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The internal capsule and corpus callosum are the two major
efferent axonal pathways of the mammalian
neocortex.
Previous studies have shown that the first cortical axons to grow
through the internal capsule, the pathway from cortex to its
subcortical targets, are extended by subplate neurons, which
are the earliest generated
neurons in the neocortex.
Here,
we characterize
the origin of the first axons to project through
the other major efferent pathway of the cortex, the midline
corpus callosum,
which connects
the two cortical
hemispheres. Using anterograde
Dil tracing, we show that cortical
axons first cross the midline through
the nascent corpus
callosum at E 17. Retrograde
Dil labeling from medial cortex
at El8 reveals that these axons originate
from a discrete
group of neurons in medial (presumptive
cingulate)
cortex.
These early callosal cells have complex morphologies
with
highly branched
dendrites
and later appear to take on a
pyramidal
form characteristic
of callosal neurons
in deep
layers of cingulate
cortex. 3H-thymidine
birthdating
demonstrates that these cells are predominantly
generated
on E 14,
making them among the earliest generated
neurons in this
cortical region. Injections of retrograde
tracers in one cortical
hemisphere
at late embryonic or early postnatal ages result
in substantial
numbers of neurons labeled in the ipsilateral
subplate, but only a few neurons labeled in the contralateral
subplate.
Thus, subplate
neurons
do not pioneer or ever
project in significant
numbers through the corpus callosum.
We conclude that the two major efferent pathways from cortex, the corpus callosum and the internal capsule, are pioneered by developmentally
and spatially distinct populations
of early generated
cortical neurons.
[Key words: axonal guidance,
axonal pathfinding,
cortical
development,
cortical neurogenesis,
pioneer neurons, subplate]

The two major efferent axonal pathways from the mammalian
cortex are the callosal, through the corpus callosum, and the
subcortical, through the internal capsule.The callosalprojection
arisesfrom neurons in five of the six main cortical layers, the
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exception beingthe neuron-sparselayer 1 (WiseandJones,1976).
Subcortical projections originate exclusively from the deepcortical layers; layer 6 neuronsproject to the thalamus, while layer
5 neurons project to the midbrain, hindbrain, and spinal cord
(Wise and Jones, 1977).In addition, subcortically and callosally
projecting neurons are found in cingulate cortex, which is positioned next to the midline just medial to the neocortex, and
perirhinal cortex, which is positioned ventrolateral to the neocortex. In both adult (Miller, 1975; Catsman-Berrevoetset al.,
1980; Swadlow and Weyand, 1981; Wong and Kelly, 1981) and
developing animals (Koester and O’Leary, 1993), subcortical
and callosalprojections are formed by completely separatepopulations of neurons.
Pioneer neurons have been defined as those that extend the
first axons through a pathway (Bate, 1976; Bentley and Keshishian, 1982).Neurons of the neocortical subplatesendthe first
axons from cortex into the internal capsule,and thus “pioneer”
this pathway (McConnell et al., 1989; Blakemore and Molnar,
1990; De Carlos and O’Leary, 1992; Erzurumlu and Jhaveri,
1992). Subplate cells are the earliest generated population of
cortical neurons. Upon becoming postmitotic, these neurons
aggregatebeneath the pial surface, directly over the neuroepithelium, to form the preplate. Subsequently, neurons of the
cortical plate proper are generated,migrate from the neuroepithelium, and aggregatewithin the preplate, splitting it into a
deep, neuron-rich subplate and a superficial neuron-poor marginal zone or layer 1 (Marin-Padilla, 1978; Luskin and Shatz,
1985a). Cortical plate neurons are generated in an inside-out
fashionsuchthat the earliestgeneratedcellsarepositioneddeepest(Angevine and Sidman, 1961; Rakic, 1974;Luskin and Shatz,
1985b).This inside-out radial neurogeneticgradient is followed
then by a morphogeneticgradient; subplateneuronsare the first
cortical cells to extend axons and layers 6 through 2 of the
cortical plate differentiate in a deep to superficial gradient.
In this study, we setout to determine the nature of the neurons
that pioneer the callosalpathway. Sincein neonatal ferrets and
cats neocortical subplatecellscan be retrogradely labeledfrom
contralateral cortex (Chun et al., 1987; Antonini and Shatz,
1990) it was reasonableto assumethat subplate cells pioneer
the corpus callosum as they do the internal capsule.We find,
however, that the callosalpioneersare a distinct neuronal population clustered in the most ventromedial part of the nascent
cingulate cortex. Using ‘H-thymidine birthdating, we showthat
the callosalpioneersare predominantly generatedon E14, making them amongthe earliestgeneratedneuronsin cingulatecortex (Richter and Kranz, 1979;Bayer, 1990b).Although previous
reports have suggestedthat cingulate cortex lacksa definedsubplate (Bayer, 1990a), we find that cells with the appropriate
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location and morphology
for subplate cells are present in this
region. However, in contrast to our preliminary
report of these
findings (Koester and O’Leary, 1991), our evidence suggests
most, if not all, of the callosal pioneering
neurons are not part
of the cingulate subplate, but reside in the cortical plate and
later develop pyramidal morphologies.

Materials and Methods
Animals. The fetuses and pups of timed-pregnant Sprague-Dawley rats
(Harlan) were used. The day of insemination is designated embryonic
day (E) 0. Pups were born on E22. The first 24 hr after birth are designated postnatal day (P) 0.
Neuronal labeling. To examine the early development of the corpus
callosum, we used postmortem DiI labeling in aldehyde fixed brains
(Godement et al., 1987; Honig and Hume, 1989). When used in aldehyde-fixed tissue, l,l’-dioctadecyl-3,3,3’,3’-tetramethylindocarbocyanine nerchlorate (DiI: Molecular Probes) aDDlied to axons labels neurons in their entirety. DiI used as an anterogade tracer reveals the full
extent of axons, including their collateral branches and growth cones.
DiI used as a retrograde tracer reveals the complete dendritic morphologies of the labeled neurons. Fetuses were removed from anesthetized dams (3.5% chloral hydrate in distilled water; 35 mg/lOO gm
maternal weight) by cesarian section between noon and 3 P.M. on the
stated embryonic day. Fetuses or postnatal pups were anesthetized with
hypothermia and perfused transcardially with 10% formalin buffered to
pH 7.4 with 0.1 M sodium phosphate buffer (10% NBF). After 24 hr
oostfixation, DiI (0.2% in dimethvlformamide) was iniected through a
glass micropipette attached to a picospritzer (General Valve Corp.) &to
various sites in cortex. To label anterogradely the early callosal axons,
DiI was injected into dorsomedial cortex. To label retrogradely the
neurons giving rise to these axons, the rostra1 pole of one hemisphere
of cortex was removed and DiI was injected into the exposed medial
wall of the cortex. The injected brains were stored in 0.1 M sodium
phosphate buffer in the dark for 2 weeks or longer. Brains were sectioned
at 100-l 50 Km on a vibratome. Sections were counterstained with bisbenzimide (0.002% in sodium phosphate buffer; Sigma) and examined
and photographed using a fluorescence microscope with rhodamine (DiI)
or UV (bisbenzimide) illumination. Some D&labeled cells were photoconverted with DAB using the protocol of Sandell and Masland (1988).
The retrograde tracers fast blue (FB; Illing; 2% in distilled water),
diamidino yellow (DY; Illing; 2% in distilled water), or rhodaminelabeled latex beads (RB; Lumafluor; diluted 1:4 in distilled water) were
injected into the cortex of PO pups through a pulled glass micropipette
attached to a picospritzer. On P3, the pups were anesthetized using
hypothermia and perfused transcardially with 10% NBF. The brains
were removed, postfixed overnight, cryoprotected in 20% sucrose, and
coronally sectioned at 40 pm on a freezing microtome. Every other
section was mounted on gelatin-subbed slides, dehydrated through ethanols, cleared in xylenes, coverslipped in Krystalon (Harleco), and examined with a fluorescence microscope using UV (FB, DY) illumination. Sections from brains containing RB were air dried on gelatincoated slides, coverslipped in 90% glycerol with 5% n-propyl-gallate,
and examined with rhodamine illumination. In each case, the alternate
series of sections was mounted, counterstained with thionin, dehydrated, cleared, and coverslipped in DPX.
*H-thymidine birthduting. ‘H-thymidine (3H-TdR) was used to birthdate the early callosal neurons identified by retrograde DiI labeling in
fixed El8 brains. Dams were given either a single intraperitoneal injection of ‘H-TdR (1 mCi/lOO gm maternal weight per injection) on
El2 (n = 2). El4 (n = 1). or El5 (n = 2). or two iniections, one on El4
and one on’El5 (n = l).‘Two other dams received a series of six smaller
doses (each being 0.33 mCi/lOO gm maternal body weight) at 8 hr
intervals over El 3 and E14. The fetuses in one uterine horn were removed on E 18 by cesarian section, perfused transcardially with 10%
NBF, and injected with DiI in medial cortex to label retrogradely the
earliest callosal neurons. After DiI diffusion, brains were vibratome
sectioned at 100 pm and DiI labeled, and callosally projecting neurons
were photoconverted with DAB. The vibratome sections were embedded in Durcupan (EM Sciences) and sectioned at 1.5 pm on an ultramicrotome to ensure that all 3H labeling could be detected, as the pathlength of the p-emission particle from ‘H decay is 2-3 pm in tissue
(Rogers, 1979). The semithin plastic sections were mounted on gelatincoated slides and dipped in NTB2 emulsion (Kodak) for ‘H autora-

Figure 1. Cortical axons first cross the midline of the corpus callosum
on E 17. A, Outline of a coronal section through an El 7 brain to show
the approximate location of B (dashed line). The location ofthe injection
site is marked (asterisk). cc, corpus callosum primordium. B, A small
number of axons, many tipped by growth cones, have reached the midline (arrowhead) at this stage. One (arrow) has begun to extend dorsally
in the contralateral white matter. Scale bars: A, 500 pm; B, 100 pm.
diography (Cowan et al., 1972). After a 6 week exposure, the slides were
developed in D19 (Kodak), dehydrated through graded ethanols, cleared
in xylenes, and coverslipped in DPX. The number of silver grains over
every photoconverted DiI-labeled neuronal profile was counted and
compared to background levels. A background level was determined
for each slide by counting the number of grains over a region of known
area on the slide and dividing by the ratio of that area to the average
area of the neuronal nuclei. Background was very low, typically 0.2
grains/nuclear area. Profiles with two or more silver grains/nucleus were
considered to be labeled. Profiles were categorized as heavily labeled if
they contained more than 25% of the number of silver grains over the
average of five of the most heavily labeled nuclei in that section. Labeled
profiles with fewer than 25% of the number of silver grains over the
most heavily labeled nuclei in that section were categorized as lightly
labeled.
To determine the eventual laminar distribution of cells generated at
the time of the ‘H-TdR injection, fetuses in the intact uterine horn in
the 3H-TdR-injected
dams were delivered normally and perfused between PO and P2 1. The brains were cryoprotected in sucrose and sectioned at 40 pm using a freezing microtome. A l-in-5 series of sections
was mounted on gelatin-subbed slides, defatted in chloroform-ethanol
(1: l), and dipped in NTB2 emulsion for 3H autoradiography. The slides
were exposed for 6 weeks, developed in D 19, counterstained with thionin, dehydrated, cleared, and coverslipped in DPX. The laminar distributions of heavily labeled cells for each of the 3H-TdR injection
protocols were qualitatively determined.
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Figure 2. A discrete cluster of neurons in cingulate cortex pioneer the corpus callosum. The neurons giving rise to the early crossing axons are
retrogradely labeled by a large injection in the contralateral white matter underlying medial cortex. A, Low-magnification
fluorescence photomicrograph showing the location of the injection site (asterisk) and retrogradely labeled neurons (arrow) in a coronal section at El8 Ipsilateral to the
injection site, retrogradely labeled cells are found only in medial cortex (arrowhead). B, A similar field after DAB photoconversion. C-E, Typical
morphologies of photoconverted callosal cells from the presumptive cingulate cortex at E18. The boundaries of the pia and intermediate zone are
marked by dashed and dotted lines, respectively. Horizontal sections through brains of El8 rat fetuses show that the early callosal pathway is
U-shaped, such that axons from rostra1 cortical regions cross the midline at a more caudal position and then extend rostrally in the contralateral
hemisphere (Valentino and Jones, 1982). Therefore, as seen in B, the retrogradely labeled callosal pioneer neurons can be located rostra1 to the
crossing point of the corpus callosum. Scale bars: A and B, 500 rm; C-E, 500 pm.

Results
Identification
of callosal pioneers
The early development of the corpus callosum was examined
with the postmortem method of DiI labeling in aldehyde fixed
brains (Godement

et al., 1987). Large DiI injections

in dorso-

medial cortex first anterogradely label axons crossingthe midline on E 17 (Fig. 1; n = 6). The few axons that have crossed the

midline do not yet extend any appreciable distance into contralateral

cortex; therefore,

these injections

did not retrogradely

label cortical cells contralateral to the injection.

To determine the origin of the earliest crossing axons, rat
fetuseswere perfusedat El 8 and largeDiI injections were made
in dorsomedial cortex (n = 9). At this age, a sizeablenumber
of labeled axons have crossedthe midline and many extend
along the medial bank of the contralateral cortical wall. Cells
retrogradely labeled at El8 in the hemispherecontralateral to
the injection wererestricted to a discretecluster in ventromedial
cingulate cortex (two examplesare shown in Fig. 24B). Most
of thesecells are located in a cell-denselayer superficialto the
cell-sparseintermediate zone. These cells have complex morphologieswith extensively branched dendritic trees that typi-
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Figure3.
3H-TdR birthdatingofDAB
photoconverted Dir-labeled cingulate
callosal pioneer neurons. Dates given
are those on which the )H-TdR injection was given. Each case shown was
sacrificed and DiI labeled on E18. Following ‘H-TdR injections on E15, DiIlabeled profiles are unlabeled (arrows)
while large numbers of nuclei in the
same region are heavily labeled (arrowhead). With an injection on El2, neither DiI-labeled (&row) nor unlabeled
neurons are heavily labeled by ‘H-TdR.
An injection on El4 results in large
numbers of heavily 3H-TdR-labeled,
DiI-labeled neurons (arrow). Scale bar,
20 pm.

tally extend superficially into the marginal zone beneath the pial
surface (Fig. 2C-E). Axons emerge from the labeled cells, descend into the intermediate zone, turn abruptly, and extend
ventromedially to the midline. Thus, a discrete population of
neurons in cingulate cortex pioneer the corpus callosum.
At E18, cortical cells retrogradely labeled ipsilateral to the
DiI injections are also limited to cingulate cortex (Fig. 2A),
although their tangential distribution extends farther dorsolaterally than that of cells labeled in cingulate cortex contralateral
to the injections. This observation indicates that the axons of
callosal neurons in the neocortex have yet to approach the midline as late as E18.

Birthdates of callosal pioneer neurons
Previous birthdating studies have shown that neurogenesis in
cingulate cortex occurs between E 13 and E20 (Richter and Kranz,
1979; Bayer, 199Ob). E14, though, is the first day of appreciable
neurogenesis, with only a very small percentage of cingulate
neurons (roughly 1%) generated on El 3. With these data in
mind, we gave 3H-TdR injections at various ages to determine
when the early callosal neurons are generated. About half of the
fetuses in each 3H-TdR-injected dam were perfused at El 8, and
DiI was injected into the opposite cortical hemisphere to label
retrogradely the early callosal neurons; the remaining fetuses
were delivered normally and perfused between PO and P2 1. The
laminar distribution of the 3H-TdR-labeled cells in these more
mature littermates was appropriate for the time of injection
(Berry and Rogers, 1965; Bruckner et al., 1976; Lund and Mustari, 1977; Richter and Kranz, 1979; Bayer, 1990b), confirming
the gestational age at which the 3H-TdR was administered (data
not shown).

The DiI labelingof the early callosalneuronsin the El 8 brains
was photoconverted; the sections were embedded in plastic,
resectionedat 1.5 pm, and processedfor autoradiography. Figure 3 showsexamplesof cells singly or doubly labeledwith DiI
and 3H-TdR in the El8 brains. Reaction product depositedin
the cell membranesdue to DiI photoconversion with DAB outlines the retrogradely labeled, early callosal neurons;the nuclei
are free of this reaction product, allowing for clear visualization
of silver grains indicative of 3H-TdR labeling. Silver grainsare
located in clusters, delineating cell nuclei. Silver grains were
typically found over DiI-labeled profiles in casesin which 3HTdR wasadministeredon E14 or earlier, but were almostnever
found over DiI-labeled profiles when the 3H-TdR was injected
on E15.
Quantification of the 3H-TdR labeling of the DiI-labeled cell
profiles is presentedin two ways. In Figure 4 we have plotted
the percentageof DiI-labeled profiles for each possible3H labeling index. Figure 5 shows the percentagesof DiI profiles
defined asheavily labeled,lightly labeled, or unlabeledwith 3HTdR (seeMaterials and Methods). Although an injection of 3HTdR on E 15resultedin many heavily labelednuclei in cingulate
cortex (n = 2 brains), most DiI-labeled profiles werenot labeled
above background levels. In contrast, injections of 3H-TdR on
El4 resulted in a high percentageof DiI-labeled profiles also
labeled with 3H-TdR (n = 2 brains). The finding that virtually
all Dir-labeled profiles were 3H labeledby injections on El4 but
almost none 3H labeled by injections on El5 indicate that the
DiI-labeled cells are synthesizingDNA on E14 but not on El 5.
To corroborate this inference, we gave multiple ‘H-TdR injections on E13and E14or on E14and E15. As expected,compared
to caseswith a singleinjection of 3H-TdR injections on 14, a
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Figure 4. Quantification of 3H-TdR labeling of DAB photoconverted Dir-labeled cingulate callosal pioneer neurons. For each plot, the age(s) at
which the ‘H-TdR was administered is given. The y-axes represent the percentage of DiI-labeled profiles of the total number of DiI-labeled profiles.
The x-axes represent the 3H labeling index, which is expressed as a percentage and defined as the ratio of the number of silver grains over a DBlabeled profile to the number of silver grains over the most heavily 3H-1abe1ed cells in the same section. The DiI-labeled profiles were binned and
plotted for each integer number of silver grains (i.e., profiles with one silver grain, profiles with two silvers grains, profiles with three silver grains,
etc.) up to the number of grains over the most heavily 3H-1abe1ed cells in the section (i.e., 100% SH labeling index).

much higher percentageof DiI-labeled cellsare heavily labeled
in the El 3/14 cases(n = 2 brains), whereasthe percentageof
heavily labeled neuronsin the El41 15 cases(n = 2 brains) did
not increaseappreciably. Finally, injections of 3H-TdR on El2
resulted in few heavily labeled cells in cingulate cortex (n = 1
brain), consistent with previous data that indicate that cells in
this region undergoadditional rounds of cell division after El 2
(Richter and Kranz, 1979; Bayer, 1990b). (Since the number of
silver grains over the most heavily labeled nuclei in thesesections waslow, number of cellsscoredasheavily labeledin cases

with E12 3H-TdR injections is artificially high.) In sum, these
data indicate that the early callosal neuronsare generatedpredominantly on E 14, placing them among the earliestgenerated
cells in cingulate cortex.
Contribution of the neocortical subplateto the callosal
projection
To determine the contribution of neocortical subplate cellsto
the callosalprojection, we examined sectionsof cortex (Fig. 6A)
contralateral to injections of DY, FB, or RB madein the cortical
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Figure 5. Percentages
of DiI-labeledprofilesconsidered
to be labeledheavily, lightly, or at backgroundlevelsby “H-TdR injectedat the ages

indicated.For all injectioncases,backgroundwastwo or fewersilvergrainsover the DiI profile.The criterionfor a heavily labeledprofilewasset
at 25%of the numberof silvergrainsover the mostheavily labeledcellin that section.Sincethe sectionswere1.5pmthick, a singlenucleus(-6
pmin diameterat El 8) wouldbeincludedin severalplasticsections.
white matter near the midline (Fig. 6B) of POrats (n = 8). The
distribution of retrogradely labeled neuronsobservedat P3 was
continuous acrossthe tangential extent of cingulate cortex and
neocortex (Fig. 6A), reflecting the early transient widespread
distribution of callosalneuronsprior to the period of axon elimination (Ivy and Killackey, 1981, 1982; O’Leary et al., 1981).
In neocortical regions, large numbers of cells were labeled in
layers 2-6 (Fig. 6C-F), consistent with previous findings that
all of these layers senda callosal projection in developing and
mature rats (Wise and Jones, 1976; Ivy and Killackey, 1981,
1982; O’Leary et al., 1981). However, cells in the neocortical
subplatewere rarely retrogradely labeledby the injections made

into the contralateral cortex, indicating that a callosalprojection
from the subplatelayer is, at most, a very minor one. Ipsilateral
and lateral to the injection site, large numbersof subplatecells
are retrogradely labeled, indicating that the subplateextends a
major axonal projection medially within a cortical hemisphere
(Fig. 7).
It is unlikely that the indusium griseum,a midline structure
overlying the corpus callosum and associatedwith the hippocampus,contains early callosal cells.Cells of the indusium griseum are not retrogradely labeled by contralateral cortical injections ofFB, DY, or RB on POand usuallynot by our embryonic
DiI injections. Indusium griseumcellswere labeled, though, in
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Figure 7. Neocortical subplate cells extend axons medially toward the
midline corpus callosum. A, Schematic showing the location of a fast
blue injection site in medial cortex (asterisk). The approximate location
of B is outlined. B, Cells in the neocortical subplate retrogradely labeled
with fast blue from the injection shown in A. These cells must have
axons extending medially to the injection site. This material is taken
from the experimental case shown in Figure 6A-D. cc, corpus callosum;
Iv, lateral ventricle. Scale bar, 50 pm.
one E 19 case in which DiI was injected very close to the midline.
In this material, the indusium
griseum cells appeared to be
embedded in the callosal fiber bundle. In no cases in which DiI
was injected later in development
were indusium griseum cells
retrogradely labeled.
Does cingulate cortex have a subplate?
A recent study of the generation
of neurons in the cingulate
cortex noted that this cortical region lacks a defined subplate

Figure 8. The subplate of cingulate cortex. A, Nissl-stained section
from a P3 rat. The subplate layer is continuous from the neocortex
(lines) through to the most medial part of cingulate cortex (arrow). B,
DiI injected on PO in cingulate cortex (asterisk) retrogradely labels cingulate cortical cells medial to the injection site. Cells in the cortical plate
(arrowhead) have the morphology of immature pyramidal cells; those
in the “subplate” (arrow) resemble subplate neurons of the neocortex.
Scale bars: A, 250 pm; B, 100 Mm.

t
Figure 6. Neocortical subplate neurons rarely project callosally. A, The pattern of retrograde labeling in contralateral cortex on P3 following an
injection of, in this case, RB in the white matter of the medial cortex (B). Dashed lines in A mark the pial surface. Arrows in A mark the region
from which C was taken. Callosal cells are evenly distributed throughout all regions of the neocortex at this age. C, Higher-magnification image of
labeling shown in A. D, Nissl-stained adjacent section. No retrogradely labeled callosal cells are found in the subplate layer. E, Contralateral
retrograde labeling from a similar case in which DY was injected into the contralateral hemisphere of cortex. F, Nissl-stained adjacent section.
MZ, marginal zone; dcp, dense cortical plate; SP, subplate; cc, corpus callosum. Scale bars: A and B, 500 pm; C-F, 200 pm.
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Figs v-e9. Morphologiesof callosallyprojectingneuronsin late embryonicandearly postnatalcingulatecortex. Cellswereretrogradelylabeled
with DiI placedin contralateralcingulatecortex in brainsfixed on El9 (A), PO(B), or P3 (C). The cellsshownin C havebeenphotoconverted
in
the Ilresence
of DAB. Themornholoaies
aredifferentfrom thoseseenat E 18,andmorecloselyresemble
neocorticalpyramidalneurons.Scalebars:
A, iO0 pm; C, 150 pm.
-

layer (Bayer, 1990a).However, we find in Nissl-stainedsections
from developing rats that a continuous subplatelayer is present
from lateral neocortical regionsto the most medial part of the
cingulate cortex (Fig. 84. Laterally in cingulatecortex, the subplate layer is very distinct deep to layer 6 of the cortical plate;
in the most medial part of cingulate cortex, the subplatelayer
is still apparent, although lessdistinct as it comesto abut the
overlying cortical plate. DiI injected into the cingulate cortex
and the underlying white matter retrogradely labelscellsin both
the subplateand cortical plate medial to the injection site (Fig.
8B). In thesecases,the subplatelayer is clearly definable based
on the morphological distinctions of the subplateneuronscompared to the pyramid-shaped cells of the cortical plate. Similar
to the paucity of labeling of neocortical subplate cells, few or
no cells in the cingulate subplate are retrogradely labeled by
tracer injections made into the contralateral cortex (Fig. 64.
Maturation of cingulate callosal neuron morphology
To examine the morphology and distribution of callosally projecting neurons in cingulate cortex at later stages,DiI was injected into the white matter/intermediate zone underlying presumptive cingulate cortex in brains fixed on El9 (n = 5), E20

(n = 3), PO(n = 3) or P3 (n = 3). Representativelabelingfrom
the contralateral hemisphereis shown in Figure 9. The retrogradely labeledcallosalneuronsare predominantly found in the
deep layers of the cortical plate and have pyramidal-like morphologieswith radially aligned apical dendrites extending into
layer 1. This morphology is typical of the pyramidal cellsin the
deep layers of mature cingulate cortex (Ramon y Cajal, 1922)
and atypical of subplatecells in the sameregion. Thesefindings
suggestthat the early callosal cingulate neurons mature into
pyramidal neurons of the cingulate cortical plate.
Discussion
We have shownthat the first cellsto sendaxonsacrossthe corpus
callosum are found in a small cluster in cingulate cortex. Although thesecells are among the earliestgeneratedin cingulate
cortex, they are predominantly found in the cingulate cortical
plate. They appear to mature into a classic pyramidal morphology, rather than horizontal, multipolar, or inverted pyramidal morphologiesmore typical of subplateneurons,andcome
to occupy the deep layers of cingulate cortex. Subplateneurons
in neither neocortex nor cingulate cortex ever form a significant
projection to contralateral cortex. Thus, unlike the cortical pro-
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jection through the internal capsule to subcortical targets, the
other major cortical efferent pathway, the corpus callosum, is
not pioneered by cells of the neocortical subplate, but instead
by a discrete population of cingulate neurons.
Phylogeny and ontogeny of the corpus callosum
The corpus callosum was initially believed to be a lamina terminalis structure, having evolved from the anterior commissure, the pathway through which neocortical commissural axons
cross in marsupial mammals (see Ebner, 1969, for a historical
perspective). However, later comparative studies demonstrated
that the corpus callosum develops free of the anterior commissure, instead splitting the primordial subiculum into the supracallosal indusium griseum and subcallosal subiculum, while creating a phylogenetically new pathway (Abbie, 1940; Ebner, 1969;
Silver et al., 1982; Katz et al., 1983). This conclusion is supported by descriptions of mice (Wahlsten, 1984) and humans
(Rakic and Yakovlev, 1968) with congenital deficiencies of the
corpus callosum but a normal anterior commissure, suggesting
that the corpus callosum and anterior commissure are also genetically distinct.
Two hypotheses have been put forward to explain the structural substrate for the phylogenetic and ontogenetic establishment of the corpus callosum. One hypothesis is that the hippocampal commissure provides a structural support for callosal
axons at their midline crossing point. Early callosal fibers in
both rats and mice initially extend across the midline in close
proximity to fibers of the hippocampal commissure (Wahlsten,
1981; Valentino and Jones, 1982). However, electron microscopic studies show a layer of glial cells separating these two
fiber bundles (Valentino and Jones, 1982), indicating that callosal axons do not grow directly upon the axons of the hippocampal commissure. This conclusion is consistent with the comparative observations of adult commissure structure by Abbie
(1940), who argued that the callosal pathway is phylogenetically
distinct from the hippocampal commissure, and that the proximity of these two structures in the developing rodent brain is
coincidental.
An alternative hypothesis is that of the midline glial sling
originally described in the mouse (Silver et al., 1982). These
authors hypothesize that this structure spanning between the
two hemispheres provides a mechanical support required for
extension ofcallosal axons (Silver et al., 1982; but see Valentino
and Jones, 1982). A recent study in cats using immunocytochemical markers ofneurons and glia describes that a population
of midline glia advance rostrally from the lamina terminalis,
effectively “zipping together” the cerebral hemispheres, and
slightly later the first callosal axons cross the midline of this
glial sling (Silver et al., 1993). Thus, glia may be the first cellular
elements of the corpus callosum, followed closely by axons. We
find that the first cortical axons cross the midline of the corpus
callosum in rats on E 17, 1.5 d earlier than previously reported
using other techniques (Valentino and Jones, 1982; Floeter and
Jones, 1985), and are extended by cells in cingulate cortex. A
later wave of migrating cells that also may be glia has been
observed to migrate both laterally and medially from the dorsal
cortical neuroepithelium toward the internal capsule on El 7
and the corpus callosum on E20 (Altman and Bayer, 1990).
However, this migration occurs about 3 d after cortical axons
first extend through these pathways and therefore is not required
for their establishment.
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Identity of the callosal pioneer neurons
In contrast to a previous report (Bayer, 1990a), our evidence
indicates that cingulate cortex has a subplate layer. Although
the pioneering callosal neurons are among the earliest generated
cells in cingulate cortex, most appear to be part of the cingulate
cortical plate rather than subplate. This observation is consistent
with our finding that few subplate cells of the neocortex ever
extend axons across the corpus callosum. An alternative explanation of our findings is that the pioneering callosal cells retrogradely labeled on El 8 are cingulate subplate neurons, but
their callosal axons are rapidly removed through either cell death
or axon elimination, and a different population of newly projecting callosal neurons are detected in cingulate cortical plate
with retrograde labeling on El9 and later. Although we cannot
rule out this scenario, we consider it unlikely for two reasons:
first, subplate cell death has been extensively studied in rodents
(Al-Ghoul and Miller, 1989; Valverde et al., 1989; Ferrer et al.,
1990; Woo et al., 199 l), as in other mammals (Luskin and Shatz,
1985a; Wahle and Meyer, 1987; Valverde and Fatal-Valverde,
1988; Chun and Shatz, 1989; Kostovic and Rakic, 1990), and
is described to begin on E20 in rats and continue over several
days or weeks; second, axon elimination in the rat callosal projection (O’Leary et al., 198 1; Ivy and Killackey, 1982) has been
first detected on P5 and occurs over a 2 week period (Ivy and
Killackey, 198 1). Thus, as the evidence presently stands, both
the onset and duration of both of these phenomena, cell death
and axon elimination, are inappropriate to account for our observations. It should be noted, though, that callosal axon elimination has not been examined in embryonic rodents, and thus
remains a possibility.
In neonatal rats callosally projecting neurons are found in all
differentiated layers derived from the cortical plate, both in
cingulate cortex and neocortex. However, the labeling in the
subplate underlying the cortical plate in both cortical regions is
exceptionally sparse, with few cells retrogradely labeled in each
case examined. The apparent difference between our finding in
rat and that of Chun et al. (1987) who report the presence of
callosal cells in the feline subplate, may simply be a matter of
emphasis due to the difference in aims of the two studies. A
goal of the Chun et al. (1987) study was to determine if subplate
cells extend long axons, and in this way provide definitive evidence that they are neurons. Even the small number of subplate
cells that they identified to extend axons to contralateral cortex
sufficed for this purpose. A goal of our study was to determine
whether neocortical subplate cells extend the first axons across
the corpus callosum, which they do not. Indeed, the callosal
projection from the neocortical subplate is an insignificant projection when compared to the subcortical projection to thalamus
from the same layer in ferrets, cats (Antonini and Shatz, 1990),
and rats (De Carlos and O’Leary, 1992).
SigniJicance of callosal pioneers
The concept of pioneer neurons has come from studies of invertebrate nervous systems (Bate, 1976; Goodman et al., 1984).
In grasshoppers, pioneering sensory axons in the limb extend
into the CNS at a stage when structures are closer together and
the intervening substrate is less mature. Ablation of some of
these pioneers disrupts the pathfinding of later growing sensory
axons to the CNS (Klose and Bentley, 1989), whereas ablation
of other sensory pioneers does not have this effect (Keshishian
and Bentley, 1983). These findings demonstrate that in insects
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some pioneer neurons can serve a crucial role in later axon
outgrowth, while others apparently do not. An important issue
is whether or not pioneers of cortical efferent pathways are required for the proper development of later arising cortical efferent projections.
In developing mammals, neocortical subplate cells have been
shown to pioneer the internal capsule (McConnell et al., 1989;
Blakemore and Molnar, 1990; De Carlos and O’Leary, 1992;
Erzurumlu and Jhaveri, 1992) and have been suggested to play
a role in the establishment of the pathways that pass through it
(Ghosh and Shatz, 1993; Allendoerfer and Shatz, 1994; McConnell et al., 1994). Examination of the morphologies of cortical axon growth cones as they extend through the internal
capsule show that the earlier growth cones are more complex
than those extending through the same pathway later in development. These results suggest that subplate axon growth cones
navigate the pathway independently of one another, while the
growth cones of later growing cortical plate axons (presumably
extended by layer 5 and 6 neurons) fasciculate with the earlier
subplate axons (Kim et al., 1991). Although early ablation of
subplate cells does not prevent layer 5 and 6 axons from navigating the internal capsule, it does disrupt the development of
layer 6 corticothalamic projections within thalamus (McConnell
et al., 1994). In the corpus callosum, the growth cones of even
later extending axons have complex morphologies (Norris and
Kalil, 1990) and exhibit continuous filopodial exploration and
changes in lamellopodial shape (Halloran and Kalil, 1994) suggesting that callosal axons navigate independently of one another. Future experiments will be necessary to determine if the
pioneering cingulate axons serve a crucial role in the development of the corpus callosum.
A priori, one might expect that cingulate neurons pioneer the
corpus callosum simply because they are closest to it. However,
proximity seems not to be the sole determining factor. Indeed,
subplate neurons in the neighboring neocortex are generated
days before the callosal pioneers in cingulate cortex, and begin
to extend long axons almost immediately; yet, neocortical subplate neurons do not send the first axons across the callosum,
nor do they ever project through the corpus callosum in any
significant number. On the other hand, axons extended by cortical plate neurons of the neocortex across the corpus callosum
only lag by about a day or two those extended by cingulate
cortical neurons. Thus, proximity may explain why cingulate
neurons send axons through the corpus callosum before neurons
in the neocortical cortical plate, but not before those in the
neocortical subplate.
Since subplate neurons pioneer the internal capsule, one might
ask why they do not pioneer the corpus callosum. One possible
explanation derives from consideration of evolutionary data.
The corpus callosum is a relatively new structure in cortical
phylogeny, coming into existence only with the separation between placental and marsupial mammals (Abbie, 1940; Katz et
al., 1983). In contrast, connections from the cortex to subcortical
targets presumably evolved coincident with the evolution of the
cortex. Subplate cells are found in all mammalian species, placental, and marsupial (opossum: Saunders et al., 1989; mouse:
Wood et al., 1992; hamster: Woo et al., 199 1; rat: Valverde et
al., 1989; Bayer and Altman, 1990; cat: Marin-Padilla, 1978;
Luskin and Shatz, 1985a; primate: Kostovic and Rakic, 1990),
and have been suggested (as a derivative of the preplate) to be
a remnant of a primordial or reptilian cortex (Marin-Padilla,
1978). Thus, subplate may have evolved its functions, including

that of pioneering pathways, prior to the evolution of the dorsally located cortical commissure, the corpus callosum. Since
the callosal pathway develops phylogenetically and ontogenetically later than the subcortical pathway, the cues necessary for
axon extension along the callosal trajectory maybe overlaid on
the phylogenetically older cues for subcortical axon extension.
What might be the nature of these cues? One possibility is
the action of chemotropic substances emitted by the cells of the
glial sling. Diffusible cues are known to play a role in target
selection by trigeminal ganglion cells (Lumsden and Davies,
1983) and by subcortically projecting layer 5 cortical axons
(Heffner et al., 1990). Perhaps more relevant, though, is the
demonstration that a diffusible activity released by a midline
structure, the floor plate, influences spinal commissural axons
to deviate toward their midline crossing point (Tessier-Lavigne
et al., 1988). Whether diffusible or local guidance cues direct
callosal axon growth, it would appear that the callosal guidance
cue is expressed in a temporally regulated manner along the
pathway of callosal axons such that their medially directed extension is not promoted or perhaps even permitted until later
in corticogenesis. This scenario is suggested by the late development of the corpus callosum relative to the internal capsule,
and is strongly implied by the observation that the early extension of axons in cortex is polarized laterally toward the internal
capsule; only at later stages do cortical axons begin to extend
medially along the callosal trajectory (Koester et al., 1992). These
observations, taken with the demonstration that the two major
efferent projections from neocortex, the callosal and the subcortical, are formed by distinct populations of projection neurons (Koester and’O’Leary, 1993), indicate that these two neuronal populations respond in distinct ways to cues found in their
common environment. Similar mechanisms may be responsible
for imparting the developmental and spatial distinctions between the populations of neurons that pioneer the two major
output pathways of the mammalian cortex.
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