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The Ganglionic Eminence May Be an Intermediate Target for 
Corticofugal and Thalamocortical Axons 
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In the nervous system of many species, growing axons asso- 
ciate transiently with cellular groupings along their path. 
Whether this mechanism applies to the development of corti- 
cothalamic and thalamocortical projections is unknown. Using 
carbocyanine dyes, we studied the early growth of both corti- 
cofugal and thalamocortical fibers in hamster embryos. At em- 
bryonic day 11.5 (El 1.5), corticofugal fibers invade the lateral 
ganglionic eminence (LGE), and thalamocortical fibers invade 
the medial ganglionic eminence (MGE). At this age, both sets of 
fibers are not yet in contact with each other. At the same time, 
neurons in each subdivision of the GE grow toward the cortex 
and thalamus. During the next 24 hr, corticofugal and thalamo- 
cortical fibers remain within the confines of the GE, where they 
course at different radial levels and bear large and complex 
growth cones. In the LGE, corticofugal fibers are often found in 

close association with cells that are likely to be neuronal. 
Starting on El 3.5, both early projections from the GE decrease, 
and corticothalamic and thalamocortical fibers invade their de- 
finitive target regions. To test whether the GE specifically ori- 
ents the growth and trajectories of cortical fibers even in the 
absence of the reciprocal thalamic projection, we cocultured 
explants of cortex and GE from either hamster or mouse em- 
bryos. These experiments showed that the GE, but not other 
tested brain regions, is able specifically to orient the growth of 
cortical axons. We therefore suggest that the GE may be an 
intermediate target in the pathfinding of axons between the 
cortex and the thalamus. 
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Studies of axonal pathfinding in diverse species show that growing 
axons use several types of guidance cues, successively or in com- 
bination, to find the path toward their final target. Such cues are 
believed to be distributed continuously in the epithelia in which 
pioneer axons extend (Caudy and Bentley, 1986; Harris and Holt, 
1990; Cornel and Holt, 1992) or to be present in a more restricted 
manner among cells and in the extracellular matrix along path- 
ways (for review, see Dodd and Jessell, 1988; Goodman and 
Shatz, 1993) On a cellular level, changes in the course of growing 
axons, or sorting out among several types of fibers, are apparent 
in spatially restricted regions, termed “decision regions,” and 
intermediate targets such as the motoneuronal plexus (Tosney 
and Landmesser, 1985; Tosney, 1992), the floor plate of the spinal 
cord (Tessier-Lavigne et al., 1988; Placzek et al., 1990; Yaginuma 
et al., 1993) and hindbrain (Shirasaki et al., 1995), and the optic 
chiasm (Godement et al., 1987, 1990; Wizenmann et al., 1993; 
Godement, 1994; Sretavan et al., 1994; Marcus et al., 1995). Such 
regions may secrete or display cues that ingrowing fibers use for 
their guidance (Felsenfeld et al., 1994; Serafini et al., 1994). In 
addition, several studies implicate the role of early neurons in 
guiding the growth of later-growing fibers or fibers originating 
from other areas (Ho and Goodman, 1982; Raper et al., 1983b; 
Ghosh et al., 1990; Wilson and Easter, 1991; Sretavan et al., 1994). 
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The earliest-projecting neurons might rely solely on cues within 
the neuroepithelium for their guidance, whereas later-projecting 
neurons could use a greater variety of cellular and molecular cues. 

Selective axonal guidance by earlier-generated neurons is also 
implicated in the development of the long-distance pathways that 
reciprocally connect thalamic nuclei and cortical areas. A set of 
early-generated and transitory neurons in the cortex, the “sub- 
plate cells” (Kostovic and Molliver, 1974; Marin-Padilla, 1978; 
Luskin and Shatz, 1985; Bayer and Altman, 1990), could be 
involved in guiding thalamic fibers toward and into their cortical 
target areas (De Carlos and O’Leary, 1992; Ghosh and Shatz, 
1992; Miller et al., 1993; for reviews, see O’Leary and Koester, 
1993; Allendoerfer and Shatz, 1994; Moln%r and Blakemore, 
1995). In carnivores, the axons of the subplate cells project toward 
the thalamus and could constitute a pioneer pathway that growing 
thalamic axons follow to reach the cortex (McConnell et al., 1989). 
Ablation of subplate neurons leads to a failure of thalamic fibers 
to recognize their normal cortical target areas (Ghosh et al., 
1990) l Because efferent cortical and afferent thalamic axons are ,  

segregated spatially in the intermediate zone of the developing 
cortical wall of rodents (Blakemore and Molngr, 1990; De Carlos 
and O’Leary, 1992; Miller et al., 1993), interactions between both 
sets of fibers do not necessarily occur at this level in all species. 

Although much is known about the development of corticofugal 
and thalamocortical fibers as they grow in the immediate vicinity 
of the cortex, several characteristics of the pathfinding between 
the thalamus and the cortex are little understood. In particular, 
how are the earliest corticofugal fibers themselves guided toward 
the thalamus? This question also applies to the guidance of the 
earliest thalamic fibers toward the cortex. As in other projection 
systems, information for the selective guidance of these fibers 
could be provided by cues along the trajectory followed by these 
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fibers in the neuroepithelium and in defined regions. In fact, a 
putative intermediate target recently has been identified along the 
path between the neocortex and the dorsal thalamus in the rat. 
Cells from the reticular nucleus seem to provide pioneer axons to 
the dorsal thalamus, They could guide corticothalamic axons 
toward the thalamus and thalamocortical axons outside of the 
dorsal thalamus (Mitrofanis and Guillery, 3 993). 

In the present study, we used neuroanatomical tracing tech- 
niques to study the time course of development and the trajecto- 
ries of thalamocortical projections in hamster embryos. Our aim 
was to identify characteristic features of the growth of these fibers 
at various sites between the thalamus and cortex. We also de- 
signed in V&I experiments to study the growth of corticofugal 
axons in the basal telencephalon in the absence of potential 
interactions with the reciprocal thalamocortical axons. Our obser- 
vations suggest that the lateral and medial divisions of the embry- 
onic ganglionic eminence (GE) could fulfill several important 
roles for guiding cortical and probably thalamic fibers in the early 
phase of progression to their respective targets. 

Abbreviations 

brains of the youngest embryos were dissected out, flattened, and ob- 
served as whole-mounted. The telencephalic vesicles were flattened after 
olfactory bulb and hippocampus were removed. The rest of the brain was 
separated into two haives by cutting along the midline. Flattened brains 
were mounted in glycerol/phosphate buffer (9 vol of glycerol/l vol of 
phosphate buffer). We used a Zeiss epifluorescence microscope (Axio- 
skop) for observations, camera lucida drawings, and microphotographs. 
Drawings of serial sections were used to reconstruct the trajectory of 
labeled fibers according to the location of the injection site. Landmarks 
including the pineal gland, the telodiencephalic sulcus, and the sulcus 
between the lateral ganglionic eminence (LGE) and the medial gangli- 
onic eminence (MGE) were used as reference points for reconstruction. 

P~zotoconvcrsion of Dil labeling. Free-floating sections were pretreated 
for 30 min in 1% H,O, in PBS. They were preincubated for 10 min in 0.1 
M Tris buffer at pH 8.2, and then for 10 to 30 min in filtered ice-cold 
0.15% DAB in 0.1 M Tris buffer, pH 8.2. Thereafter, sections were 
transferred in a drop of fresh diaminobenzidine (DAB) solution under a 
Zeiss epifluorescence microscope (Axioskop) equipped with a 100 W 
HBO lamp and illuminated through a 10X objective (Fluar IOX, NA 
0.50) using a rhodamine filter set (Zeiss filter set 15). The DAB solution 
was changed every 10 min; the photoconversion of DiI into a yellow- 
brown DAB precipitate was obtained in 40-90 min. Sections were then 
rinsed in PBS for several hours, and either processed as free-floating for 
calbindin or Map2 immunostaining or mounted in glycerol/phosphate 
(vol/vol) d an viewed using Nomarski optics. 

GE, ganglionic eminence 
LGE, lateral ganglionic eminence 

MGE, medial ganglionic eminence 

MATERIALS AND METHODS 
Embryos 

Immunohistochemistry 
Immunostaining was performed on sections from mouse brain tissue 
because of the specificity of available antibodies (anti-Map2 and 
CaBP28K). Fret-floating photoconvcrtcd sections and cryostat sections 
were processed. 

Embryonic day 11 (El 1) to El3 hamster embryos were used in tracing 
experiments, and E12-El3 mouse (C57BL/6J) embryos were used when 
immunostaining was associated with tracing studies. Animals were mated 
overnight in the laboratory. Mated mice were checked for the presence of 
vaginal plugs the next morning. The first day of gestation was termed 
embryonic day 0, and it was noted EO until noon and was E0.5 thereafter. 
Gestation lasted 16 d in hamsters and 19 d in mice. 

Pregnant females were killed by an inlraperitoneal injection of pento- 
barbital (hamster) or ether anesthesia and cervical dislocation (mouse). 
The pups were removed immediately by cesarean surgery, and their heads 
were immersed in cold fixative or culture medium, depending on 
experiments. 

Tracing experiments 
Carbocyanines were used as tracers in formaldehyde-fixed brains (Gode- 
ment et al., 1987). 

Bruin fixation. After dissection in cold fixative (4% paraformaldehyde 
in 0.1 M phosphate buffer, pH 7.4, at 4°C) or cold culture medium 
(F12-DMEM with 8 mM D+glucose and 14 mM NaHCO,, at 4°C) or in 
cold PBS (0.1 M at 4”C), brains and flattened telencephalic vesicles were 
returned to the fixative for at least 4 d before dyes were injected. 

Labeling. 1,l ‘-Dioctadecyl-3,3,3’,3’-tetramethylindocarbocyaninc per- 
chlorate, DiIC,,(3) (D-282, Molecular Pro&) (Dill) or 4-(4-dihexa- 
decylaminostyryl)-N-methylpyridinium iodide, 4-Di- 1 (,-ASP (D-3883, 
Molecular Probes) (DiA) was used. The signal/noise ratio is better with 
DiI, and therefore it was used more often. Small crystals of dye were 
applied to the pial surface of the embryonic neocortcx or dorsal thalamus 
after the pia was removed, or tips of glass micropipettes coated with DiI 
or DiA were used to impale the tissue. When crystals were placed on the 
surface of the dorsal diencephalon, a thin film of paraplast was inserted 
between the diencephalon and the telencephalon to avoid diffusion of the 
dye. At each embryonic stage, approximately 15 brains received cortical 
injections (18 brains at El 1.5, 16 at E12.5, 17 at E13.5), and 7 brains 
received thalamic injections (6 brains at E11.5,7 at E12.5 and E13.5). The 
brains were then returned to fixative and kept for 6 weeks at room 
temperature before analysis or photoconversion. 

Analysis of labeling. Whole brains were em .bedded in 3% agarose, and 
serial sect ions were cut with a vi bratome in the fronta 1 plane. The 
thickness of sections varied from 60 pm for the youngest brains to 100 pm 
for the olde st, Sections were collected and kept in fixative (4% parafor- 
ma1 dehyde i n 0.1 M phosphate buffer, pH 7.4, at 4°C). Before observation, 
they were rinsed and mounted in 0.1 M phosphate buffer, pH 7.4, Some 

Cryostat sections were prepared from embryonic brains fixed by im- 
mersion for 2-3 hr in ice-cold 4% paraformaldehyde in 0.1 M phosphate 
bufier, pH 7.4, and then cryoprotected at 4°C overnight in 20% sucrose/ 
0.1 M phosphate buffer at pH 7.4. The brains were frozen in -50°C 
isopcntane and serially cut on a cryostat at 15 pm in the coronal plane. 

Before immunostaining, sections were rinsed in 0.02 M PBS, pH 7.4, 
and preincubated for 1 hr in a blocking solution (4% milk, 0.2% Triton 
X-100 in PBS). Thereafter they were incubated in primary antisera 
overnight at room temperature. The concentrations of primary antisera 
were 1 :SOO and 1:lOOO for the rabbit polyclonal anti-Map2 serum (serum 
B9; Brion et al., 1988) provided by Dr. J. P. Brion (Universitk Libre de 
Bruxelles, Laboratoire d’Anatomie Pathologique et de Microscopic Elec- 
tronique, Bruxellcs, Belgium) and 1:2000 and 1:3000 for the rabbit 
polyclonal anti-cafbindin-28 kDa serum (Dechesne and Thomasset, 1988) 
provided by Dr. M. Thomasset (Inserm Ul20, H6pital Robert Debrk, 
Paris, France). Antisera were diluted in PBS containing 2% milk and 
0.2% Triton X-100. Sections were rinsed several times and processed for 
avidin-biotin-peroxidasc immunostaining. They were incubated for 1 hr in 
1:200 biotinylated goat anti-rabbit IgG (Vector Laboratories) in PBS 
containing 2% milk and 0.2% Triton X-100. After three rinses in PBS, 
they were incubated for 1 hr in avidin-biotin-horseradish peroxidase 
complex (ABC kit, Vector Laboratories). The immunolabeling was re- 
vealed using 0.05% DAB, 0.02% nickel ammonium sulfate, and 0.01% 
H,O, in 0.1 M Tris buffer at pH 7.2. Nickel intensifies and colors gray 
the DAB precipitate. In p hotoconvcrted sections, there fore, the 
gray immunopositive cells were easily distinguishable from the DAB- 
photoconvcrtcd DiI labcling. 

Cryostat sections wcrc dehydrated in alcohol, cleared in xylene, and 
coverslipped with permount. Double-labeled sections were mounted in 
glycerol/phosphate and vicwcd using Nomarski optics. 

Tissue culture 
Explants of tclencephalic vesicles were prepared from E 13 mouse or El2 
hamster embryonic brains. Results obtained with mouse and hamster 
embryos wcrc identical and were analyzed together. Embryos were dis- 
sected in cold culture medium (F12-DMEM, Gibco). The cortex and GE 
were separated from the rest of the telencephalic vesicle, and the pia was 
removed, They were kept attached together to prepare “whole” telence- 

Pha lit vesicle explants (see Table 2, Fig. 10). For coculture experiments, 
the embryonic neocortex, lateral ridge, a nd medial ridge of the GE were 
transected. In half of the experiments, the ridges of the GE were kept 
attached to the ventral structures of the basal tel encephalon; in the other 
half, the ridges were d issected from the rest of the basal telencep halon 
with thin tungsten needles. These two experimental conditions gave 
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Figure 1. The main subdivisions of the forebrain on frontal, uncounterstained sections from an E11.5 hamster brain. The lateral and medial ridges of 
the GE are individualized clearly rostrally (section 1) and fuse caudally (section 2). Postmitotic cells are born in the ventricular zone (vz) and migrate in 
the preplate (pp) at the pial side of the cortical wall (CX) and in the mantle region (mtl) of the GE. Asterisks indicate the ventricular angle.pi, Pineal gland; 
dt, dorsal thalamus; ge, ganglionic eminence; Zge, lateral ganglionic eminence; mge, medial ganglionic eminence; v, ventricle. Scale bar, 1000 pm. 

similar results and therefore were analyzed together. Control cocultures 
were made by placing an explant of neocortex next to an explant of 
neocortex, superior colliculus, or brainstem (region of pons). 

Explants were transferred in a drop of medium onto nonpretreated 
microporous membranes in Millicell inserts CM (Millipore Corporation) 
and flattened with their ventricular side turned up. In cocultures between 
cortical explants and LGE or MGE explants, the two explants were 
placed side by side, either in their normal in viva orientations or in 
different orientations (see Fig. 10, Table 2). Four to six explants or 
cocultures were placed in each Millicell insert before they were trans- 
ferred in dishes containing the culture medium (F12-DMEM with 15 mM 

Hepes buffer, 14 mM NaHCO,, 33 mM glucose, 20 U/ml penicillin/ 
streptomycin, and 10% heat-inactivated neonatal bovine serum). Tissues 
were cultured at the interface air/medium for 4-5 d at 37°C in 5% CO,. 
After fixation in 4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.2, 
DiI crystals were inserted into the cortical wall to trace corticofugal fibers. 
Labeling was analyzed 4-6 weeks later. 

RESULTS 

Growth of corticofugal fibers 
To study the trajectories of corticofugal axons as well as possible 
interactions with cells along the way, we injected carbocyanine 
dyes in the cortex of fixed brains and combined dye tracing with 
immunohistochemistry. Injections of DiI or DiA were made at 
several sites in the cortex of EllS-E13.5 hamster embryos. 

E11.5 
At this age, the cortical wall consists of the preplate above the thick 
germinative epithelium (Fig. 1). Pioneer cortical axons labeled from 
the lateral-most injection sites have left the embryonic neocortex, 
and their tips are observed within the LGE. At the frontier between 
the cortex and the LGE, the cortical axons have made a 90” turn and 
shifted from a dorsoventral to a lateromedian trajectory (Fig. 2). 
These cortical fibers distribute within the mantle region of the LGE, 
where they end with large and complex growth cones. No labeled 
fibers were observed in the ventricular neuroepithelium of the GE. 
The longest axons were -800-900 pm long. 

Within the LGE, cortical fibers ran near or among sparsely 
distributed but strongly labeled cells, with very complex morphol- 
ogies (Fig. M,C). Therefore, the LGE projects axons into the 
cortical wall at this early stage of development. Injections of DiI 
directly into the LGE confirm this point. After such injections, 
labeled LGE fibers were seen to project into the cortical wall,’ 
often for long distances. 

E12.5 
The entire tangential extent of the neocortex has now projected 
axons that have extended beyond the lateral border of the cortical 
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Figure 2. Labeling in the basal telencephalon of an 
E11.5 hamster brain injected with DiI in the lateral 
cortical wall (c.~) and DiA in the dorsal thalamus. A, 
B, The same frontal section is shown viewed through 
filter sets for DiI (A) or DiA (B). Dotted lines indicate 
the outlines of the sectionA, DiI-labeled corticofugal 
axons leave the embryonic neocortex at the ventricu- 
lar angle and turn into the mantle of the LGE. Within 
the LGE, fibers bear complex growth cones (thin 
arrows) and are mixed with labeled cell bodies (large 
arrow). The star indicates the ventricular angle. B, 
Axons and cell bodies (large arrow) labeled with DiA 
are located in the mantle region of the MGE, close to 
the junction with the diencephalon. The arrowheads 
point to two thalamic growth cones, and thin urrow~ 
point to corticofugal fibers faintly visible through the 
DiA filter. C, High-magnitication view of corticofugal 
fibers and of a cell (arrow) in the mantle of the LGE. 
Scale bars: A, B, 200 pm; C, 50 pm. 
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Cortical injections 
It 

% 
Thalamic injections 

l-2 
% 

12 6 0 2 13 0 1 11 3 
67 33 0 13 87 0 7 73 20 

0 5 3 1 5 0 7 0 0 
0 62 38 17 83 0 100 0 0 

For each age, the table indicates the number (n) and percentage (%) of embryos in which the distal-most site reached by the fibers was the neocortex, GE, or thalamus. Although 
corticofugal fibers reach the GE in 1 case out of 3 at ENS, none are observed in the thalamus 1 d later, and the great majority are terminating instead in the GE. They reach 
the thalamus only 2 d after they are observed in the GE for the first time. At E11.5 and E12.5, the most advanced thalamocortical fibers are found mainly in the GE, and very 
few are found in the cortex. At El3.5, projections into the cortex are observed in all experimental cases analyzed. 

wall and into the basal telencephalon (Table 1). At the ventricular 
angle of the telencephalic vesicle, cortical fibers had crossed the 
intermediate zone of the cerebral wall and entered the LGE. They 
were observed in the whole dorsoventral and lateromedial extent 
of the mantle region of the LGE, they were defasciculated (Fig. 
34, and most of them ended with wide and foliate growth cones. 
As at E11.5, the growth cones in the LGE were often bifurcated 
and large, giving them a more complex appearance than growth 
cones in the intermediate zone of the cortical wall (compare Fig. 
5, F and D, righ@ Only a small proportion of the fibers extended 
in the dorsal part of the MEE; most remained confined within the 
LGE. No fibers were observed in the dorsal diencephalon at this 
age. In the LGE, retrogradely labeled cells were again observed, 
in higher numbers than at E11.5 (Fig. 3A,C). They were much less 
numerous in caudal than in rostra1 regions of the GE. Labeled 
cells were also observed occasionally in the intermediate zone of 
the cortical wall, mixed with the corticofugal fibers (Fig. 3B). They 
generally had large and elongated cell bodies, oriented parallel to 
the fibers. 

E13.5 
At this age, large numbers of labeled cortical fibers were observed 
beyond the embryonic striatum that differentiated in the LGE 
(Fig. U), and the most advanced had already reached the dorsal 
thalamus (Table 1). In the cortical wall, most fibers ran in a 
widespread stream within the intermediate zone, and a thin fas- 
cicle of efferent fibers ran within the subplate. The stream of 
corticofugal axons enlarged as it reached the lateral part of the 
embryonic striatum and then condensed again to form the internal 
capsule in the medial part of the basal telencephalon. Labeled cell 
bodies were still observed in the embryonic striatum, but their 
density strongly decreased compared with E12.5. 

Cellular environment of the growing cortical axons at 
the ventricular angle and into the LGE 
We studied the cellular environment of corticofugal axons in the 
LGE and at the ventricular angle when these fibers still navigate 
into the LGE and are closely associated to sparse, retrogradely 
labeled cell bodies. Because few antibodies are available that react 
well with antigens in hamsters, immunohistochemistry was per- 
formed in El3 mouse embryos, a developmental stage that cor- 
responds to the beginning of El2 in hamster embryos. 

We used an antibody that recognizes a juvenile form of the 
neuronal marker Map2 in mouse embryos (Brion et al., 1988). On 
frontal sections from El3 mouse brains, cells strongly stained for 
Map2 were found in the lower half of the intermediate zone (Fig. 

5A). They showed a tangential arrangement, although they occa- 
sionally sent a few oblique or radial processes toward the ventric- 
ular zone or the overlying cortical plate. At the ventricular angle, 
they coursed around the fold of the neuroepithelium. This 
“stream” of tangential cells ended or changed its arrangement at 
the lateral border of the GE, where a narrow dorsoventral band 
contained a high density of Map2-positive cells (Fig. 54. Else- 
where in the mantle zone of the GE, stained cells were few and 
sparsely distributed throughout the whole lateromedian extent. As 
seen in photoconverted DiI-labeled sections, the trajectory of the 
cortical axons at the ventricular angle matches the distribution of 
Map2-positive neurons. In the LGE, the dye-labeled cortical 
fibers and cells were distributed among differentiating neurons in 
the mantle zone, which weakly expressed Map2 (Fig. 54 

Cells strongly expressing CaBP28K and bearing processes ori- 
ented in several directions were also observed among growing 
corticofugal fibers at the ventricular angle and in the mantle zone 
of the LGE (Fig. SC). Near the front of growth of the cortical 
axons, we frequently observed DiI-labeled fibers closely apposed 
to CaBP28K positive cell bodies (Fig. 5Ll,F), some of which had 
neuronal morphologies (Fig. 5D). These immunostained cells 
were never DiI-labeled. 

Growth of thalamocortical fibers 
At the same time that corticofugal fibers grow, first toward the 
GE, then into the thalamus, thalamocortical fibers pioneer the 
reciprocal pathway and invade the cortex. 

El1.5 
Injections in the dorsal thalamus labeled a large fascicle of fibers 
that coursed toward the telodiencephalic sulcus, but only a few 
fibers had reached the MGE at this time (Fig. 24 Double 
injections of DiI in the cortical wall and of DiA in the thalamus 
showed that the pioneer cortical and thalamic fibers (labeled from 
injections in the parietal cortex and the ventral part of the dorsal 
thalamus, respectively) had just met one another in the MGE, 
close to the telodiencephalic sulcus (Fig. 2; compare Figs. 7 and 
8). Labeled cell bodies were always found in small groups near the 
tips of thalamic fibers in the mantle zone of the MGE (Fig. 28). 

E12.5 
Fibers labeled from the dorsal thalamus reached the embryonic 
striatum, where they seemed to be less scattered than the cortical 
fibers (Fig. 6). Their growth cones accumulated at the border 
between the embryonic striatum and the lateral cortical wall. 
Double-labeling experiments confirmed that both cortical and 
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Figure 3. Labeling in the telencephalon of E12.5 embryos after DiI injections in the cortical wall (cx). A, Cortical fibers end with complex growth cones 
in the lateral part of the GE. A very small number of fibers extend in the medial part of the GE. Dotted lines indicate the outlines of the section, and the 
star indicates the ventricular angle. B, C, Retrogradely labeled cells observed in the mantle of the GE, near the front of growth of efferent cortical fibers. 
The focus was changed between the two plates, and UY~OWS show the same cell. Scale bars: A, 200 Frn; B, C, 50 pm. 
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Figure 4. Labeling in the telencephalon of E13.5 embryos after dye injections in the cortical wall and in the dorsal thalamus. A, B, Labeling is shown 
in the basal telencephalon of an E13.5 embryo injected with DiI in the lateral neocortex and with DiA in the dorsal thalamus.A, DiI-labeled corticofugal 
axons form a thin fascicle in the subplate and a deep broader bundle in the intermediate zone (iz). In the basal telencephalon, they spread out in the 
dorsoventral direction and then condense to form the internal capsule (ic). B, DiA-labeled thalamic axons form a thick bundle in the basal telencephalon 
and reach the upper part of the intermediate zone in the cortical wall. C, Retrogradely labeled cells in the lateral cortex, from an injection site in the dorsal 
thalamus. The cells are distributed within the whole radial extent of the cortical plate (cp), and most of them are elongated radially and have a dendritic 
tree oriented toward the surface of the cortex. One of them (vertical arrow) is located at the basis of the cp, where the subplate begins to differentiate 
at this stage. The stur indicates the ventricular angle, and the small and large arrowheads point to the same blood vessels in A and B. Dotted lines indicate 
the outlines of sections. ic, Internal capsule; th, thalamus; vz, ventricular zone; iz, intermediate zone. Scale bars: A, 200 pm; C, 100 Wm. 

thalamic fibers were present in the lateral part of the GE. In the 
medial part of the GE, cortical fibers ran dorsal to the thalamic 
fibers. 

As in E11.5 embryos, dye injections in the dorsal thalamus 
labeled a few cells in the MGE, below and within the internal 
capsule (Fig. 6A,C). 

E13.5 
At this age, thalamic fibers were distributed widely within a large 
anteroposterior domain of the cortical wall. Fibers traversed the 
intermediate zone of the lateral part of the cortical wall and 
reached the upper half of the intermediate zone and the subplate, 
but did not yet enter the cortical plate (Fig. 4B). 

Topographical organtion of the early corticofugal 
projection in the telencephalic vesicle 
At E11.5, the trajectories of corticofugal axons in the telence- 
phalic vesicle, as reconstructed from frontal sections or analyzed 
on flattened vesicles (Fig. 7), were oriented coarsely dorsoven- 
trally, orthogonal to the rostrocaudal axis of the telencephalic 
vesicle; however, cortical fibers arising from the caudal-most sites 
made a rostra1 turn soon after entering the LGE. One day later, 
at E12.5, most cortical axons still ended in the lateral part of the 
basal telencephalon. The most advanced reached the MGE, and 
in the last part of their trajectory were deflected into the rostro- 
caudal plane to converge toward the telodiencephalic sulcus. At 
E13.5, cortical fibers labeled from the presumptive parietal cortex 
entered the dorsal thalamus. Thalamic injections, in contrast, 
retrogradely labeled cortical plate and subplate cells within a 

small lateral area of the presumptive parietal neocortex (Fig. 4C). 
Fibers labeled from other cortical areas had already reached the 
internal capsule but not the dorsal diencephalon. At E13.5, and in 
a few E12.5 embryos, cortical injections also labeled axons whose 
trajectories in the basal telencephalon diverged from those de- 
scribed above and illustrated in Figure 7. We did not study the 
trajectories of these fibers. 

In summary, the dye-labeling shows that the corticofugal and 
thalamocortical axons grow out at the same time and simulta- 
neously reach the GE. Rather than interacting with each other, 
both sets of fibers seem to interact with substrate in the LGE and 
MGE. At same time, the LGE sends reciprocal projections toward 
the cortex, and the MGE sends them toward the thalamus. After 
a waiting period of -24 hr, the cortical and thalamic projections 
leave the GE to reach their final targets, and the efferent projec- 
tions from the GE decrease. 

Coculture experiment with the cortex and GE 
The anatomical observations suggested that cortical and thalamic 
fibers use the GE as an intermediate target. To test whether the 
GE could specifically orient the growth of at least the corticofugal 
axons, we conducted coculture experiments. First, we examined 
the development of pathways within large explants comprising 
most of the telencephalic vesicle (cortex + GE). We then made 
several types of cocultures, in which a cortical explant was placed 
next to an explant of the entire GE or of only the LGE or MGE, 
as well as control cocultures in which the cortical explant was 
placed next to a collicular, brainstem, or cortical explant (Table 
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Figure 5. Combined Map2 and CaBP28K immuno- 
staining together with photoconverted DiI-labeled or- 
ticofugal fibers in E13.5 mouse brains. A, In the cortical 
wall, MAP-2 positive neurons (brown) are distributed in 
the cortical plate and in the lower half of the interme- 
diate zone (iz). A narrow and dense stripe containing 
strongly positive neurons is seen at the lateral border of 
the LGE (Ige; alrowheuds). In the rest of the LGE, 
positive cells are less dense and more weakly stained. B, 
Double-labeled section showing photoconverted DiI- 
labeled corticofugal axons (brown) and Map2-positive 
cells &my) in the GE (ge). C, Cortical fibers (brown) run 
among CaBP28K-positive cells (dark blue) in the lower 
part of the iz, at the ventricular angle and in the mantle 
zone of the LGE. white marker points to the CaBP28K- 
positive cell shown in D. D, Two high-magnification 
views of a CaBP28K-positive cell with two growth cones 
closely apposcd to the same process. E, High- 
magnification view of a retrogradely labeled cell at the 
lateral border of the LGE. F, Two cortical fibers (black 
arrowheudr) are shown closely apposed to a CaBP28K- 
positive cell body in the LGE. Growth cones in the 
vicinity exhibit very complex morphologies. Scale bars: 
A, 100 pm; D, 50 pm; C, E, F, 10 Frn. 
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Figure 6. Frontal sections from the basal telencephalon of an E12.5 hamster embryo injected with DiI into the dorsal thalamus (&).A, Low-magnification 
view of thalamic axons in the internal capsule (ic). The cortical wall (cx) received an injection of DiA, faintly visible though this filter. Thalamic axons 
end with growth cones close to the lateral border of the GE (ge). A cell (large arrow) observed near thalamic axons in the ic is shown at high-magnification 
in C. B, A more caudal section containing the center of the injection site. The DiI crystal appears as a dark rectangle. et, Epithalamus. Scale bars: A, B, 
200 pm; C, 50 pm. 

2). After 4-5 d in vitro, the cultures were lixecl, and fibers origi- 
nating in the cortical explant were traced using DiI. 

Growth of fibers within explants of the entire 
telencephalic vesicle 
We assessed whether cortical-GE projections developed when the 
cortical wall and GE were kept attached together and cultured on 
a Millicell filter. After 4-5 d in culture, the telencephalic vesicle 
explants underwent some enlargement and distortions. The two 
ridges of the GE became less apparent, but the cortex was still 
thinner than the GE and clearly distinguishable from the adjacent 

LGE (Fig. &I). Injections of DiI in the cortex labeled cortical 
axons, most of which ended in the LGE. The majority followed 
rather straight trajectories oriented toward the center of the GE, 
and a small proportion of them reached a small area located 
below the LGE in the center of the GE and grew around or within 
it (Fig. 8B). After 4 d in vitro, the pattern of cortical fibers was 
remarkably similar to that observed in vivo between El15 and 
E13.5 (see Fig. 7): (1) They followed dorsoventral trajectories up 
to the LGE, where a large number of them accumulated, and (2) 
those that left the LGE converged toward a restricted region of 
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El15 

El 2.5 

El 3.5 

Die1 

CORTICAL INJECTIONS 

dorsal view lateral view 

Figure 7. Summary diagram of the course followed by corticofugal fibers between El15 and E13.5 in hamsters. The results of injections performed on 
13 flattened whole-mounted El15 telencephalic vesicles are summarized on the right. At E11.5, cortical axons labeled from the lateral-most sites enter 
the basal telencephalon (Telenceph.). Retrogradely labeled cells are associated with efferent fibers in the LGE. At E12.5, most fibers accumulate in the 
LGE. Cells are retrogradely labeled in the LGE (regions labeled with ma21 white circles). At E13.5, fibers labeled from caudal cortical regions, but not 
from rostra1 regions, enter the diencephalon (Dienceph.). Thalamic cells are retrogradely labeled (regions with small dark circles) from caudal cortical 
areas. The lefi side shows trajectories in the horizontal plane, as viewed from the dorsal aspect. The right side shows trajectories in the vertical plane, as 
viewed from the lateral aspect of the brain. The GE is indicated in gray; rostra1 is to the light. Injection sites shown on the lateral views are the open circles. 

the MGE. In a few experiments in which the telencephalic vesicle 
explants were kept attached to the thalamus, a higher number of 
corticofugal fibers reached the center of the MGE and pursued 
their course toward the thalamus (data not shown). Dye injections 
in the cortex labeled sparse cell bodies in the LGE intermingled 
with cortical axons, suggesting that LGE-cortical projections de- 
veloped in these explants. 

Close examination of the explants under both light (transmit- 

ted) and epifluorescent illumination showed that the region of the 
GE toward which corticofugal fibers were seen to converge was 
distinct from the surrounding tissue in that it appeared as a 
restricted and clear area under transmitted light (Fig. SA). Small 
DiI injections in this area retrogradely labeled cells in the cortex 
as well as a restricted, rostrocaudally elongated group of cells in 
the lateral part of the LGE. Thus, large numbers of fibers arising 
from both the cortex and the LGE converged toward a subregion 
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located in the center of the MGE. Cortical axons arising from 
caudal aspects of the cortex ran ventrally to the labeled cells in the 
LGE, whereas axons arising from other cortical regions ran across 
them. 

Development of fibers in cocultures of cortex and GE 

When a cortical explant was placed next to an explant comprising 
the entire GE, and both were oriented as in situ, corticofugal 
axons crossed the frontier and followed trajectories similar to 
those observed in the explants of “whole” telencephalic vesicles 
(Fig. 8). 

When a cortical explant was placed next to an explant compris- 
ing the lateral subdivision of the GE (cortex + LGE cocultures), 
both explants reproducing the normal relative orientations of both 
structures, cortical axons formed fascicles that extended far into 
the LGE explant. In the median zone of the LGE explant, we 
always observed a small area reached by several fascicles arising 
from any rostrocaudal level. Among cocultures, a varying propor- 
tion of fibers labeled from the cortical explant (half of them in 
some cases) stopped in this region, which appeared as a clear spot 
under transmitted light (Fig. 9A,B). A few fibers entered and 
remained within this area where they defasciculated and formed a 
ball (Fig. SC). Some fascicles were observed to be deflected just 
before reaching this area. Fascicles that did not end there ex- 
tended in the rest of the LGE explant. They never exhibited a 
defasciculated aspect. 

When both explants were placed in a manner that was different 
from their normal in vim orientation (for instance, with the LGE 
explant facing the median side of the cortical explant; see Figs, 9F, 
lo), some fascicles of cortical axons again converged toward a 
small area at the median border of the explant where they re- 
mained, whereas other fascicles extended largely into the LGE 
explant, independently from its lateromedian orientation. When 

we placed LGE explants caudally or rostrally to cortical explants 
(Table 2), we observed that some cortical axons running close to 
the frontier with the LGE left the fascicles, grew into the LGE 
explant, and again ended in a restricted area of the LGE. 

Because a restricted area at the median border of the LGE 
was able to orient the growth of a varying proportion of cortical 
axons in neocortex/LGE cocultures, whereas almost all corti- 
cofugal axons converged toward the center of the GE in neo- 
cortex/GE cocultures, we made cocultures of neocortex and 
MGE explants. When the normal relative orientation of both 
structures was respected, with the lateral aspect of the MGE 
facing the median aspect of the cortical explant (Fig. 9D,E), 
cortical axons stopped within the lateral border of the MGE 
explant, close to the frontier with the neocortex, and formed a 
large stump in some cases; As in cultures of whole telence- 
phalic vesicle explants and in neocortex/GE or LGE cocultures, 
the region in which cortical fibers seemed to have stopped 
appeared as a small clear area under transmitted light (Fig. 
9D). When the normal relative orientation of both explants was 
disrupted, with the MGE explant adjacent to the median aspect 
of the cortical explant (Figs. 9G, lo), cortical axons then 
coursed across the MGE, but virtually all of them converged 
toward a small region located along its lateral border. 

Development of fibers in cocultures of cortex and 
colliculus, brainstem, or cortex 

To assess whether only the GE or, alternatively, other regions of 
the CNS were able to orient the growth of cortical fibers in 
cocultures, we made cocultures between cortical and collicular, 
brainstem, or cortical explants. In cocultures of cortex and col- 
liculus, cortical axons did not grow at all into the collicular 
explant, suggesting that the collicular explant was not permissive 
for the growth of corticofugal fibers (Fig* 10). Some fibers were 
seen to grow at the interface between each explant, and they did 
not seem to stop at any particular level. In cocultures of cortex 
and brainstem or cortex, small fascicles of cortical axons crossed 
the frontier and extended into the adjacent explant (Fig. 9HJ). 
Thus, these explants were growth-permissive for cortical fibers. In 
contrast to the GE explants, however, cortical and brainstem 
explants were not able to orient in any particular way the trajec- 
tories of cortical fibers. The cortical fibers did not change their 
orientation after crossing the frontier, neighboring fascicles often 
diverged in the explants, and neither isolated fibers nor fiber 
fascicles converged toward any particular region of the brainstem 
or cortical explants. 

DISCuSSION 
In this study, we describe the growth pattern of the earliest fibers 
that comprise the thalamocortical and corticothalamic projec- 
tions. The development of these pathways follows a characteristic 
sequence, which is summarized in Figure 11. Our main findings 
are that (1) both thalamic and cortical fibers seem to pause within 
the GE for some time during their progression to their respective 
targets; (2) neurons in the mantle region of the lateral and medial 
subdivisions of the GE send early and transitory projections 
toward the cortex and the thalamus, respectively, at stages when 
thalamic and cortical fibers are growing toward or into the GE; 
and (3) cocultures of cortical and MGE or LGE explants show a 
directed growth of cortical fibers toward the GE. We also ob- 
served a reorganization in the trajectories, a defasciculated 
growth of thalamic and cortical fibers in the GE region, and a 
close apposition between cortical growth cones and certain cells 



3230 J. Neurosci., May 15, 1996, 76(10):3219-3235 M&in and Godement l Axonal Growth between Thalamus and Cortex 

Figure 8. A, B, Culture of an entire telencephalic vesicle; C, D, coculture of neocortex (cx) and GE (ge). Explants are viewed from their ventricular side 
after 4 d of growth. Rostral is Zef, dorsal is up. Injection sites of DiI are visible as dark spots in transmitted light (A, C), and an optically less dense area 
(white arrow) is visible in both cases in the GE, below the LGE (Zge). In both cultures, most dye-labeled corticofugal axons (B, D) enter the LGE and some 
of them converge toward a small site below the LGE, which corresponds to the more transparent areas visible in A and C. Scale bar, 1000 

with complex morphologies in the GE. Taken together, our find- 
ings suggest that the mantle region of the GE is a prominent 
way-station in the pathway between thalamus and cortex and may 
serve as an intermediate target for cortical and probably thalamic 
fibers. 

Growth of thalamic and cortical fibers toward the GE 
The first fibers that exit the embryonic neocortex originate from 
preplate cells in the lateral-most aspect of the cortical wall. These 
cells are the closest to the exit point from the neocortex and may 
be generated earliest in view of the lateromedian gradient of 
maturation of the cortical wall in mammals (Angevine and Sid- 
man, 1961; Berry and Rogers, 1965; Shimada and Langman, 1970; 

Bruckner et al., 1976; Crossland and Uchwacht, 1982; Luskin and 
Shatz, 1985; Marin-Padilla, 1988; Rakic, 1988; Jackson et al., 
1989). As shown by retrograde labeling experiments (data not 
shown), axons from these preplate cells are also the first to reach 
the GE. Unlike those in ferrets (McConnell et al., 1989), they 
apparently do not reach the dorsal thalamus much before the 
later-outgrowing axons from the cortical plate cells do. Injections 
of DiI in the thalamus in all cases resulted in labeling of both 
preplate and cortical plate cells. 

A surprising observation is that the cortical fibers accumulate 
for 1 d (between E11.5 and E12.5) within the LGE before pursu- 
ing their growth through the telodiencephalic sulcus. During this 
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Figure 9. Cocultures of neocortex with LGE (A, B, C, F), MGE (D, E, G), neocortex (H), and brain stem (0. The explants were from El3 mouse 
embryos. The injection sites of DiI in the cortex are visible under fluorescent illumination.&C, Cortex/LGE coculture with the LGE (Zge) explant placed 
at the lateral border of the cortex (cx). B, Labeled corticofugal fibers are shown that converge toward a restricted area within the LGE (arrow), which 
appears clear under light microscopy (A). Many fibers seem to have stopped there (C), and some fibers make a clear turn to reach this area. D, E, 
Neocortex/MGE coculture: the MGE (mge) explant is placed at the lateral border of the neocortex. E, Labeled corticofugal axons are shown that converge 
toward a small area at the lateral border of the MGE explant (arrow), which appears clear under light microscopy (0). F, Cortex&GE coculture with the 
median border of the LGE explant placed at the median border of the cortex. Fascicles of axons labeled from the cortical explant either largely extend 
in the LGE explant or turn and end in a small area of the LGE explant (arrow) close to the frontier. G, Cortex/MGE coculture with the MGE explant 
placed at the median border of the cortex. The fascicles of cortical axons converge toward the lateral border of the MGE explant. H, Z, In these cocultures 
the corticofugal axons form small fascicles that course throughout the adjacent explant. b. St., Brainstem. A-Z, Dotted lines show the frontiers between each 
explant. Scale bars: A, D, F, H, Z, 1000 pm; B, E, F, 500 pm; G, 380 pm; C, 250 ym. 
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F@re 10. Summary diagram showing the results of coculture experiments. A, The telencephalic vesicle as viewed from the ventricular side and regions 
used in the cocultures; B, schemes of the cocultures showing the DiI injection sites (dark spots) and the trajectories of labeled corticofugal fibers in the 
cultures. Arrowheads indicate fibers that converge and end in a subregion of the GE explants. I: “Whole” telencephalic vesicle explant; 2: coculture 
between neocortex and GE; 3-5: cocultures of neocortex and LGE in three distinct relative orientations; 6-7: cocultures of neocortex and MGE in hvo 

distinct relative orientations; 8-9: control cocultures between two explants of neocortex (8) and between neocortex and superior colliculus (9). C, 
Interpretative scheme of the culture and coculture results. In whole telencephalic vesicle explants, corticofugal fibers end among cells in the LGE or 
project toward a subpart of the GE, indicated by stripes. Cells in the LGE project toward the neocortex or toward the same area of the GE as reached 
by the corticofugal fibers. This pattern closely resembles that observed in viva. In cocultures of neocortex with GE, LGE, or MGE, corticofugal fibers also 
converge toward a subregion of the GE. In all parts of the figure, the rostra1 (r) and caudal (c), medial (r?~) and lateral (I) sides are indicated by the small 
letters. 

time, thalamic fibers extend into the MGE, and a few of them 
reach the LGE. These observations imply that both pioneer cor- 
tical and thalamic fibers grow independently from each other but 
converge in the GE: specifically, from cortex to LGE and from 
thalamus to MGE. 

Retrogradely labeled cells among extending fibers 
In the intermediate zone of the cortical wall and around the 
ventricular angle, efferent cortical fibers labeled with DiI are 
intermingled with cells that are also labeled. Labeled cells are also 
found in the LGE, although only for a short period (EllS- 
E12.5). These cells either could be labeled transcellularly (Gode- 

ment et al., 1987) or could send a process within or toward the 
cortical wall. It is unlikely that they would be labeled transcellu- 
larly, because (1) careful examination of their morphologies 
shows that in all cases they indeed sent a process toward and (as 
could sometimes be observed in a single section) into the injection 
site; (2) we never observed labeled radial glial cells far from the 
injection site, although cortical fibers grow within a lattice of 
radial glial processes that cover the whole extent of the cortical 
wall (Rakic, 1972, 1988; Gadisseux et al., 1989) and GE (Liu and 
Graybiel, 1992; our unpublished observations), indicating that 
transcellular labeling was absent or kept minimal in our material; 
(3) cells (both in the cortical wall and GE) can be labeled similarly 
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Figrlre Il. Early steps in the development of the projections between 
thalamus (TH) and cortex (CA) and their relationships with the early 
efferent projections from the basal telencephalon. 1, Cortical axons from 
preplate cells &q) begin to enter the LGE, and axons from dorsal 
thalamic cells (block) begin to enter the MGE. Reciprocally, cells in the 
LGE (opera circle) send a projection to the cortex, and cells in the MGE 
(open circle) send a projection to the dorsal thalamus. 2, Thalamic and 
cortical fibers distribute within the GE, but do not enter the cortical wall 
or the dorsal diencephalon, respectively. The projections between the 
LGE and the embryonic neocortex show a rostrocaudal differentiation. 3, 
Thalamic and cortical fibers have reached their target region. The efferent 
projections from the GE to the cortex and the thalamus become reshaped 
or reduced. 
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after ilz viva injections of DiI and WGA-HRP; and (4) our 
immunohistochemical data indicate that MapZpositive neuronal 
cells (as well as calbindin-positive cells) are found in these regions, 
with shapes and distributions closely fitting those of the DiI- 
labeled cells. In the cortical wall, these cells extend long processes 
toward the cortical plate, and they obviously could be labeled 
retrogradely by our injections. Many of these Map2-positive neu- 
rons also express GABA (Cobas et al., 1991; Delrio et al., 1992; 
our unpublished observations). 

Early efferent projections from the GE 
A novel finding in this study is that cells of the LGE project axons 
to the cortical wall at stages when cortical cells extend an axon to 
the GE and likewise that cells of the MGE send an early projec- 
tion to the dorsal thalamus when thalamic cells extend an axon 
through the telodiencephalic sulcus. Because the striatum does 
not project back onto the neocortex after birth and in the adult 
(Ifiiguez et al., 1990; Gerfen, 1992), this early corticopetal projec- 
tion should be present only transiently. In the LGE, the retro- 
gradely labeled cells were colocalized with juvenile neurons and 
calbindin-positive cells. We could not detect double-labeled cells, 
probably because the photo-oxidation process strongly reduced 
the immunoreactivity of cells. In the rat, Liu and Graybiel (1992) 
described an early and transient population of calbindin-positive 
cells in the developing striatum that are closely related to a 
pattern of calbindin-immunoreactive fibers between the LGE and 
the neocortex, and it is likely that these projections are the same 
as those we have observed by DiI-labeling. 

The projection from the MGE to the thalamus arises in a region 
containing a dense population of neurons. Studies performed at 
later stages in rats have identified a population of neurons in the 
internal capsule that are transient and send projections to the 
dorsal thalamus (Mitrofanis and Baker, 1993; Mitrofanis, 1994). 
The cells engaged in the early projection that we have observed 
could be equivalent to the perireticular cells observed in rats. In 
hamsters, they both develop and send projections to the thalamus 
very early (i.e., EllS), coincidental with the growth of pioneer 
dorsal thalamic fibers. 

Thus, as they enter the basal telencephalon (GE), cortical and 
thalamic projections can interact with hvo early efferent projec- 
tions arising from LGE and MGE cells that are located close to 
the limit between the two compartments they will join. These two 
output projections, apparently far-reaching, might well play sym- 
metrical roles during development by participating in the guid- 
ance of the first cortical and thalamic fibers as they exit their 
domain of origin, e.g., by processes of fiber-fiber fasciculation. It 
is noteworthy that the LGE-cortical projection is transient, van- 
ishing at E13.5; its potential role in the guidance of cortical fibers 
would then be restricted to the earliest (pioneer) fibers that leave 
the cortical wall, most of which project down to thalamus or 
mesencephalic targets. In addition, axocellular interactions could 
occur between the growing cortical (and maybe thalamic) axons 
and cells distributed along their pathway. At the ventricular angle, 
we frequently observed associations between growth cones of 
cortical axons and cells expressing CaBP28K that are distributed 
in the intermediate zone, some of which display neuronal 
morphologies. 

The early cortical and thalamic projections to the GE, which 
match the hvo reverse projection systems from LGE to cortex and 
from MGE to thalamus, define two early “neopallial-LGE” and 
“thalamic-MGE” domains. It is interesting to note that each 
domain also coincides with the domains of expression of several 
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developmental genes. Indeed, Gbx2, a gene that encodes a home- 
odomain protein, is expressed in the MGE and the dorsal thala- 
mus (Bulfone et al., 199,3b), and Otxl and Otx2 are expressed in 
the cortical wall and the LGE (Simeone et al., 1993). A first step 
in the development of the reciprocal thalamocortical connections 
may therefore be the establishment of reciprocal projections 
within each domain, i.e., between cortex and LEE and thalamus 
and MGE. 

Growth of fibers within the GE 
As cortical and thalamic fibers both enter the mantle region of the 
LGE and MGE, they shift their directions of growth, become 
defasciculated, and bear complex growth cones. Furthermore, 
during the time in which cortical fibers accumulate in the LGE, 
some of their growth cones are observed to be closely apposed to 
well differentiated, calbindin-positive cells, which raises the pos- 
sibility that they interact with these cells. Calbindin-positive cells 
were observed both close to the proliferative neuroepithelium and 
in the mantle region of the GE, which at these ages contains 
postmitotic cells, in particular neurons (Menezes and Luskin, 
1994; Porteus et al., 1994). In view of their large size and complex 
morphologies, it is likely that these cells are neurons. They are 
clearly different from the radial glia that are RC2-positive (Fishell 
et al., 1995; our unpublished observations). 

Taken together, our results suggest that the mantle zones of 
both LGE and MGE constitute a decision region for cortical and 
thalamic fibers. In addition to the specific reorientation of growing 
corticofugal fibers within the GE, apparent pausing of the fibers in 
this region, the occurrence of complex growth cones and the 
axocellular contacts suggest a role of LGE and MGE as interme- 
diate targets for these fibers, because these features are hallmarks 
of growing axons within intermediate targets (Tosney and Land- 
messer, 1985; Caudy and Bentley, 1986; Bovolenta and Mason, 
1987; Godement et al., 1990; Sretavan, 1993; Godement et al., 
1994; Marcus et al., 1995). 

This conclusion is also supported by the results of coculture 
experiments in which we tested -whether the GE alone could 
orient specifically the growth and trajectories of corticofugal fi- 
bers. In control cocultures (cortical-collicular, -brainstem, or 
-cortical cocultures), cortical fibers were never observed to follow 
oriented trajectories within the adjacent explant. In cocultures of 
cortex with GE, an oriented growth of cortical fibers occurs 
toward the GE, more precisely toward a region in the medial ridge 
of the GE, in several types of explant cocultures, either intact 
cortical-GE explants or cortical-LGE and -MGE cocultures. Con- 
tact interactions between cortical fibers and cells in the GE may 
be involved in orienting the growth of cortical fibers in the GE. 
LGE-derived axons were seen to converge toward the same area 
as cortical fibers in the GE. Alternatively, diffusible cues in the GE 
might orient the growth of cortical fibers within this structure. Our 
observations suggest that both types of mechanisms could be used, 
but additional experiments are needed to determine their relative 
contribution to the pathfinding of cortical fibers. 

Previous studies about the development of thalamocortical 
projections implicated the subplate (Allendoerfer and Shatz, 
1994), an intermediate target located within the cortical wall. In 
the present study, we define the GE, another intermediate target 
implicated at a very early stage in the development of thalamo- 
cortical projections. In contrast to the subplate, the GE is a 
structure embryologically independent from the cortical wall as 
well from the dorsal thalamus (Lammers et al., 1980; Sidman and 
Rakic, 1982). Its location on the path between thalamus and 
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