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An intensely studied phenomenon of neocortical de-
velopment is the migration of cells to the cerebral
cortex. That interest was prompted by Angevine
and Sidman’s (1961) PHlthymidine autoradiographic
demonstration of an inside-out neurogenetic gradient
in the neocortex: the earliest-produced neurons settle
in the depth of the cortex adjacent to the white matter,
while the later-produced neurons settle progressively
more superficially. By necessity, younger neurons
must migrate past older ones to reach their destina-
tions. Since both the precursor cells in the ventricular
zone (the neuroepithelium) and neurons in the cortical
plate (the primordium of the cortical gray) are radially
oriented, it is not surprising that two hypotheses of
neocortical cell migration- proposed that young neu-
rons migrate from the ventricular zone to the cortical
plate by following a strict radial path. Berry and co-
workers (Berry et al., 1964; Berry and Rogers, 1965)
and Morest (1970) suggested that the nuclei of young
neurons are translocated from the ventricular zone to
the cortical plate within long, external radial processes
that extend to the pia (see Fig. 1-6). Rakic (1972, 1978,
1982, 1988) observed that radial glia had long, external
processes reaching the pia, while young migrating neu-
rons had rather short processes that were closely ap-
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posed to radial glia fibers, and he postulated that the
glial fibers guide the young neurons to their destina-
tions in the cortical plate (see Fig. 1-7).

However, earlier observations and more recent em-
pirical evidence have cast doubt on the hypothesis that
simple radial migration can account for all aspects of
the translocation of cells from the ventricular zone to
the cortical plate. It has been known for some time
that horizontally oriented cells abound in the subven-
tricular and intermediate zones of the cortex. Such
horizontal cells have been visualized with the Golgi
technique (Stensaas, 1967b, 1967d; Derer, 1974; Val-
verde et al., 1989), electron microscopy (Shoukimas
and Hinds, 1978), histochemical marking after retro-
viral infection (Walsh and Cepko, 1988; Austin and
Cepko, 1990), and quantitative Nissl studies (Chapter
8). Even before the radial glia hypothesis was pro-
posed, Hicks and D’ Amato (1968) tracked the migra-
tion of neocortical neurons with [*H]thymidine auto-
radiography and reported that the young neurons
migrate via ‘“‘complex paths . . . leaving the prolifer-
ative zones to follow along the curving corticopetal
fibers, only to leave them as they arrived at the cortical
plate’” (p. 626).

In this chapter we show with sequential-survival
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[*H]thymidine autoradiography that many of the young
neurons in the subventricular and Jower intermediate
zones of the dorsal embryonic neocortex are actively
migrating to the lateral and ventrolateral cortex in a
prominent stream that skirts the border between the
striatum and the neocortex. The impetus to search for
laterally migrating cells was the visualization of the
embryonic neocortex in three-dimensional computer
reconstructions. The images in Chapter 2 (Color Figs.
2-5) and others that we include here show a progres-
sive shrinkage of the anterior cortical ventricular zone
from ventrolateral to dorsomedial. Since we knew
from [*H]thymidine dating studies (Chapters 3 and 11—
15) that neurons settling in layers IV-II of the lateral
and ventrolateral cortex continue to be generated for
some time after ventricular shrinkage has begun, we
surmised that the neurons settling in the ventrolateral
and lateral parts of the anterior cortex must be gen-
erated more medially and, therefore, could not reach
their destinations by simple radial migration. Our ex-
amination of sequential-survival [*H]thymidine auto-
radiograms not only reveals the existence of a distinct
stream of laterally migrating cells, which we call the
lateral cortical stream, but also shows that there is a
progressive delay in the time of arrival of synchron-
ously generated neocortical neurons in the cortical
plate laterally and ventrolaterally when compared to
the dorsal part of the cortical plate. We also present
preliminary observations showing that the neocortical
ventricular zone generates neurons that will settle out-
side of the neocortex in the basal telencephalon.

9.1 CHANGING SPATIAL RELATIONSHIP
BETWEEN THE VENTRICULAR ZONE AND THE
CORTICAL PLATE

Color Fig. 6* is a medial view of the Skandha-gener-
ated images that reconstruct the ventricular zone (VZ,
white) and the cortical plate (CP, green) on E16 (upper
left), E17 (lower left), E19 (upper right), and E21
(lower right). (Details of the computer reconstruction
technique are given in Appendix 4.) The spatial rela-
tionships between the two layers has been faithfully
maintained by making the subventricular and inter-
mediate zones transparent (0% opacity). Illumination
has been set so that the dorsomedial (DM) edges of
the VZ and the CP are brightest, and the most intense
shadows are cast on the inferior dorsal surfaces.

The images in Color Fig. 6 show that the spatial re-
lationship between the cortical plate and the ventric-
ular zone changes during development. From its in-
ception on E16 (upper left), the ventrolateral edge of
the cortical plate (CPv1) extends farther down (0.2

* All color figures appear in the color plates folowing page 64.

Note that Color Figures

6 and 7 are on the next five
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mm) than the ventrolateral edge (vl) of the ventricular
zone (VZ). By E17 (lower left), the ventrolateral edge
of the ventricular zone shrinks farther dorsomedially
(0.42 mm) from the ventrolateral edge of the thin cor-
tical plate. The distance between the ventrolateral
edges of the two layers progressively increases on E19
(0.76 mm, upper right) and E21 (0.99 mm, lower right).
These changes are primarily the result of growth of the
basal ganglia (not reconstructed; Chapter 2, Figs..2-8
to 2—10). The ventricular zone narrows even more dra-
matically anteriorly, where the basal ganglia are large,
and widens posteriorly, where the basal ganglia are
smaller. Throughout most of the cortex, the cortical
plate extends farther ventrolaterally than does the ven-
tricular zone. It is only in a narrow strip of the most
posterior cortex that the cortical plate and the ven-
tricular zone have the same span.

Color Fig. 7 shows the same images rotated +90°
in the Y axis so that the posterior edges of the ven-
tricular zone (VZp) and the cortical plate (CPp) are
facing the observer. The images are also rotated —20°
in the X axis so that the frontal poles are tipped down,
the occipital poles up; this allows visualization of the
widening gap between the cortical plate and the ven-
tricular zone (filled by the subventricular and inter-
mediate zones). The narrowing of the anterior ven-
tricular zone (VZa) becomes progressively more
prominent between E16 (upper left) and E21 (lower
right). On E16, the posterior edge of the cortical plate
does not extend as far back as the posterior edge of
the ventricular zone (refer to Chapter 2, Fig. 2-13),
but from E17 (lower right) on, the posterior edges of
the ventricular zone and the cortical plate (connected
with black lines) have the same span.

Taken together, the images in Color Figs. 6 and 7
show the dramatic medial shrinkage of the ventricular
zone in the anterior cortex. As the basal ganglia grow
from their primordia in the ventrolateral telencepha-
lon, the neocortical ventricular zone is displaced dor-
somedially. Since this happens from the earliest ap-
pearance of the cortical plate and during the most
active period of cortical neurogenesis, many young
neocortical neurons must be generated from 0.2 to 1.0
mm medial to their settling sites. This warrants the
conclusion that migrating neurons cannot reach the lat-
eral and ventrolateral parts of the cortical plate by fol-
lowing a strict radial path.

9.2 TRACKING CELL MIGRATION IN
THYMIDINE AUTORADIOGRAMS
9.2.1 Choice of Injection Groups for Observation

Since cells in the superficial layers of the neocortex
are generated later than deep cells (Chapters 3 and 11—
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0.99 mm




DM

This figure has been added to show the lateral side of the E16
reconstruction. Note that the ventrolateral cortical plate (CPvl)
is a patch-like structure in the middle anteroposterior cortex.
This marks the position of the future insular cortex. Also note
that the cortical plate develops 0.2 mm ventrolateral to the edge
l mm of the cortical neuroepithelium or ventricular zone (VZvl).
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15) the superficial cells in the lateral cortex are more
likely to have lateral migratory paths. Consequently,
our aim was to find an injection group that would max-
imally label young neurons migrating to the superficial
layers of the lateral and ventrolateral cortical plate.
Table 9—1 shows the peak days of neurogenesis in each
one of the superficial layers (IV-II) in laterally and
ventrolaterally situated cortical areas (summarized
from Chapters 11-15). E17 is the peak day for layer
IV neurogenesis in most of these areas; E18 is the peak
for layer 111, E19 for layer II. The days when the last
neurons are generated in layer Il are also listed in Table
9-1 (last column) and range from E19 (secondary au-
ditory cortex) to E21 (primary somatosensory cortex).
Since E17 is also the time when many layer V cells
are generated in the laterally situated primary soma-
tosensory cortex, a maximal number of heavily labeled
young neurons migrating to the lateral cortical plate

should be seen in daily intervals after an E17 injection.
A few observations will also be presented from the E18
injection group because many neurons destined to set-
tle in the lateral cortex are also generated on that day.

9.2.2 Cell Migration in the Lateral Cortical Stream
and the Delayed Settling of Neurons in the Lateral
Cortical Plate

Following a single injection of [*H]thymidine on E17,
the locations of intensely labeled cells are shown in
the anterior neocortical primordium in animals killed
from E18 through E21 (Figs. 9-1 and 9-2). On E18
(Fig. 9-1A), one day after injection, there are as yet
no heavily labeled cells in the cortical plate. Instead,
young neurons generated on E17 are concentrated in
two bands: (1) the first inferior band (ib1) in the deepest
part of the subventricular zone and (2) the second su-

FIG. 9-1. Coronal sections of the anterior neo-
cortical primordium in rat embryonic brains at
daily intervals after a single injection of
[*H]thymidine on E17. The black bands or dots
represent heavily labeled cells. One day after in-
jection on E18 (A), the cortical plate (CP) contains
no labeled cells. Heavily labeled cells arrive in the
dorsal CP 2 days after injection on E19 (B) and
arrive in the lateral CP 3 days after injection on
E20 (C), but have not yet reached the insular cor-
tical plate (ICP). Between E18 (A) and E20 (C)
heavily labeled cells also migrate into the head (h)
of the lateral cortical stream (Ics) and eventually
fill the reservoir (r). (3 um methacrylate sections,
hematoxylin stain.)
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TABLE 9-1. Peak days of neurogenesis of the superficial cells
(LIV=LII) in lateral and ventrolateral cortical areas®

Cortical Layer Layer Layer Last cells
Area v n I layer Il
TE1 A3.4 E17 E18 E18-E19 E20
TE3 A3.4 E17 E17 E18 E19
PAR1 A5.4 E17-E18 E18 E18—-E19  E20-E21
PAR2 A5.4 E17 E17-E18 E18 E20
PAR1 A7.4 E17-E18 E18-E19 E19 E20-E21
PAR2 A7.4 E17 E17-E18 E19 E20
Al A9.2 -
A7.2 E16 E17 E18 E19
GU A9.2—
A5.2 E16—-E17 E17-E18 E19-E20 E20

#These data are from Chapters 11-15. Peak is defined as the
day on which the highest proportion of cells is generated in the
entire span of neurogenesis for each layer. Note that many of
the superficial cells are generated at times when the ventricular
zone no longer extends directly beneath the respective cortical
areas. Auditory areas: TE1, primary, TE3, secondary; Somato-
sensory areas; PAR1, primary, PAR2, secondary; Agranular In-
sular area, Al; Gustatory area, GU. The numbers (A3.4—-A9.2) refer
to levels of coronal sections in the Pellegrino et al. (1979) ster-
eotaxic atlas of the rat brain.

perior band (sb2) in the center of the intermediate zone
(Chapter 7). Heavily labeled cells are also densely dis-
tributed in what we call the sead (h) of the lateral cor-
tical stream (Ics). The head spans the lateral edges of
ibl and sb2. On this day, the lateral cortical stream
contains unlabeled cells (those generated before E17)
migrating (double arrow) along the lateral border of
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the basal ganglia (BG). There is also a dense accu-
mulation of unlabeled cells in what we call the reservoir
(r) at the base of the lateral cortical stream.

By E19 (Fig. 9-1B), 2 days after injection, the first
neurons generated on E17 reach the dorsal neocortical
plate (single arrows), but none have yet penetrated the
lateral cortical plate. Bands of heavily labeled cells are
no longer seen in the subventricular and intermediate
zones, but a concentrated group of heavily labeled
cells, presumably young neurons generated on E17, is
now in the head (h) and in the lateral cortical stream
(Ics) as it arches around (double arrow) the border of
the basal ganglia (BG). Cells in the reservoir (r) are
still mainly unlabeled, except for a few dorsal ones.

By E20 (Fig. 9-1C), 3 days after their generation,
the heavily labeled neurons first arrive in the lateral
cortical plate (top two single arrows). Many heavily
labeled cells are still in the intermediate zone beneath
the thin portion of the cortical plate that will presum-
ably differentiate into the insular area (ICP, lowest sin-
gle arrow). By now, the head (h) of the lateral cortical
stream contains only lightly labeled cells. The many
heavily labeled cells that were in the head on E19 are
migrating in the lateral cortical stream (Ics) and are
now distributed throughout the reservoir (r).

On E21 (Fig. 9-2), 4 days after their generation, an
oblique coronal section of the anterior neocortical pri-
mordium shows that the heavily labeled cells (presum-

FIG. 9-2. An oblique coronal section of
the anterior neocortex in an E21 rat em-
bryonic brain that was exposed to a sin-
gle injection of [®H]thymidine on E17.
Four days after injection, heavily labeled
cells have now penetrated the insular
cortical plate (ICP) and are widely dis-
tributed in the reservoir (r). Some cells
¢ appear to be migrating from the reser-
voir into the piriform cortical plate
(PICP). (3 .m methacrylate section, he-
matoxylin stain.)
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ably E17 birthdays) begin to penetrate the thin insular
cortical plate (ICP, two top arrows). By this time, there
are no heavily labeled cells in the lateral cortical
stream (now indistinct), but many are still in the res-
ervoir (r). Some of these cells appear to be migrating
into the deep layers of the piriform cortex primordium
(PICP).

9.2.3 High Magnification Views of the Delayed Time
of Arrival of Neurons in the Lateral and Ventrolateral
Cortical Plate

By E19, 2 days after [?H]thymidine injection, heavily
labeled neurons are distributed throughout the dorsal
cortical plate (Fig. 9-3A). Some have already reached
the superficial border, others are still scattered in the
upper (izu) and lower (izl) parts of the intermediate
zone. In the lateral cortical plate (Fig. 9-3B), most of
the labeled cells are still in the intermediate zone but
a few are crossing through the subplate and are reach-
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ing the deep border of the cortical plate. By E20, 3
days after [*H]thymidine injection, heavily labeled
neurons are distributed throughout the lateral cortical
plate (Fig. 9-4A). However, farther ventrolaterally in
the insular cortical plate (ICP, Fig. 9-4B), most of the
heavily labeled cells are still in the lateral cortical
stream (Ics, Fig. 9-4B), a few of them are migrating
radially (arrow) through the upper intermediate zone.
Those cells will not reach the superficial parts of the
insular cortical plate until E21 (Fig. 9-2).

9.2.4 High Magnification Views of Migration in the
Lateral Cortical Stream and the Accumulation of
Cells in the Reservoir

On E18 (Fig. 9-5), cells heavily labeled by a single
[*H]thymidine injection on E17 are concentrated in the
head (h) of the lateral cortical stream (outlined by
dashed lines). Some heavily labeled cells are sparsely
scattered in the upper part of the lateral cortical stream

FIG. 9-3. The dorsal (A) and lateral (B) parts of the cortical plate (CP) in a rat embryo exposed
to a single injection of [*H]thymidine on E17 and killed on E19. Intensely labeled cells have
reached the most superficial part of the CP in A, but are just reaching its deepest part in B. (3

wm methacrylate sections, hematoxylin stain.)



E17<E19

Labeled cells are throughout Labeled cells are mainly in the deep part of
the dorsal cortical plate =~ ) the lateral cortical plate
.J- "._° . .:-1 g‘)" e~ 1r*:u:. e a -;.p- ."'."a’, “’,‘\-. c-l e )
‘ '. . : X ° ' ot e t ." -~ G .
2 : "c:q ,'ﬁ ; s .J; « 4 4 \ ..' o . o !. ->e
A _."'{3 t 3 i,:* § A 0 1. > i . , ® >
' #1'.&) *‘t;f a L .‘; ‘i’. » "‘" : ‘63 'e\_, ’%i& 6 ] r*'.“ﬁ A Y -
A ': ."q ; 4.‘?’4. ‘ "y ‘\"; “! % '\3 ) o ‘ W | 6 B g 5ol .1
P LTI AN B RO ' { b %‘5 12,“ 2 8,69 669‘
: ?ig ~,.-o_.§ai g5 4 é.\m.,“npk  {y & %-,ég LR
Sk N E - REH % s QO DPi & y YL M
ey LR AL ‘@:'\? AT 3
q a 99‘ E. ;.‘? .‘? :i I+ -;‘;" ‘:' e %' & Car & ,‘@’ *_‘g kg‘b g # §- A{{*
PARIACTPCACT SPEPRL L W T Ha, W bow ) 04 80
AT PRI YA AT BASEA LT Y 1
.Q. 5“.&; gﬁ "p, '{ %;‘1 P v \% :‘f‘%‘. s ,"’9' g‘ ] gt'“ 299 0.1
S SUSE SRR X b IET WU R i A A T8 LR Do
N,J ‘ s ‘ "J ©" ?; 0 | ‘)“';ti‘f’ :'g ‘ ‘b‘a&‘ b %b’ ?0. "
v e g y » . L ﬂ - 1 " '
S oM, a o & m,"‘ %'0' 13 g % ‘C‘. .’ L ”':?l
&%, | Do . AP I, L B M W
| T (2 . . - ‘ b '
T ’b o 4o Pa ‘s L - @
» - " ! (Ol y ; e ¢
i‘ G L ) 6 [ * ‘ " ™
by ", v o o Hegw ? "
M 4 4 " ' ‘ - b zw t 3 (.":ﬂ =~
. ’ s A L ey " PR
~ i ‘Q-. . K . " | e % , - % '
. cw ¥ e
® ¢ * . o §j» ,C ‘:":' ’ . ."‘ : ‘e * 'U‘
..~; «‘).hw- B i - 0’ .d “0' P .""
.3 B\‘ i .’.“ .' "l ’. .. -t'e w-‘ .".,0‘: :. “
‘6:’. X g Oy » Wl e ®%s > &0 v
“; é'.; \. ::0 v . . - d "-*” "y a L
. o .~ K - - ' P
RO DR K SO Y
LA % | N el
P y - " T ) A -
N ‘Q . "; 0‘ A B .. . ..-‘30 Ay i ‘r .:.
.l é '




CeLL MicraTiON / 121

FIG. 9—-4. The lateral cortical plate (CP in A) and ventrolateral insular cortical plate (ICP in B)
in a rat embryo exposed to a single injection of [*H]thymidine on E17 and killed on E20. Intensely
labeled cells have reached the most superficial part of the CP in A but are just reaching its
deepest part in B and many are still in the lateral cortical stream (Ics). (3 om methacrylate sections,

hematoxylin stain.)

but none have yet reached its lower part or the res-
ervoir (r). By E19 (Fig. 9-6A), the heavily labeled cells
have left the head, are migrating in the lateral cortical
stream (large double arrow), and are beginning to enter
the dorsal part of the reservoir. On E20 (Fig. 9-6B),
heavily labeled cells are leaving the lateral cortical
stream and the reservoir (single arrows). Many of them
are in the lateral cortical plate; others are migrating
toward the ventrolateral cortical plate. However,
heavily labeled cells are still abundant throughout the
reservoir.

9.2.5 Observations in the E18 Injection Group

The same events that are seen following an E17 injec-
tion are also seen in sequential-survival [*H]thymidine

autoradiograms after an E18 injection. Figure 9-7
shows that the heavily labeled cells, presumably gen-
erated on E18, have penetrated the dorsal cortical plate
by E20; that is shown at higher magnification in Figure
9-8A. However, the lateral cortical plate (CP) and the
insular cortical plate (ICP) are devoid of labeled cells
(Fig. 9-7). The high-magnification view of the lateral
cortical plate in Figure 9-8B shows a few scattered
labeled cells, but these are presumed to be locally mul-
tiplying glial cells and endothelial cells, not neurons.
The labeled neurons are still in the lateral cortical
stream (large curved arrow, Figs. 9-7 and 9-8B). In
subsequent survival times (not shown), the neurons
generated on E18 were found to have the same delay
in arrival as those generated on E17. It takes 3 days
to reach the lateral cortical plate and 4 days to reach
the insular cortical plate.
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Note the lack of labeled
. cells in the reservoir (r).
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9.2.6 Summary and Comments on the Thymidine
Autoradiographic Data

The findings in sequential-survival [*H]thymidine au-
toradiograms (summarized in Fig. 9-9) show two mi-
gratory paths: (1) a radial one to the dorsal cortical
plate and (2) a lateral one to the lateral and ventrolat-
eral cortical plate. The latter path was inferred by ob-
serving sequential shifts in the positions of heavily la-
beled cells in the lateral cortical stream (Figs. 9—1 and
9-2). A radial path in the dorsal cortex and a lateral
path in the lateral cortex have also been inferred after
tracking the dispersal of clonally related cells in the
developing mouse cerebral cortex after retroviral in-
fection (Austin and Cepko, 1990). Depending on the
migratory path and the distance traveled, there is a
progressive delay in the time of arrival of neurons in
the cortical plate. Neurons that migrate only radially
arrive in 2 days in the dorsomedial neocortex (shortest
distance). Those that migrate laterally arrive in 3 days
in the lateral neocortex (longer distance) and in 4 days
in the ventrolateral neocortex (longest distance). A
surprising finding is that the neocortical ventricular
zone generates cells that settle (5 or more days later)

DORSOMEDIA]
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HOOO3N
ALy TOdIN

e

BASAL
TELENCEPHALON

outside of the neocortex, in the piriform cortex and in
other sites in the basal telencephalon (question mark,
Fig. 9-9). In fact, sequential-survival [*H]thymidine
autoradiograms after a pulse label on E 15 indicates that
the ventricular zone, which heretofore was thought to
generate only neocortical neurons, is a major source
of neurons throughout the piriform cortex (in prepa-
ration).

The possibility that neurons generated in the neo-
cortical ventricular zone migrate outside of the neo-
cortex can be inferred from a recent study of the on-
togeny of cholinergic neurons in the mouse (Schambra
et al., 1989) where young cholinergic neurons appear
to be leaving the lateral cortical stream and penetrating
the basal telencephalon (see Figs. 61D, 7-1C and 7-
2E and F in Schambra et al., 1989).

We have shown earlier (Altman, 1966) that a portion
of what we now describe as the head of the lateral
cortical stream (a cluster of primitive cells near the
lateral edge of the lateral ventricle above the striatum)
contains proliferative cells in the adult rat cortex.
These cells were interpreted to be locally multiplying
glia. From this finding we infer that heavily labeled
glia as well as neurons coexist in the head of the lateral

FIG. 9-9. A diagram of the major points made in this
chapter regarding cell migration in the anterior and mid-
dle parts of the developing neocortex, where the striatum
forms a prominent eminence in the lateral ventricle. Neu-
rons generated in the ventricular zone (striped layer) mi-
grate radially to the dorsal cortical platein 2 days, migrate
laterally to the lateral cortical plate in 3 days and to the
ventrolateral cortical plate in 4 days. Some cells gener-
ated in the ventricular zone migrate in the lateral cortical
stream for up to 4 days and accumulate in the reservoir.
From there, some migrate into the piriform cortex 5 days
after their generation. Other cells in the reservoir may
move into as yet unidentified areas in the basal telen-
cephalon (?) 5 or more days later.
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cortical stream in the embryonic cortex. Since all heav-
ily labeled cells move out of the head (Figs. 9-1, 9-5,
and 9-6), it is quite likely that from the beginning of
its appearance, the lateral cortical stream contains not
only young migrating neurons but also glial cells that
accompany the neurons. We have shown that the cor-
tical germinal matrix becomes transformed from being
a source of both neurons and glia to one that produces
only nonneuronal cells after cortical neurogenesis is
completed (Chapter 4). The lateral migratory stream
could be understood as a pathway for both neurons
and glia in embryonic brains, but only as a pathway
for glia in adult brains. Since glia retain their prolif-
erative capacity, the remnants of the head of the lateral
cortical stream become pockets of locally multiplying
cells in the adult brain.

The reservoir is large during late embryonic stages
(E19to E21, Figs. 9-1B, 9-1C, and 9-2), but it shrinks
considerably after birth (unpublished observations). In
adults, the few cells that remain in the reservoir con-
stitute the most anterolateral intercalated mass in the
amygdala (Bayer, 1980c). The reservoir tends to retain
heavily labeled cells for several days after birth. For
example, the cells labeled on E17 and E18 constitute
65% of the total cells in the reservoir in animals sur-
viving to P5 but only 34% of the total in animals sur-
viving to P60, indicating that many of these cells move
out to as yet unknown destinations in the basal tel-
encephalon (in preparation).

9.3 THREE-DIMENSIONAL RECONSTRUCTIONS
OF THE LATERAL CORTICAL STREAM

Because [*H]thymidine autoradiograms showed that
the lateral cortical stream (LCS) was a relatively com-
pact bundle in the lower intermediate zone, that was
reconstructed (Color Fig. 8) in the E19 brain shown in
Color Figs. 6 and 7. Every tenth section (100 wm apart)
of the neocortex was reexamined and an outline was
drawn around the head, body, and reservoir of the
densely packed spindle-shaped cells streaming out of
the lateral edge of the neocortical germinal matrix and
skirting the border of the basal ganglia; these three
components were reconstructed together as the lateral
cortical stream (LCS, blue, Color Fig. 8). A single out-
line delineated the ventricular and subventricular
zones (VZ + SV, white, Color Fig. 8), and another
outline delineated the cortical plate (CP, green, Color
Fig. 8). All three structures are shown in a medial view
in Color Fig. 8A. The cortical plate and germinal ma-
trix are shown at full opacity; the LCS is shown at 50%
opacity in order to see the shorter ventrolateral edge
of the cortical plate behind the LCS. Note that the LCS
disappears as soon as the ventrolateral edges of the

Color Figure 8 is on the next page.
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germinal matrix and the cortical plate become coex-
tensive in the posterior cortex. All three structures are
shown in a front view in Color Fig. 8B. The cortical
plate is shown at 50% opacity and appears as a veil
draped over the front edges of the germinal matrix (VZ
+ SV) and the LCS. (The cleft in the frontal pole is
where the medial wall was cut away in the reconstruc-
tion.) In order to better view the front edges of the
germinal matrix and the LCS, Color Fig. 8C is a
front view with the anterior third of the cortical plate
stripped away, making the swollen head and reservoir
of the LCS more readily visible. The close apposition
of the head of the LCS and the lateral edge of the
anterior germinal matrix is easily seen. Color Fig. 8D
shows the structures rotated —35°in the Y axis so that
the ventrolateral edges of the cortical plate and the
LCS are more easily seen. The cortical plate is shown
at 50% opacity so that the LCS is visible beneath it.
Notice that the LCS extends farther ventrolaterally
than does the cortical plate.

9.4 CELL ORIENTATION IN THE
INTERMEDIATE ZONE BENEATH ANTERIOR
AND POSTERIOR PARTS OF THE DORSAL
NEOCORTEX

In the sequential survival autoradiograms described
earlier, the lateral cortical stream is most prominent
in the anterior three-fourths of the neocortical pri-
mordium where the basal ganglia occupy a large part
of the lateral telencephalon. In more posterior coronal
sections, the lateral cortical stream becomes progres-
sively less noticeable and disappears as soon as the
sections are behind the basal ganglia. As that change
is taking place, the cortical ventricular zone becomes
broader, extending farther beneath the lateral cortical
wall. In the most posterior sections, the ventricular
zone and the cortical plate have the same mediolateral
span (Color Fig. 7). Heavily labeled cells arrive si-
multaneously at both dorsal and lateral sites in cortical
sections behind the basal ganglia (not shown), indi-
cating that lateral cell migration probably does not
occur in the most posterior neocortical primordium.
In Chapter 8 and in Bayer et al., 1991a, we reported
that horizontally oriented nuclei predominate in the
anterior intermediate zone of the dorsal neocortex
where the ventricular zone has shifted dorsomedially
and where cells are migrating laterally. Would cells
with horizontally oriented nuclei predominate in a pos-
terior level of the dorsal neocortex where the ventric-
ular zone has not shifted dorsomedially and where cells
are not migrating laterally?

To answer that question, we quantitatively investi-
gated whether nuclear orientation was different in the


shirleyaltman
Typewritten Text
Color Figure 8 is on the next page.
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CHAPTER 9

intermediate zone of the anterior versus the posterior
dorsal neocortex (drawings, Fig. 9-10; see Appendix
5). The anterior section examined was at the decus-
sation of the anterior commissure, while the posterior
section examined was the one where the hippocampal
primordium extended as far down as the ventrolateral
edge of the cortical plate. Only the anterior section
contained a medially displaced ventricular zone. The
data of three age groups (bar graphs, Fig. 9-10) were
selected to show the orientations of cell nuclei in the
intermediate zone at early (E17), middle (E19), and late
(E21) stages. On E17 (left column of graphs, Fig. 9—
10), the anterior intermediate zone has a predominance
of cells with horizontally oriented nuclei (approxi-
mately 63%), while the posterior intermediate zone has
only 31% of its cells with horizontally oriented nuclei,
more (36%) are vertically oriented. On E19 (center col-
umn of graphs, Fig. 9-10), cells with vertically ori-
ented nuclei predominate in the posterior intermediate
zone (54%), while the anterior intermediate zone still
contains more cells with horizontally oriented (38%)

than vertically oriented (28%) nuclei. By E21 (right
column of graphs, Fig. 9-10), the cells at both anterior
and posterior levels have a broad distribution of nu-
clear orientations. The repeated measures analysis of
variance indicated that the anterior and posterior strips
have significantly different means (F = 30.68; df = 1,
6; P < 0.0015), best shown by the data on E17 and
E19. There is also a significant interaction between
means and age (F = 23.22;df = 5, 6; P < 0.0007) best
shown by the shift to similarities in the data at anterior
and posterior sites on E21.

To summarize, cells with horizontally oriented nu-
clei are more common in the intermediate zone of the
anterior dorsal neocortex (where the ventricular zone
does not extend laterally) than in the posterior dorsal
neocortex (where the ventricular zone does extend lat-
erally). These findings indicate that many of the hor-
izontally oriented cells in the anterior developing neo-
cortex must be actively migrating laterally to parts of
the cortical plate devoid of an underlying ventricular
zone.
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FIG. 9-10. Orientation of nuclei in the intermediate zone on E17, E19, and E21. The data are
based on computer-determined measurements of coronal sections (3 um, methacrylate) of the
dorsal neocortex at an anterior level (black bars, upper drawing) or at a posterior level (striped
bars, lower drawing). Histograms indicate the proportion of cells with vertical nuclei (V, left bars),
oblique nuclei (O, center bars), and horizontal nuclei (H, right bars). The ovals shown in the top
graphs of each age represent the orientation of the cell bodies, while the line drawing in the
legend shows the limits for each group in degrees of rotation above the horizontal axis (0°):
horizontal group, 0°-29.9°, oblique group, 30°-59.9°, vertical group, 60°-90°.
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9.5 RELATING THESE DATA TO OTHER
HYPOTHESES OF NEOCORTICAL CELL
MIGRATION

For close to 20 years, the literature on cell migration
in the neocortex has been dominated by the radial glia
hypothesis proposed by Rakic (1972, 1978, 1982, 1988).
The basic assumptions are that radial glia link discrete
sites in the ventricular zone to specific columns in the
cortical plate, and young neurons are guided to their
exact destinations in the cortical plate by migrating on
radial glia fibers (Rakic, 1988). Indeed, those neurons
that settle in the dorsal cortical plate follow a radial
path (Figs. 9-1B, 9-3A, 9-7, and 9-8A). But the same
sections show that neurons settling in the lateral and
ventrolateral cortical plate follow a lateral path rather
than a radial one (Figs. 9-1 to 9-8).

Most studies concerned with the radial glia fiber sys-
tem have examined the dorsal neocortex where a ven-
tricular zone is always present (Meller and Tetzlaff,
1975; Pinto-Lord et al., 1982; Goffinet, 1984; Gadis-
seux and Evrard, 1985; Misson et al. 1988a; Gadisseux
et al., 1989). However, two studies (Misson et al.,
1988b; Edwards et al., 1990) used RC1 and RC2, mon-
oclonal antibody markers for radial glia, to examine
the lateral and ventrolateral neocortex in mice. They
found a dense immunoreactive band in the same po-
sition as the lateral cortical stream that we describe
here. The low magnification photographs in these pub-
lications do not allow us to distinguish between glial
cells with short processes (which we postulate migrate
with neurons) and true radial glia, which have cell bod-
ies in the ventricular zone and long processes extend-
ing to the pial surface. A Golgi study by Smart and
Sturrock (1979) in the mouse telencephalon presented
evidence of a circumferential fiber band around the
basal ganglia extending from the head of the LCS to
the reservoir. The band consists of scattered perikarya
with shorter and longer processes, described by Smart
and Sturrock as ‘“‘ependymoglial cells.”” Of particular
interest is the photograph (Smart and Sturrock, 1979:
Fig. 7) of a mouse telencephalon on E16 (approxi-
mately corresponding to E18/E19 in rats), which shows
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that the band in the LCS has two components: a larger
set that radiates outward to the lateral and ventrolat-
eral cortical plate and a smaller one that extends into
the reservoir. (Preliminary examination of our Golgi
material in E18-E20 rats confirm that observation.)

Obviously, the original radial glia hypothesis re-
quires some modification. First, the cells migrating lat-
erally follow a circumferential rather than a radial path.
Second, the presumed glial cells in the LCS, as visu-
alized with the Golgi technique (Smart and Sturrock,
1979), do not have the exact topographic features of
radial glial cells with perikarya located in the germinal
matrix. Further research with immunochistochemical
techniques that can distinguish between glial cells and
migrating neurons are needed to clarify the identity of
the cells with shorter and longer processes.

Lateral migration of neocortical neurons has been
suggested by others. Hicks and D’ Amato (1968) pro-
posed that the cells migrate along the incoming thal-
amocortical axons. The Golgi studies of Valverde et
al., (1989) prompted the authors to surmise that the
horizontal orientation of cells in the lower intermediate
zone could be lateral migration. After infecting ven-
tricular zone cells with a histochemically detectable
retrovirus Walsh and Cepko (1988) noted that clusters
of marked cells, presumably clones, appear to be mi-
grating tangentially to the surface of the ventricular
zone. More recently, Austin and Cepko (1990) tracked
clones of cells produced after retroviral infection in
the developing mouse neocortex and essentially have
come to similar conclusions about the lateral migration
of cortical neurons that we described. (Bayer et al.,
1991b).

It is intriguing that the migrating neurons leave the
lateral cortical stream at several points and rotate ra-
dially to enter the cortical plate at specific loci. Since
thalamocortical fibers are growing into the cortex in
the vicinity of the lateral cortical stream, there is ample
opportunity for interaction between them and the lat-
erally migrating neurons, as suggested by Hicks and
D’Amato (1968). Thalamocortical fibers may deter-
mine where and when a particular neuron will leave
the stream and migrate radially into the cortex (see
Chapter 16).



