be addressed to Dr. Carla J. Shatz, Division of Neu- 
robiology, Department of Molecular and Cell Biology, ISA 221, University of 
California, Berkeley, CA 94720. 
Copyright 0 1992 Society for Neuroscience 0270-6474/92/120039-17$05.00/O 

In the mammalian brain, most of the sensory information from 
the periphery is relayed to the cerebral cortex via the thalamus. 
Neurons in distinct nuclei of the thalamus project to different 
areas of the cortex. For example, in the visual pathway neurons 
of the lateral geniculate nucleus (LGN) project to the dorsal and 
posterior regions of the cerebral hemispheres, whereas neurons 
of the medial geniculate nucleus (MGN) project to lateral cortex 
as part of the primary auditory pathway. In order to understand 
how appropriate connections form between neurons of the thal- 
amus and their cortical targets, we have studied the morpho- 
logical development of axons of LGN neurons in fetal and neo- 
natal cats from the time of initial outgrowth to the time when 
LGN axons arrive at their ultimate target, cortical layer 4. 

In the adult cat visual system, LGN axons project primarily 
to layer 4 of cortical areas 17 and 18 (Garey and Powell, 1967; 
Wilson and Cragg, 1967; Niimi and Sprague, 1970; Rosenquist 
et al., 1974). The LGN axon terminals representing each eye 
are segregated from each other in layer 4, giving rise to the 
periodic system of ocular dominance columns (Hubel and Wie- 
sel, 1962, 1969, 1972; Shatz et al., 1977; Anderson et al., 1988). 
Previous studies using the transneuronal transport of radioac- 
tive amino acids have defined the time course of development 
of the geniculocortical projection (LeVay et al., 1978; Shatz and 
Luskin, 1986). In the cat, radioactive label representing LGN 
axons can be detected in the vicinity of future visual cortex as 
early as embryonic day 40 (E40; gestation is 65 d) (Shatz and 
Luskin, 1986). However, label cannot be detected within the 
cortical plate until E55. Between E40 and E55, radioactive label 
is restricted to the zone below the cortical plate, called the sub- 
plate. Thus, LGN axons seem to wait in the subplate below 
visual cortex for an extended period of time before growing into 
the cortical plate. This period has been called the “waiting pe- 
riod” and has been found to be a common feature of many 
axonal systems growing into the cortex (Rakic, 1977; Wise et 
al., 1977; Wise and Jones, 1978; Innocenti, 1981). Autoradio- 
graphic evidence also indicates that, in the cat, by postnatal day 
7 (P7) LGN axons have grown into the cortex and are largely 
restricted to layer 4 (LeVay et al., 1978; Shatz and Luskin, 1986). 
At this age geniculocortical axons representing the two eyes are 
intermixed with each other. The axons begin segregating at about 
3 weeks after birth, and eye-specific axon segregation is largely 
complete by about the sixth postnatal week, giving rise to the 
periodic system of ocular dominance columns (LeVay et al., 
1978). 

In the present study we have used the lipophilic tracer DiI 
(1,l ‘-dioctadecyl-3,3,3’,3’-tetramethylindocarbocyanine per- 
cholate; Godement et al., 1987) to label LGN axons in aldehyde- 
fixed brains. In contrast to autoradiographic tracing, this tech- 



40 Ghosh and Shatz l Pathfinding by Geniculocortical Axons 

Table 1. Age distribution of reconstructed LGN axons dehyde in the same buffer. Following perfusion, the cranium was re- 
moved and the brain was placed in the same fixative. 

Age at perfusion 

E26-E35 
E36-E45 
E46-E55 
E56-E65 (=PO) 
Pl-P7 

Total axons reconstructed 

Number of axons 
reconstructed 

15 
14 
20 

9 
11 

69 

nique allows the visualization of single axons and growth cones 
in fetal and neonatal brains. In particular, we have studied in 
detail the morphology of LGN axons during the waiting period 
in the development of the cat’s geniculocortical projection. Dur- 
ing this period, LGN axons accumulate in the subplate, a zone 
that contains a special population of neurons, the subplate neu- 
rons. These neurons acquire many characteristics of mature 
neurons during fetal development, and then almost all of them 
die early in postnatal life (Chun and Shatz, 1989a,b; Kostovic 
and Rakic, 1990; for review, see Shatz et al., 1990). Subplate 
neurons are the first postmitotic neurons of the telencephalon 
(Kostovic and Rakic, 1980; Luskin and Shatz, 1985a,b). They 
are known to receive synapses on their somata and dendrites 
(Chun and Shatz, 1988), and many of them can be synaptically 
driven by white matter stimulation in cortical slices (Friauf et 
al., 1990). These neurons send the first cortical efferent projec- 
tions to the thalamus and other subcortical targets and maintain 
a projection to the LGN during fetal life (McConnell et al., 
1989). Moreover, ablating visual subplate neurons at the be- 
ginning of the waiting period prevents LGN axons from rec- 
ognizing and innervating visual cortex (Ghosh et al., 1990). 
Therefore, we were especially interested in examining the mor- 
phology of LGN axons within the subplate to learn more about 
the interaction of these axons with subplate neurons. In addi- 
tion, in view of the recent report that there is no waiting period 
in thalamocortical development in rodents (Catalan0 et al., 199 l), 
we wished to reexamine this issue in the cat using the more 
sensitive technique of DiI labeling. 

Materials and Methods 
Geniculocortical axons were labeled by placing crystals of DiI into the 
LGN of paraformaldehyde-fixed brains. Sixty-nine LGN axons from 
animals aged E26 (gestation is 65 d) to P7 were reconstructed using 
camera lucida and analyzed; the age distribution of axons examined is 
shown in Table 1. 

Surgical procedure. All procedures included sterile surgical technique 
to externalize fetuses by cesarian section. Timed-pregnant cats were 
initially anesthetized by intramuscular injection of ketamine hydro- 
chloride (20 mg/kg) and acepromazine (0.2 mg/kg). Anesthesia was 
maintained by halothane (0.5-2% in 0,) administered through an en- 
dotrachial tube, and the appropriate level was monitored by ventilation, 
heart rate, and withdrawal reflexes. A 5% dextrose/saline intravenous 
drip was maintained throughout the surgery. Terbutaline sulfate was 
administered (0.03 mg/kg, i.v.) before each fetal manipulation to prevent 
uterine contraction. After surgery, the animals were given analgesics 
and monitored in the 24 hr/d intensive care unit for at least 36 hr. 
Further details of the surgical procedure can be found in Luskin and 
Shatz (1985a). 

Tissue preparation for histology. Fetal animals were anesthetized 
transplacentally through maternal anesthesia; postnatal animals were 
deeply anesthetized by an intraperitoneal injection ofNembutal(35 mpl 
kg). Animals were perfused transcardially using a peristaltic pump with 
0.1 M sodium phosphate buffer (pH 7.4), followed by 4% paraformal- 

DiZ injections. To visualize geniculocortical axons, small crystals of 
DiI (Molecular Probes, D282) were placed into the LGN of fixed brains 
using insect pins. Throughout most of development, with the exception 
of the earliest ages studied (E26-36), the LGN appears as a distinct 
bulge on the dorsolateral surface ofthe thalamus, permitting the accurate 
visual nlacement of DiI crvstals. The location of the LGN between E26 
and E36 was estimated based on the region of the thalamus where the 
earliest retinal axons have been shown to terminate using intraocular 
injections of radioactive amino acids (Shatz, 1983). At E36 the location 
of the LGN was also verified by retrogradely labeling thalamic neurons 
from posterior neocortex (presumptive visual cortex). In animals older 
than P5, DiI was placed into the optic radiations in l-mm-thick coronal 
slices through visual cortex because DiI labeling from the LGN did not 
work at these ages; LGN axons in these experiments were identified 
based on their adultlike arborization patterns within layers 1, 4, and 6 
of visual cortex (Gilbert and Wiesel. 1979: Humohrev et al.. 1985a.b). 
The DiI-injected brains were stored in 4Oi paraformaldehyde in 0.1 b 
sodium phosphate buffer (with 0.05% sodium azide) at room temper- 
ature, or at 37”C, for 2-5 months to allow for diffusion of the label. 
Coronal sections (100-200 pm) were cut on a vibratome, coverslipped 
with glycerol, and viewed under rhodamine epifluorescence optics. The 
various zones of the cerebral wall (marginal zone, cortical plate, 
intermediate zone, and ventricular zone) were identified by counters- 
taining sections with the fluorescent counterstain meta-phenylenedi- 
amine (MPD, Quinn and Weber, 1988) which appears green under 
fluorescence optics. 

Reconstruction of individualaxons. Individual DiI-labeled axons from 
200-pm-thick vibratome sections were drawn using a camera lucida 
with a 40 x water-immersion objective and a 10 x eyepiece. The high 
density of DiI-labeled axons usually made it impossible to follow single 
axons over several sections. Consequently, only axons with most, if not 
all, terminal branches (identified by the presence of growth cones) re- 
stricted to a single section were drawn and analyzed. Since DiI is trans- 
ported both anterogradely and retrogradely, it was important not to 
mistake the axon collaterals of retrogradely labeled subplate or cortical 
plate neurons for geniculocortical axons. This was achieved by limiting 
axon reconstructions to cases where each axon could be traced back to 
the optic radiations and by selecting sections that had very few, if any, 
retrogradely labeled cells. In several instances DiI-labeled sections were 
photoconverted to obtain an electron-dense diaminobenzidine (DAB; 
Sigma Chemical Co.) reaction product for photographic purposes. 

Photoconversion. DiI-labeled sections were incubated in a cold, fil- 
tered solution of DAB (75 mg of DAB in 50 ml of Tris buffer, pH 8.2) 
for 2 hr before being illuminated in the same solution under rhodamine 
epifluorescence optics. A dense DAB reaction product in DiI-labeled 
axons was clearly visible in 30-60 min. Sections were subsequently 
washed in Tris buffer (pH 7.4), dehydrated, and coverslipped with Per- 
mount. This procedure is similar to ones described previously (Maranto, 
1982; Sandell and Masland, 1988). 

Results 
We have examined the morphological changes in LGN axons 
from E30 to P7 in the cat. E30 was selected as the starting point 
for our study because it is the earliest age at which an injection 
of DiI into the LGN labels axons within the telencephalon prop- 
er, rather than within the thalamus or internal capsule. LGN 
neurons are generated between E2 1 and E3 1, and the nucleus 
itself cannot be readily identified until about E30, when many 
of the earliest-born neurons have completed their migration 
from the ventricular zone (Shatz, 1983; Hickey and Hitchcock, 
1984). P7 was chosen as the end point of our study because at 
this age the majority of LGN axons have arrived within cortical 
layer 4, where they will eventually segregate into ocular domi- 
nance columns. Thus, the period between E30 and P7 is one in 
which LGN axons must grow along the correct pathway through 
the developing cortical white matter, select visual cortex as the 
appropriate cortical target, and invade and arborize within 
layer 4. 

The appearance of the LGN as a distinct bulge in the dor- 



Figure 1. DiI placement site in the LGN at E43. A, The DiI injection 
site, marked by an arrow, can be seen under bright-field illumination 
in this 200 rrn coronal section near the dorsolateral surface of the 
thalamus. B, The diffusion of DiI near the injection site after the brain 
had been stored in fixative for 2 months is shown in the same section 
as in A under rhodamine epifluorescence. The DiI label has diffused 
throughout the LGN but not into other thalamic nuclei. The optic tract, 
which contains retinal ganglion cell axons projecting to the LGN, is also 
heavily labeled retrogradely (open arrows). Scale bar, I mm. 

solateral surface of the thalamus allowed us to position the DiI 
crystals accurately at most ages. An example of a DiI injection 
site in the LGN at E43 is shown in Figure 1, A and B. When a 
few crystals of DiI are inserted into the LGN, labeling is re- 
stricted almost exclusively to the nucleus. Since DiI diffuses 

E30 
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passively along membranes, it can travel both anterogradely 
and retrogradely. Thus, as shown in Figure lB, the optic tract 
containing retrogradely labeled axons of retinal ganglion cells is 
also labeled selectively, confirming accurate and restricted place- 
ment of the tracer within the LGN. 

Survey of geniculocortical axon development 
The general features of development of the geniculocortical pro- 
jection are shown in Figures 2 and 3. At E30 the first axons 
from dorsolateral thalamus have entered the telencephalon (Fig. 
2A). Once in the telencephalon, LGN axons travel within the 
intermediate zone (between the cortical plate and the ventricular 
zone) dorsally and posteriorly toward the region of future visual 
cortex. By E36, growth cones of the very first LGN axons can 
be detected within a fascicle of fibers below visual cortex (Fig. 
2B,Q this fascicle is called the optic radiations. Between E36 
and E50 there is a striking increase in the number of axons that 
are present in the vicinity of visual cortex. However, instead of 
growing into the cortical plate upon arrival, these axons accu- 
mulate within the subplate zone below visual cortex (a region 
we shall refer to as visual subplate) to form a dense plexus of 
fibers, as shown in Figure 3A at E50. At E50 the first LGN axons 
can also be seen within the cortical plate, and by E60 many of 
them have traversed past layers 6 and 5, and entered layer 4 
(Fig. 3B). Once within layer 4, axons begin to branch so that 
by P7 distinct terminal arbors can be recognized (e.g., see Fig. 
15). DiI placement into the optic radiations at P20 reveals a 
large number of highly branched LGN axons present in layers 
4 and 6 of visual cortex (Fig. 30. 

This basic description of the development of the geniculo- 
cortical projection confirms and extends previous observations 
based on autoradiographic labeling techniques. The compara- 

Figure 2. The location of thalamocortical axons within the telencephalon at E30 and E36 as seen in coronal sections. A, At E30, DiI-labeled 
axons (arrowhe&) can be seen within the internal capsule (IC) and the intermediate zone of the lateral telencephalon following placement of DiI 
into dorsolateral thalamus (presumptive LGN) on the ipsilateral side. I?, At E36, DiI placement into the LGN results in the labeling of a tight 
fascicle ofaxons, the optic radiations, within the intermediate zone of the lateral telencephalon (arrowheads) and a few axons near dorsal telencephalon 
(region of future visual cortex). C, Individual DiI labeled axons within the optic radiations (OR) can be seen approaching presumptive visual cortex 
in this higher-magnification view of the boxed region in B. Dorsal is up; lateral is to the leff. MZ, marginal zone; CP, cortical plate. Scale bar. I 
mm for A and B, I50 rrn for C. 
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Figure 3. The location of LGN axons in the visual cortex at E50, E60, and P20. A, At E50, a large number of axons labeled from the LGN can 
be seen restricted to the visual subnlate UPI immediatelv below the cortical nlate (CP). The occasional cellular elements labeled within the cortical 
plate are axons that grow into the mar&al zone (MZ, arrowhead) and retrograde& labeled cortical pyramidal neurons that have axons at or near 
the thalamic injection site (arrow). B, At E60, many D&labeled LGN axons (arrowheads) can be seen within the cortical plate, while a large number 
are still nresent in the subnlate. C. At P20. axons labeled in the visual cortex from a DiI placement in the optic radiations are largely restricted to 
layers 4 and 6. WM. white matter. Scale bar, 500 pm for A-C. 

tively better resolution of DiI labeling reveals that LGN axons 
arrive near visual cortex by E36 (see also Fig. 7) but are not 
present in the cortical plate until E50. Previously, in the cat, 
the waiting period below visual cortex was believed to extend 
from E40 until E55 based on transneuronal autoradiographic 
labeling experiments (Shatz and Luskin, 1986). The present ob- 
servations confirm the existence of a prolonged period when 
LGN axons remain confined to visual subplate, but indicate 
also that LGN axon growth is further advanced than previously 
thought with respect to the neurogenesis of target cortical neu- 
rons. Whereas the first LGN axons are present below visual 
cortex by E36, their primary target layer 4 neurons are not 
generated in the ventricular zone until E38 (Shatz and Luskin, 
1986). Our experiments also indicate that LGN axons undergo 
several stages of morphological development before arriving in 
cortical layer 4. These morphological changes are detailed be- 
low. 

Growth cone morphology of developing 
geniculocortical axons 

Growth cones are considered to be important in axon elongation 
and pathfinding, and it has been suggested that growth cone 
morphology may be related to the complexity of pathfinding 
decisions being made by the axon (Goodman et al., 1984; Tos- 
ney and Landmesser, 1985a; Bentley and Toroian-Raymond, 
1986; Bovolenta and Mason, 1987). Since LGN axons at dif- 
ferent developmental stages and at different points along the 
geniculocortical pathway may be faced with different local en- 
vironments, it was of interest to examine the growth cone mor- 
phology of these axons as they navigate their way to visual 
cortex. 

It was striking to find that the growth cones of LGN axons 
at the earliest ages (E30, E36) were more complex than those 
labeled at later ages (E45-60). For example, as shown in Figure 

4, the growth cones of LGN axons running within the optic 
radiations en route to visual cortex are typically very large, about 
25 pm in extent, and consist of several prominent filopodia 
emerging from the lamellipodial body of the growth cone. Growth 
cones of this size and complexity were observed along the entire 
route of the radiations from the thalamus to visual cortex at 
these early ages (Fig. 5). In contrast, at later ages, when the 
majority of growth cones are located in the subplate rather than 
in the radiations, growth cone morphology is simpler (fewer 
filopodia) and growth cones are much smaller. This difference 
in morphology can be seen in Figure 6 (compare row 1, optic 
radiations, with rows 2 and 3, nonvisual and visual subplate). 
Moreover, as also evident in Figure 6, the growth cones of LGN 
axon collaterals in nonvisual subplate (see following section), 
of the parent LGN axons in visual subplate, and of LGN axons 
once within the cortical plate (E60) are not qualitatively different 
in their morphology. Therefore, the earliest thalamic axons to 
enter the telencephalon have particularly elaborate growth cones; 
axons at later ages have apparently simpler growth cones that 
do not undergo any major morphological changes during sub- 
sequent development. 

Interstitial collateral branches of LGN axons 
The first DiI-labeled thalamic axons can be detected in the 
intermediate zone below future visual cortex by E36. At this 
age the first postmitotic neurons have been split into the mar- 
ginal zone and subplate (Luskin and Shatz, 1985b) as the neu- 
rons of cortical layer 6 complete their migrations and insert 
themselves between them (Luskin and Shatz, 1985a,b). There- 
fore, the intermediate zone at E36 consists of subplate neurons 
(located in the subplate, just beneath the cortical plate), mi- 
grating neurons destined primarily for cortical layer 5, and radial 
glial cell processes (Shatz and Luskin, 1986). Layer 4 neurons, 
the ultimate targets of LGN axons, have not yet been generated 
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E30 

Figure 4. Growth cones of thalamic axons at E30. These DiI-labeled 
axons were photoconverted to precipitate a DAB reaction product and 
were photographed under Hoffman bright-field optics. A, A number of 
axons labeled with DiI from dorsolateral thalamus can be seen within 
the intermediate zone (ZZ) of the lateral telencephalon. The growth cone 
of one axon immediately below the cortical plate (0) is indicated by 
the arrowhead. At this early age the cortical plate consists only of the 
first postmitotic neurons of the telencephalon, which are destined to be 
subplate and marginal zone (MZ) neurons. B, A DiI-labeled growth 
cone located in the internal capsule can be seen extending multiple 
filopodia close to a dense fascicle of axons labeled from the same tha- 
lamic injection site. Scale bar, 25 pm for A and B. 

in the ventricular zone (Luskin and Shatz, 1985a). Examples of 
axons near visual cortex at E36 and E40 are shown in Figure 
7. Upon reaching the subplate below presumptive visual cortex, 
most of these end in a series of simple terminal branches rather 
than as a single growth cone. 

It was remarkable to find that LGN axons do not have simple, 
unbranched morphologies as they traverse past nonvisual cor- 
tical areas en route to visual cortex. Instead, ,as shown in Figure 
8, many give off distinct interstitial collaterals of up to 500 pm 

Figure 5. Camera lucida drawings of axons labeled from dorsolateral 
thalamus at E30 shown in a coronal section through the lateral wall of 
the telencephalon. These axons are restricted to the intermediate zone 
(ZZ) of the cerebral wall, and most end in elaborate growth cones bearing 
large lamellipodia and several filopodia (see also Fig. 6). Note that there 
are no obvious differences in the complexity of growth cones at different 
points along this pathway. The location of a retrogradely labeled sub- 
plate neuron (asterisk) near a thalamic axon tipped by a growth cone 
some distance away is also shown. Both were labeled from the same 
thalamic injection of DiI. Dorsal is up; lateral is to the left. MZ, marginal 
zone; CP, cortical plate; VZ, ventricular zone. Scale bar, 200 pm. 

in length as they grow within the optic radiations, long before 
they arrive at their ultimate target. LGN axon collaterals located 
beneath nonvisual areas of the cortex (such as presumptive au- 
ditory cortex) are abundant between E36 and E50. As shown 
in Figure 9, occasionally such collaterals have higher-order 
branches, but they are almost always restricted to the subplate 
and do not appear to invade the overlying cortical plate. It is 
likely that thalamic axons form these collaterals quite early in 
their development; one can occasionally observe interstitial 
growth cones arising from the main trunk of thalamic axons as 
early as E30. Moreover, the collaterals are a transient feature 
of developing geniculocortical axons. To obtain an estimate of 
the number and frequency of these collaterals, we counted the 
number of collaterals emerging from the optic radiations in a 
series of 200~pm-thick DiI-labeled sections from brains between 
E43 and E47, and at P7. Counts were restricted to nonvisual 
cortex located along the lateral wall of the telencephalon (e.g., 
Fig. 9). (Note that this method does not provide information 
about the number of collaterals per LGN axon, but rather about 
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E30 E36 

Axons in the 
Optic Radiations 

E36 E43-45 

Axon Collaterals in 
Nonvisual Suhplate 

Axons in 
Visual Subplate 

E45 

Axons in the 

Figure 6. A comparison of growth cone morphology at different stages of LGN axon development. The growth cones of LGN axons within the 
optic radiations at early ages (E30, E36) are more complex than the growth cones extended in other locations and at later ages. At early ages (row 
I: E30, E36), when the axons are growing within the optic radiations, LGN axon growth cones are larger and have more filopodia than at later 
ages, when growth cones have arrived in the visual subplate (row 3: E45, E51) or entered the cortical plate (row 4: E60). LGN axons also give off 
collaterals to nonvisual subplate (TOW 2: E36, E43-45; see text and figs. 8, 9); the growth cones of these collaterals are also smaller and simpler 
than those tipping the parent axon at E30 and E36. Scale bar (lower right), 25 pm. 

the numbers emerging from the entire population of LGN axons 
in the optic radiations.) Between E43 and E47, there are 22 + 
5 collaterals given off within the subplate per millimeter of optic 
radiations (n = 17 sections); by P7, LGN axons have virtually 
no collaterals below the corresponding cortical area. Since the 
counts are likely to be an underestimate (not all LGN axons 
extend collaterals within a given section), it is clear that a dra- 
matic reduction of collaterals in nonvisual subplate takes place 
between E43 and P7. 

Branching of LGN axons in the visual subplate 
Between E36 and E51 the majority of LGN axons terminate 
within the subplate beneath the visual cortex, resulting in a dense 
plexus of axons confined to the visual subplate (Figs. 3A, lOA). 

In marked contrast to their simple morphology consisting of a 
single parent axon tipped with a growth cone at earlier times in 
development, LGN axons in the visual subplate at E51 have 
several terminal branches that are distributed widely (e.g., Fig. 
10s). Prior to E5 1, axons rarely if ever appear to invade the 
cortical plate. Examples of LGN axons branching within visual 
subplate are shown at E40 in Figure 7, at E45 and 5 1 in Figures 
10 and 11, and at E6 1 in Figure 12. The branching within the 
subplate is sparse compared to the eventual dense terminal arbor 
formed later within layer 4 (cf. Fig. 15). Since at ages older than 
E43 the density of labeling makes it impossible to follow in- 
dividual LGN axons over several sections, the branching we 
observe in the subplate in single 200 pm sections represents a 
lower limit on the extent of branching by individual axons. 
Similarly, when we observe axons that do not branch in a given 
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Figure 7. Camera lucida drawings of DiI-labeled LGN axons located near visual cortex at E36 and EN. These axons give off several collaterals 
usually directed toward the cortical plate. At E40 the axons frequently bifurcate beneath presumptive visual cortex and extend a few branches 
within the intermediate zone (ZZ) rather than terminating in a single leading growth cone. The location of axons indicates that they are present 
only within the intermediate zone and have not invaded the cortical plate (0). The region between the nrrows indicates presumptive visual cortex. 
In Figures 7, 9, 11, and 12, lines representing axons have been thickened for clarity. MZ, marginal zone; VZ, ventricular zone. Scale bar, 1 mm. 

section, we cannot rule out the possibility that they do branch 
in an adjacent section. However, between E36 and E43, when 
the density of labeled LGN axons near visual cortex is low, 
virtually all labeled axons do branch within the subplate, sug- 
gesting that such branching may be very common. 

The most notable feature of LGN axon development between 
E36 and E50 is the formation of a dense plexus of terminal 
branches within the subplate. By E5 1 some LGN axons can also 
be detected at the base of the cortical plate, as is obvious by 
inspection of Figure lOC, although an overwhelming majority 
are still restricted to the subplate. At this age the neurons com- 
prising layer 4, the primary targets of LGN axons, are still en 
route to the cortical plate and will not complete their migrations 
until about E55 (Shatz and Luskin, 1986). 

Ingrowth of LGN axons into cortical layer 4 

By E60, LGN axons have finally arrived within layer 4 of the 
cortical plate. At this stage, layer 4 neurons have completed 
their migration and occupy the top of the cortical plate (layers 
2 and 3 are still en route). The LGN axons grow through layers 
6 and 5, and some turn abruptly to run tangentially upon reach- 
ing layer 4 (Fig. 13). Other axons begin branching upon entering 
the cortical plate, extending simple branches both in layer 4 and 
the deeper cortical layers, as shown in Fig. 12 (see also Fig. 3). 
The axons within layer 4 frequently arise as an extension of one 
of the many LGN axon branches still located within the subplate 
(Fig. 12). 

While a clear laminar restriction of terminal arbors to layer 
4 is not evident at E60, LGN axons subsequently branch ex- 
tensively and rapidly within layer 4 to form the basic structure 
of the terminal arbor by P7 (Figs. 14, 15). As can be seen in 
Figure 15, by the end of the first postnatal week LGN axons 
acquire several higher-order branches that are generally restrict- 
ed to layer 4 and the base of layer 3. At least some of these 
axons maintain collaterals within the subplate during the first 

postnatal week (e.g., Fig. 14B, arrowhead in WM). Although the 
width (tangential extent within layer 4) of individual terminal 
arbors in the adult is usually less than 500 pm (Ferster and 
LeVay, 1978), consistent with the periodicity of ocular domi- 
nance columns, individual LGN axons at P7 often branch over 
a larger distance within layer 4. Some of these axons branch 
uniformly over a tangential extent greater than 1 mm, as shown, 
for example, in Figure 15e. This observation is consistent with 
previous autoradiographic evidence from transneuronal trans- 
port studies that show that discrete ocular dominance columns 
are not visible at early postnatal ages (LeVay et al., 1978). 

LGN axonal projection to the marginal zone 

The results presented so far demonstrate that LGN axons dis- 
play distinct morphological characteristics at different stages of 
development of the geniculocortical projection. LGN axons ar- 
rive in the vicinity of future visual cortex as early as E36 but 
remain restricted to, and branch within, the subplate until about 
E50, when the first axons can be detected within the cortical 
plate. Once within the cortical plate, additional axonal branch- 
ing is restricted principally to layer 4, the ultimate terminal zone 
for these axons. 

There is one exception to the general rule that between E36 
and E50 LGN axons remain confined to the subplate and do 
not invade the cortical plate. As early as E40, a few axons could 
be traced, running into and through the cortical plate. These 
axons never branch within the cortical plate, but upon arriving 
beneath the pial surface, they make a sharp turn to run tangen- 
tially within the marginal zone. Examples of LGN axons that 
project to the marginal zone at E47 and P20 are shown in Figure 
16. Some of these axons also give off collaterals within the 
subplate. The morphology of axons projecting to the marginal 
zone (future layer 1) remains largely unchanged over the course 
of development. At late prenatal and neonatal ages, however, 
it is possible to trace branches that arise out of one main axon 
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Figure 8. The morphology of LGN axons traveling beneath nonvisual areas of the lateral telencephalon en route to future visual cortex at E43 
(A, C, and D) and ES0 (B). A, LGN axons within the intermediate zone of the lateral telencephalon run in the optic radiations (OR) as seen in 
dark-field optics following DAB photoconversion. Many simple axons (arrows) can also be seen emerging from the optic radiations into the subplate 
(SP), but not entering the cortical plate (CP). B and C, The morphology of individual LGN axons shows that the axons given off into the subplate 
of lateral telencephalon are interstitial collaterals (arrowheads) of axons whose main trunks run in the optic radiations. D, The growth cone of an 
axon collateral in nonvisual subplate (arrow). Scale bar: 500 pm for A; 50 pm for B-D. 

Figure 9. Camera lucida drawings of LGN axons at E40 en route to visual cortex showing that many of the LGN axons give off interstitial 
collaterals in nonvisual subplate below regions of lateral telencephalon far away from their final destination, visual cortex (region between arrows). 
These collaterals are present only in the subplate (SP) and not in the cortical plate (CP). Drawings of individual axons at higher magnification 
show that these collaterals sometimes have their own second-order branches (arrowheads). Scale bar: composite, 2 mm; axon drawings, 350 pm. 
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trunk in the white matter to the same terminal location within 
layer 1 (see composite camera lucida drawing in Fig. 12). In 
general, these axons traverse long distances within layer 1 with- 
out forming any second-order branches. Thus, there is a small 
subpopulation of LGN axons that project to the marginal zone 
during development, an observation consistent with previous 
autoradiographic labeling studies showing a geniculocortical 
projection to the marginal zone (Shatz and Luskin, 1986). 

Discussion 
In this study, we have used the lipophilic tracer DiI to chart the 
morphological changes undergone by individual LGN axons 
during the development of geniculocortical connections from 
the time axons enter the telencephalon to the time they arrive 
within cortical layer 4, their ultimate target. By examining the 
morphology of individual LGN axons, we have confirmed and 
extended current knowledge of the development of this system 
obtained previously by the indirect autoradiographic labeling 

Figure 10. Distribution of LGN ax- 
ons at E51. A, DiI-labeled geniculo- 
cortical axons at ES 1 are confined pri- 
marily to the subplate (SF’) below the 
cortical plate (CP) destined to become 
visual cortex. Dorsal is up; medial is to 
the right in this coronal section. B, Con- 
focal microscope image of an LGN axon 
located in the visual subplate showing 
the characteristic highly branched mor- 
phology of these axons during the wait- 
ing period. C, Higher magni&ation of 
A. It is evident that at E5 1 a sianificant 
number of geniculocortical axons are 
also present within the deeper layers of 
the cortical plate, although the large 
majority of LGN axons remains re- 
stricted to the subplate. The cortical 
plate at this age consists of layer 5 and 
6 neurons. Layer 4 neurons have not 
quite completed their migrations. Scale 
bars: A (shown in C), 1 mm; B, 50 pm; 
C, 250 pm. 

technique of transneuronal transport following intraocular in- 
jections of 3H-amino acids (Rakic, 1977; LeVay et al., 1978; 
Shatz and Luskin, 1986). The results of those studies permitted 
the drawing of a broad outline of the time course of axon de- 
velopment, consisting of four basic phases of growth: (1) axon 
elongation toward visual cortex; (2) the “waiting” period, in 
which newly arriving axons accumulate in the visual subplate; 
(3) a period of axon ingrowth into the cortical plate; and finally, 
(4) axon segregation to form the system of ocular dominance 
columns within layer 4. 

The results of the present study can now add to this basic 
outline essential temporal and morphological details, some of 
which are summarized diagrammatically in Figure 17. A major 
finding is that LGN axons exhibit considerable morphological 
complexity even before they grow into cortical layer 4 to elab- 
orate a mature terminal arbor. Early LGN axons growing within 
the intermediate zone of the telencephalon en route to visual 
cortex do not just follow straight unbranched trajectories, but 
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Figure II. Morphology of LGN axons within the subplate (SP) at E45 and ES 1. The composite drawings at each age show the location of LGN 
axons within the cerebral wall. Many of the axons branch in the subplate below visual cortex. At higher magnification (right), it is apparent that 
many of the axons have higher-order branches that probably account for the dense plexus of labeled profiles seen within the subplate at these 
ages (cf. Figs. 3, 10). CP, cortical plate; VZ, ventricular zone. Scale bar: composite, 2 mm; axon drawings, 400 pm. 

rather periodically send out transient collaterals, tipped with 
growth cones, into the overlying subplate. Moreover, once the 
growth cones of LGN axons arrive within the vicinity of future 
visual cortex, they do not simply “pause” or “wait,” as previ- 
ously inferred from autoradiographic labeling studies (Rakic, 
1977; Shatz and Luskin, 1986), but instead elaborate a series 
of simple long branches, almost all of which are confined to the 
subplate immediately below visual cortex. These observations 
imply that the process of formation of geniculocortical connec- 

tions is a dynamic one, involving extensive interactions not only 
during axon elongation but also once the growth cones have 
arrived within the subplate beneath visual cortex. 

A reevaluation of the waiting period for 
geniculocortical axons 
Many previous studies using autoradiographic tracing tech- 
niques in several different species have shown that a number of 
axonal systems (thalamocortical, callosal) accumulate and “wait” 
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Figure 12. Distribution and morphology of LGN axons at E60. The composite drawing (upper left) shows that at E60 LGN axons are present in 
the subplate (SP), the cortical plate (CP), and the marginal zone (MZ). Higher-magnification drawings of individual axons show that within the 
cortical plate LGN axons branch primarily within layer 4, although they often extend collaterals within layers 6 and 5. (Occasionally axons transverse 
the cortical plate unbranched to reach the marginal zone, two are shown in the composite drawing; see also Fig. 16.) VZ, ventricular zone. Scale 
bar: composite, 2 mm; axon drawings, 225 pm (top) and 300 pm (bottom). 
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Figure 13. LGN axons are present in layer 4 at E60. Upon entering the cortical plate, and having grown past layers 6 and 5, some LGN axons 
turn (arrowheads) to run tangentially within layer 4 and occasionally give off second-order branches (straight arrow). Layer 5 cortical neurons are 
also retrogradely labeled (curved arrow) in these sections, presumably because their axons en route to the superior colliculus travel close to the 
injection site in the LGN. Since layer 2/3 neurons are not yet postmigratory (Shatz and Luskin, 1986), layer 4 extends all the way to the marginal 
zone (MZ). Scale bar (shown in right panel), 125 pm. 

in the subplate before growing into the cortical plate (Rakic, 
1977; Wise and Jones, 1978; Innocenti, 198 1; Shatz and Luskin, 
1986; for review, see Shatz et al., 1988). Recently, the appli- 
cation ofrhodamine isothiocyanate for anterograde tracing and 
the DiI labeling technique in the study of the development of 
afferent axonal input to the cerebellum and cortex has prompted 
a reevaluation of the waiting period in some systems. These 
more sensitive tracers have revealed that climbing fiber axons 
invade the Purkinje cell anlage much earlier than previously 
detected using autoradiographic techniques, thereby potentially 
invalidating a previously defined waiting period (Mason et al., 
1990). Similarly, there does not appear to be a pronounced 
waiting period during the development of thalamocortical axons 
in the rodent somatosensory system (Catalan0 et al., 199 1). The 
use of DiI in our study, too, has required a resetting of the time 
when LGN axons leave the subplate and enter the deeper layers 
of the cortical plate from E55 (Shatz and Luskin, 1986) to E50. 
However, this superior labeling technique has also permitted us 
to set the time of arrival of the first LGN growth cones beneath 
the visual cortex at E36 rather than E40. Thus, the period be- 
tween the time of arrival of the first LGN axons within visual 
subplate, and the time when appreciable numbers of axons are 
present in the deeper cortical layers, is about 2 weeks long in 
the cat geniculocortical system, leaving no doubt as to the ex- 
istence of a significant period during which the majority of LGN 
axons dwell within the subplate. One reason for a more pro- 
longed waiting period in higher mammals as compared to ro- 
dents may be that there is a much larger discrepancy in timing 
between arrival of ingrowing thalamic axons and the migration 
of their target layer 4 neurons to the cortical plate in cats and 
monkeys. Consistent with this interpretation is the observation 
that rodent geniculocortical axons appear to arrive within layer 
6b just as layer 4 neurons complete their migration to the cortical 
plate (Reinoso and O’Leary, 1990; see also Lund and Mustari, 
1977). Thus, in rodents there is no requirement for thalamic 
axons to wait since their cortical target neurons are essentially 
in position when the axons arrive. 

The finding here that LGN axons within the subplate branch 
over rather extensive territory is remarkable, and requires a 
reconsideration of the choice of the term “waiting” period or 
“waiting” compartment (Rakic, 1977; used in reference to the 
subplate zone in which the axons accumulate). Plainly, the word 
“wait” is somewhat misleading, since it connotes a pause in 
forward progress or a lack of activity or movement, in which 
case one might have perhaps expected to find unbranched axons 
tipped with growth cones as described in the development of 
the peripheral projections of motor neurons (Tosney and Land- 
messer, 1985b). On the contrary, LGN axons once within visual 
subplate begin to elaborate branches, suggesting that a more 
active process than a “wait” is taking place. As discussed below, 
the axons branch within a zone also filled with subplate neurons 
and many synapses (for reviews, see Shatz et al., 1988, 1990), 
implying that they may be involved in ongoing dynamic inter- 
actions during this 2 week period. Since the term “waiting pe- 
riod” is now so pervasive in the literature, it is probably point- 
less to suggest an alternative, but the lesson here is that the 
connotation may be quite misleading, at least in higher mam- 
mals such as cat or primate where the period is of considerable 
duration. 

As mentioned in Results and noted previously (Shatz and 
Luskin, 1986), not all LGN axons are confined to the subplate 
during the waiting period, but rather a small group appears to 
reside in the marginal zone. It may be that this particular group 
of axons arises from neurons belonging to the future C-layers 
of the LGN: such axons are known to be present in layer 1 of 
neonatal kittens (LeVay et al., 1978; Kato et al., 1984; Shatz 
and Luskin, 1986). Here, DiI labeling has revealed a further 
important piece of morphological information: these axons, as 
they traverse the cortical plate, are absolutely smooth and un- 
branched. Only within the subplate, or occasionally again when 
the axons enter the marginal zone, do they branch. Thus, early 
in development, few if any geniculocortical axons arborize with- 
in the cortical plate itself. Rather, they are confined to the sub- 
plate or marginal zone. 
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Figure 14. Photographs of D&labeled LGN axons branching within the cortical plate (CP) at P7. A, The extent of the cortical plate with respect 
to the LGN axon is shown in this double exposure (rhodamine/fluorescence) by counterstaining the section containing the DiI-labeled axons with 
MPD, a green fluorescent Nissl stain. B, The DiI-labeled axon shown in A (viewed under rhodamine fluorescence only) branches primarily in layers 
4 and 6, but also has a branch in the subplate (arrowhead in WM) and one that reaches the marginal zone. C and D, DiI-labeled LGN axons branch 
extensively within the cortical plate. (A camera lucida drawing of the axon in D is shown in Fig. 1 Sb.) E, An LGN axon runs tangentially within 
layer 4, giving off several short collaterals but no well defined terminal arbor. WM. white matter. In A-D, the extent of CP is 1.2 mm; scale bar 
in E, 200 pm. 

Logistics of geniculocortical development 
As early as E26, DiI tracings show that axons have left the region 
of the future LGN. By E30 they have traveled through the 
internal capsule and entered the telencephalon. 3H-thymidine 
birthdating studies have shown that the LGN neurons them- 
selves are generated between about E21 and E31 (Hickey and 
Hitchcock, 1984), and the earliest-born neurons have completed 
their migrations to form the anlage of the LGN by about E30 
(Shatz, 1983). Thus, LGN neurons begin to elaborate their ax- 
onal projections to the cerebral cortex immediately following 
(if not before) the completion of migration. This strategy would 

seem to be designed nicely to ensure that long-distance con- 
nections are formed as early as possible, when problems of 
pathfinding and target selection may be at a minimum. 

The observation that the earliest (E30, E36) growth cones of 
LGN axons have highly complex filopodial extensions and are 
significantly larger than those from later ages (E45-60) is very 
reminiscent of studies of the developing invertebrate nervous 
system and chick spinal cord in which the growth cones of 
neurons whose axons are the first to traverse territory en route 
to a target (“pioneer” neurons) are more elaborate than those 
following later on (Bate, 1976; Bentley and Keshishian, 1982; 
Ho and Goodman, 1982; Yaginuma et al., 199 1). Since filopodia 
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Figure 15. Camera lucida drawings of 
LGN axon terminals within the cortical 
plate (0’) at P7. At this age, highly 
branched terminals are restricted pri- 
marily to layer 4 of cortex. Some axons 
also have branches at the base of layer 
3 (a. c. d) within layer 6 (c), and occa- 
sionally in the subplate (not shown). 
Note that the axon termmal shown in 
e branches fairly uniformly over a tan- 
gential extent of about I mm, which is 
twice the width ofan ocular dominance 
column in the adult. Scale bar: com- 
posite, 3 mm; axon drawings. 400 pm. 

have been specifically implicated in axon pathfinding (Bentley 
and Toroian-Raymond, 1986), this observation may reflect a 
particularly specialized capacity of early thalamic axons to nav- 
igate their way to their cortical targets. We have also recently 
made similar observations on the growth cones of subplate neu- 
rons, which are known to pioneer the first axonal pathway from 
the cortex through the internal capsule to the thalamus (Mc- 
Connell et al., 1989). Subplate neuron growth cones are more 
complex than those of the cortical neurons in layers 5 and 6, 

whose axons form the later, stable adult descending pathway 
(Kim et al., 1991). These considerations raise the possibility 
that the first LGN axons to traverse the intermediate zone of 
the tclcnccphalon en route to visual cortex may also “pioneer” 
their pathway, in the sense that no other ascending axonal sys- 
tem is already in the same place. While it is commonly assumed 
that the first ascending axonal systems to enter the telencephalon 
arise from the neurons ofthe basal forebrain (choline&) system 
and/or from the dopaminergic midbrain raphe nucleus (Mol- 

E47 

Figure 16. A subpopulation of LGN 
axons projects to the marginal zone 
(MZ). LGN axons at E47 and P20 
(curved arrows) can be seen growing 
through the cortical plate (0) to the 
marginal zone (called layer I postna- 
tally). These axons usually have no 
branches within the cortical plate. A 
retrogradely labeled pyramidal neuron 
extending a dendrite to the marginal 
zone can also be seen at E47 (arrow- 
head). SP, subplate. Scale bars: E47, 
100 pm; P20, I25 pm. 
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Figure 17. A cartoon summary of LGN axon development in the cat visual system based on anterograde tracing with DiI. (The rare marginal 
zone axons are not shown.) Growth cones arrive within the vicinity of future visual cortex by E36. Between E36 and E50 they accumulate and 
branch within the subplate; the first axons can be detected within the deep cortical layers at E.50. By E60, LGN axons are present within layer 4, 
where they begin to form terminal arbors that acquire some complexity by P7. (Ocular dominance columns do not begin to form until approximately 
2 weeks later.) At E36, the cortical plate (CP) consists only of layer 6 neurons; at E42 and ESO, of layers 5 and 6; at E60, of layers 4-6; and at 
P7, of layers 3-6. Layer 2 neurons do not complete their migration until the second postnatal week. ZZ, intermediate zone; WM. white matter. 

liver et al., 1973; Kostovic and Molliver, 1974; Kostovic and 
Rakic, 1984) it is worth noting that this assumption is based 
on indirect evidence from histofluorescence for monoamines, 
histochemistry for AChE, or Golgi impregnations. The possi- 
bility remains that pioneer axonal systems intrinsic to the tel- 
encephalon such as those now known to arise from the earliest- 
generated neurons of the cortex, the neurons of the subplate and 
marginal zones (McConnell et al., 1989; Shatz et al., 1990) are 
responsible for such early intracortical axon pathways. It would 
be of great interest to reexamine these issues using the DiI 
labeling technique to reveal the ascending pathways from mid- 
brain and basal forebrain directly, in order to establish defini- 
tively which ascending axonal systems arrive within telenceph- 
alon first. 

Concurrent with the development of the geniculocortical 
pathway, subplate neurons are elaborating their axonal pathway 
toward the thalamus so that, by E30, subplate axons from the 
region of future visual cortex have also traversed the internal 
capsule en route to the LGN (McConnell et al., 1989). DiI 
labeling has shown that both axon pathways are located within 
the intermediate zone just above the ventricular zone, raising 
the possibility that early growth cones from subplate neurons 
and LGN axons may actually meet within the internal capsule 
at about E30 and then fasciculate with each other at later times. 
Such a suggestion must await direct confirmation by means of 
dual labeling and electron microscopy, but if it proves true, then 
the simultaneous formation of these two reciprocal pathways 
might considerably simplify the process of cortical target selec- 
tion by thalamic axons. 

As LGN axons elongate toward visual cortex, many of them 
extend collaterals, which appear to be lost later, into the subplate 
of nonvisual areas. Since a large fraction of LGN axons have 
collaterals at early ages, it is perhaps more likely that these 
collaterals disappear by selective remodeling/retraction rather 
than by cell death in the LGN. These collaterals are reminiscent 
of those that transiently extend from geniculocortical axons near 
visual subplate (Naegele et al., 1988) and from optic tract axons 
into the ventrobasal thalamus (Langdon and Frost, 199 1) during 
development of the hamster visual system. While it is conceiv- 
able that such collaterals may not find suitable cellular substrates 
in nonvisual areas, we consider it more likely that these collat- 
erals participate in interactions that are important for target 
selection by LGN axons. For example, we found that at E36 
many LGN axons had collaterals in putative auditory subplate 

at a time when axons from the MGN have also accumulated in 
the same region. Since the MGN axons arrive in the auditory 
subplate before the LGN axons pass by en route to visual cortex 
(A. Ghosh and C. J. Shatz, unpublished observation), these later- 
growing LGN axons may be prevented from occupying auditory 
subplate due to competitive interactions between the growth 
cones of auditory and visual thalamic axons within the subplate. 
In this context it would be important to know whether, in the 
absence of MGN axons, LGN axons can invade auditory cortex. 

In contrast to the early genesis of LGN and subplate neurons, 
the neurons of cortical layer 4 in the cat are generated between 
E38 and E43 (Luskin and Shatz, 1985a), after the first LGN 
axons have already arrived within the visual subplate. By about 
E55, layer 4 neurons have migrated into position above earlier 
formed layers 5 and 6 (Shatz and Luskin, 1986). The route of 
their migration through the subplate brings layer 4 neurons into 
close proximity with the accumulating LGN axons, raising the 
possibility that the axons and layer 4 neurons may interact with 
each other in some way during this time. While there is no clear 
evidence favoring this suggestion at present, the fact that 
we have seen LGN axons begin to enter the deep cortical layers 
by E50, and to arrive within layer 4 between ES5 and E60, 
suggests that the presence of layer 4 neurons may somehow 
signal the end of the “waiting” period. This temporal relation- 
ship is similar to that described in the development of the rodent 
geniculocortical projection (Reinoso and O’Leary, 1990). 

Between E60 and P7, LGN axons undergo a rapid growth of 
terminal arbors within layer 4 and branch more extensively than 
at any time during their previous period within the subplate. 
Such a selective elaboration of terminal arbors within layer 4 
once the axons enter the cortical plate has also been reported 
in hamsters (Naegele et al., 1988) and primates (Florence and 
Casagrande, 1990). At the same time, fewer LGN axons main- 
tain branches within the subplate, suggesting that there is a 
concurrent loss of branches in this zone. By P7, some LGN 
axons have terminal arbors within layer 4 that branch rather 
uniformly and can extend tangentially over distances greater 
than 1 mm. The size and morphology of some of these axons 
resemble the one Golgi-impregnated LGN axon at P17 illus- 
trated by LeVay and Stryker (1979). Since the width of LGN 
terminal arbors within layer 4 is about 500 pm in the adult 
(Ferster and LeVay, 1978; Gilbert and Wiesel, 1979; Humphrey 
et al., 1985a,b), corresponding to the width of one ocular dom- 
inance column in the cat (Shatz et al., 1977), some of these 
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axons must undergo considerable remodeling and/or differential 
growth to achieve their adult morphology. However, other ax- 
ons have restricted terminal arbors of less than 500 pm in tan- 
gential extent; these axons may remain restricted during ensuing 
development or may also grow and remodel. We had hoped to 
examine these issues directly over the ensuing few weeks, but 
were disappointed to discover that the DiI labeling of axons 
from the LGN does not work well beyond early postnatal ages. 

Interactions between LGN axons and subplate neurons 
A major goal of this study was to examine the morphology of 
individual LGN axons during the period when axons accu- 
mulate within the subplate, in order to learn more about possible 
interactions between LGN axons and subplate neurons. During 
this period in the cat (E36-50) subplate neurons become highly 
mature morphologically and histochemically (Chun et al., 1987; 
Wahle and Meyer, 1987; Chun and Shatz, 1989a). The subplate 
zone itself is a synaptic neuropil (Kostovic and Molliver, 1974; 
Cragg, 1975; Chun and Shatz, 1988) with some synapses made 
onto subplate neurons (Chun et al., 1987). Intracellular micro- 
electrode recordings from subplate neurons in cortical slices 
indicate that some of the synapses are functional, since electrical 
stimulation of the intermediate zone in the region of the optic 
radiations can elicit monosynaptic EPSPs in subplate neurons 
(Friauf et al., 1990). These observations, taken in conjunction 
with the results of the present study showing that LGN axons 
extend many long branches within the visual subplate, suggest 
that LGN axons may supply at least some of the synaptic inputs 
to subplate neurons. We have recently obtained evidence in 
favor of this suggestion by filling thalamic axons with phaseolus 
vulgaris leucoagglutinin and examining them at the electron 
microscope level (Herrmann et al., 199 1). 

Although the detailed nature of the interactions between LGN 
axons and subplate neurons remains a mystery at present, recent 
experiments confirm the suggestion that subplate neurons are 
needed for the normal development of geniculocortical con- 
nections. If visual subplate neurons are ablated at E42, soon 
after the onset of the waiting period, LGN axons fail to stop 
beneath visual cortex and at subsequent times remain confined 
within the white matter, instead of invading the cortical plate 
(Ghosh et al., 1990). Thus, LGN axons may require subplate 
neurons to select and invade their appropriate target area. In 
this context the collaterals given off along the course of LGN 
axons early in their traverse across the intermediate zone toward 
visual cortex may also indicate the presence of active interac- 
tions between LGN axons and subplate neurons belonging to 
nonvisual cortical areas. Thus, it may be that the early sequence 
of morphological changes seen in LGN axons prior to the time 
they invade the visual cortex and assume their final position 
within layer 4 is controlled by a set of interactions with subplate 
neurons that subserve the essential processes of pathfinding and 
cortical target selection. 
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