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ABSTRACT
Nuclear area and orientation in the subventricular and intermediate zones was studied
quantitatively in coronal vs. sagittal sections of the dorsomedial neocortex. Nissl-stained
methacrylate-embedded normal rat embryos were studied between embryonic days (E) 13 and
E22. The area of nuclear profiles and the degrees their long axes (defined as a straight line
through the two most distant points in the nuclear profile) deviated from the horizontal
(defined as parallel to the pial membrane) were determined with a computer-graphics program.
Because the nucleus is the most clearly outlined structure in embryonic cells, the area and
orientation of the nucleus was taken to reflect the overall size and orientation of the cell body.
Nuclear area is larger in the coronal plane than it is in the sagittal plane, especially between E l 7
and E20. Cell body orientation in the subventricular and lower intermediate zones is
predominantly horizontal in the coronal plane and predominantly vertical in the sagittal plane.
In the upper intermediate zone, cell body orientation is predominantly vertical in both planes,
but more so in the sagittal plane. These data indicate that the majority of cell bodies in the
subventricular and lower intermediate zones have a horizontally oriented, flattened elliptical
shape with their larger diameters lying within the coronal plane and their smaller diameters in
the sagittal plane. Because of the flattening, the cell bodies falsely appear to be vertically
oriented in the sagittal plane. Qualitative observations in horizontal sections confirmed the
quantitative computer analysis. These results are related to other findings with [3H]thymidine
autoradiography concerning cell migration and the sojourn of cells in the subventricular and
intermediate zones.
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During the course of examining both sagittal and coronal with its vague outlines. With the exception of the early
Nissl-stained sections of the embryonic neocortex, we ob- maturing Cajal-Retzius and subplate cells, Golgi studies of
served systematic differences in the appearance of cells in the developing neocortex indicate that the primitive cells in
the subventricular and intermediate zones of the develop- the ventricular zone, those migrating in the intermediate
ing neocortex. In the coronal plane, the cells were larger zone, and those that have just settled in the cortical plate
and appeared to be horizontally oriented. In the sagittal have only a few processes (usually only two) emanating
plane, the cells were smaller and appeared to be vertically from either end of the cell body (Stensaas, '67a,b,c,d).
oriented (compare Figures 1 and 2). That difference in cell Electron microscopic studies of the developing neocortex
orientation has not been previously described. Conse- (Hinds and Ruffet, '71; Stensaas and Stensaas, '68) and
quently, a computer-aided analysis of the area and orienta- cerebellum (Altman, '72) show that the cell body of a young
tion of cortical cells in the sagittal vs. the coronal planes was neuron contains a prominent nucleus and a thin perikaryal
undertaken.
In this quantitative study, we focused on the size and
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orientation of the cell nucleus in methacrylate-embedded
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Fig. 1. A strip of coronally sectioned (3 +m, methacrylate, toluidine
blue stain) dorsomedial neocortex in an E l 7 rat embryonic brain
extending perpendicularly through the ventricular zone (VZ), subventricular zone (SV), intermediate zone (IZ), the indistinct subplate (SP),
and a thin cortical plate (CP). Beneath the pial surface, there is a cell
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sparse layer I (I). The heavy line indicates the vertical meridian
oriented perpendicular to the pial (top) and ventricular (bottom)
surfaces. The outlined profiles demarcate some of the cell nuclei in each
layer.

Fig. 2. The same as in Figure 1 in the sagittally sectioned dorsomedial neocortex in an E l 7 rat
embryonic brain.
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rim of cytoplasm. The shape of the nucleus (fusiform to
round) and its orientation (horizontal, oblique, or vertical)
reflects the orientation of the primary processes leaving the
cell body. For example, in the developing cerebellum (Altman, '72, '75), the nuclei of young granule cells are
horizontally oriented beneath the external germinal layer
when their axons grow horizontally from either end of the
cell body to form a parallel fiber (see Fig. 12 in Altman, '72).
Later, when the cells grow a leading process directed
toward the granular layer, the nuclei become vertically
oriented (see Figs. 18 and 20 in Altman, '72). In the
developing neocortex, Golgi as well as electron microscopic
studies have established that cells in the neuroepithelium
and cortical plate have radial processes emanating from
vertically oriented cell bodies (Stensaas, '67a,b,c,d; Hinds
and Ruffet, '71). Vertical nuclear orientation has also been
used as supporting evidence for the direction of cell migration (Berry et al., '64; Morest, '70; Rakic, '72). Golgi and
electron microscopy have established that many cells in the
subventricular and intermediate zones have horizontally
oriented processes and cell bodies (Shoukimas and Hinds,
'78; Stensaas, '67a,b,d; Valverde et al., '89). Accordingly, we
consider here the orientation of the nuclei in primitive
young neurons to indicate the overall orientation of the cell
body.

MATERIALS AND METHODS
Animals
Wistar female rats were transferred to the home cages of
individually housed male rats from 4:OO p.m. to 7:OO a.m.
the next morning. Vaginal smears were taken from each
female, and those that contained sperm were placed into
maternity cages. The day of sperm positivity was the first
day of gestation or embryonic day (E) 1.Food and water was
provided ad lib throughout gestation, Between 8:30 and
9:00 a.m. on each day from E l 3 to E22, two or more dams
were deeply anesthetized with sodium pentobarbital (35
mg/kg) and the embryos were removed and killed by
immersion in Bouin's fixative; from E l 7 on, the embryos
were decapitated before fixation, and from E l 9 on, the
calvarium was removed after the heads had been fixed for
approximately 20 minutes to aid penetration of the fixative
into the brain. The embryos remained in Bouin's fixative
for 24 hours, then were transferred to 10%neutral formalin
(pH 7.4) until the time of embedding in methacrylate (JB-4,
Polysciences) according to standard histological procedures. Serial 3 pm sections were cut of well-preserved
specimens in the coronal, sagittal, and horizontal planes.
Sections were stained either with toluidine blue or hematoxylin. The animals used in this study were part of our large
collection (approximately 1,500 specimens) of normal rat
embryos.

Qualitative histological procedures
The neocortex was examined in all three planes during
the course of a large-scale study of embryonic development
of the neocortex (Bayer and Altman, '91). Sections that
illustrate cell size and orientation changes between layers,
as well as other changes in cortical development, were
photographed at low magnification (6.3x neofluar objective) and high magnification (40 x planapochromat objective) using a Zeiss Photomicrope 111.

Quantitative histological procedures
Two sagittally sectioned and two coronally sectioned
brains from each age group (E13-E22) were chosen for
quantitative analysis. Only well-preserved specimens with
superior histological detail were studied quantitatively. The
dorsomedial neocortex was selected to investigate planar
differences in the appearance of cells in various layers
because all layers are cut perpendicular to the pial surface
in both planes. The sagittal section analyzed was the one
through the greatest anterior extent of the olfactory evagination (visible from E l 6 on) or at a corresponding level on
E13-El5. From E l 8 to E22, the coronal section analyzed
was the most posterior one showing the decussation of the
anterior commissure. On and before E l 7 (when the anterior commissure first crosses the midline), the middle
coronal section between the frontal and occipital poles of
the neocortex was analyzed.
High-magnification photographs (160 x ,Zeiss photomicroscope I11 with a 40x objective) of the entire depth of a strip
of the dorsomedial neocortex from the base of the ventricular zone to the pial surface were prepared for each embryo.
Care was taken to photograph the same area of neocortex in
the two planes in the following way. In the coronal sections,
the mediolateral expanse was divided into thirds, and the
strips photographed were approximately one-third of the
way lateral to the midline, roughly corresponding to the
area that would be in line with sagittal sections through the
olfactory bulb. In the sagittal sections, the strips photographed were approximately midway between the anteroposterior extent of the neocortex, roughly corresponding to the
plane of the coronal sections. Figure 1 shows a strip of
dorsomedial neocortex from a coronally sectioned E l 7
brain, and Figure 2, a strip of dorsomedial neocortex from a
sagittally sectioned brain of the same age. The photographs
were assembled in a montage so that the entire strip of
neocortex was reconstructed at a final magnification of
790 x . A line representing the vertical meridian perpendicular to the pial surface was drawn through the montage
(heavy vertical line in Figs. 1and 21, and lines at the borders
of the montage delimited the approximate boundaries of the
various layers. The subventricular zone and intermediate
zone were measured from E l 7 to E22, and the upper
intermediate zone was measured from E20 to E22. The
ventricular zone, subplate, and cortical plate were also
measured, but these data are reported elsewhere (Bayer
and Altman, '91).

Determination of nuclear area
After a microscopic reexamination of the photographed
area, only definite nuclear profiles were outlined with a #00
point Rapidograph pen. The areas of each outlined profile
(examples are shown in the right halves of Figs. 1 and 2)
were measured using a Summagraphics digitizer interfaced
to an IBM PS/2 Model 80 computer. Only total nuclear
profiles were measured, either all profiles in a given layer
or, in cases when the number of profiles was greater than
100, a random sample of the total. The computer program
calculated the area of each profile and the mean and
standard deviation of all the profiles in each layer and
rank-ordered the profiles into histograms of size classes in
each layer.
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Fig. 3. A horizontal section through the dorsomedial neocortex on
E l 7 (3 pm methacrylate section, hematoxylin and eosin stain; ANT,
anterior; POST, posterior; LAT, lateral; MED, medial). The darker
staining core is composed of densely packed cells in the ventricular zone

(VZ), surrounded by the subventricular zone (SV), the intermediate
zone (IZ), the subplate (SP), and the cortical plate (CP). The boxed
letters A-C show the areas from which the higher magnification views
were selected for Figure 4.

Determination of cell orientation

show the range of orientation differences with age, data for
days E17, E19, and E21 are shown in Figure 6.

The same computer analysis that generated the nuclear
area data was also used to determine nuclear orientation.
That was accomplished by digitizing the vertical meridian
(heavy vertical solid line in Figs. 1 and 2) in each photograph before the nuclear profiles were traced; the vertical
meridian was considered to be rotated exactly 90" above the
horizontal axis, which was set a t 0". The horizontal axis was
parallel to the pial and ventricular surfaces. From the X-Y
coordinates that outlined the profile of the cell nucleus, the
computer program determined the two most distant points
on the perimeter and drew a straight line between these
points to define the long axis of each nucleus. Then the
program determined the degrees that the long axis deviated
from the horizontal. The very few cells that were perfectly
round were assumed to be vertical (deviated 90'). Deviations in each layer were calculated separately. The computer program sorted the data into histograms containing
three orientation groups. The vertical group (V) contained
cells with long axes rotated from 60" to 90" above the
horizontal, the oblique group (0) from 30" to 59.9, the
horizontal group (H) from 0" to 29.9". The data were
represented as proportional so that differences between the
number of nuclei in various layers were minimized to focus
on orientation shifts between layers. The proportion of cells
within an orientation group was calculated by dividing the
number in one group by the total number in all groups. To

RESULTS
Qualitative observations on El7
An examination of three representative E l 7 embryos
(Figs. 1-4) show the dorsomedial neocortex in the coronal
(Fig. 11, sagittal (Fig. 2), and horizontal (Figs. 3, 4) planes.
There are no obvious differences between the coronal and
sagittal planes in nuclear areas in the ventricular zone (VZ),
the subplate (SP), or the cortical plate (CP; compare VZ,
SP, and CP in Figs. 1,2). There are also no shifts in nuclear
orientation between the two planes. The vast majority of
cells in both the ventricular zone and the cortical plate
contain vertically oriented, elliptically shaped nuclei, while
the few cells in the subplate on E l 7 have elliptically shaped
nuclei with a variety of orientations. In the subventricular
(SV) and intermediate (IZ) zones, however, nuclei with
larger profiles predominate in the coronal plane and those
with smaller profiles predominate in the sagittal plane
(compare SV and IZ, Figs. 1, 2). When sections in the
horizontal plane are examined (Figs. 3,4), both the cortical
plate (Fig. 4A) and ventricular zone (Fig. 4C) contain cells
with round nuclei, while cells in the intermediate zone (Fig.
4B) contain flattened elliptically shaped nuclei; in addition,
the cells in the intermediate zone appear to be lined up in

Figure 4
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nearly parallel rows connecting the medial VZ to the lateral
CP (see Fig. 3 for the spatial relationship between the
layers). The other age groups examined also showed the
same patterns in the three planes, although the differences
between the coronal and sagittal planes in the subventricular and intermediate zones appeared to be greatest between
E l 7 and E l 9 than at later times.

Quantitative observations
All of the layers of the dorsomedial neocortex (VZ, SV, IZ,
SP, and CP) were quantitatively analyzed in the coronal
and sagittal planes.The number of animals with favorable
sections in the horizontal plane was not sufficient for
quantitative work. Because the two-way analysis of variance indicated no planar differences in the VZ, SP, and CP,
these data will not be included here but will be presented as
part of a more extensive quantitative analysis of neocortical
development (Bayer and Altman, '91). In contrast, the
nuclear area data (Fig. 5) and the nuclear orientation data
(Fig. 6) for the subventricular, intermediate, and upper
intermediate zones were shown to have significant planar
differences using a two-way analysis of variance (SAS,
ANOVA procedure). Since these data are relevant to the
discovery of laterally migrating cells in the following companion paper (Bayer et al., '911, they are discussed in detail
here.

The subventricular zone
Nuclear area (bottom graph, Fig. 5) ranges between 34
km2 (coronal plane, E17) to 14 pm2 (sagittal plane, E19).
The two-way analysis of variance indicated a significant
plane effect (F = 47.99; df = 1, 12; P < 0.0001);* from E l 7
through E19, nuclei in the coronal plane are considerably
larger than they are in the sagittal plane. There is also a
significant plane by age interaction (F = 5.65; df = 5 , 12;
P = 0.0066) indicated by the continual drop in nuclear area
in the coronal plane from the high value on E17; by E22, the
means of each plane are nearly the same (approximately 18
p,m2).Statistical tests on the nuclear orientation data (left
bank of graphs, Fig. 6) indicated a highly significant plane
effect (F = 129.49; df = 1, 12; P < 0.0001). That is best
seen on E l 7 when close to 60% of the cells in the coronal
plane have horizontally oriented nuclei, while nearly 80%of
the cells in the sagittal plane have vertically oriented nuclei.
There is also a significant plane by age interaction
(F = 11.04; df = 5, 12; P = 0.0004) best shown by the
dramatic decrease in the proportion of cells in the sagittal
plane with vertically oriented nuclei by E21 (less than 40%).
In contrast, the coronal plane always shows a high proportion (between 50 and 60%) of cells with horizontally
oriented nuclei.
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The intermediate zone
Nuclear area in the intermediate zone is consistently
larger in the coronal plane than it is in the sagittal plane
(center graph, Fig. 5; two-way analysis of variance, F = 63.6;
df = 1, 12; P < 0.0001). For example, mean nuclear areas
range from 32.5 km2 (E17) to 21 km2 (E21) in the coronal
plane but only from 20 km2 (E22) to 12.5 pm2 (E20) in the
sagittal plane. With regard to orientation (center bank of
graphs, Fig. 6), between 75 and 90% of the cells in the
coronal plane have either horizontal or oblique nuclei, while
cells with vertical nuclei predominate ( 7 0 4 0 % ) in the
sagittal plane (two-way analysis of variance, F = 168.1;
df = 1, 12; P < 0.0001). Although there is a decline in the
proportion of cells with horizontally oriented nuclei between E l 7 and E21(60% to 26%) in the coronal plane, these
changes were not significant.

The upper intermediate zone
The upper part of the intermediate zone was quantified
separately from E20 on, because, in contrast to the more
densely packed cells in the lower intermediate zone, it
contains sparsely scattered cells amid thick fiber bundles.
Nuclear area (top graph, Fig. 5) remains nearly constant in
the coronal plane (ranging from 26 to 23 pm'), while
nuclear area in the sagittal plane continually increases from
18 km2 on E20 to 25 pm2 on E22. The two-way analysis of
variance showed a significant plane effect (F = 8.71; df = 1,
6; P = 0.0256) due to the differences between the coronal
and sagittal planes on E20. There is also a significant plane
by age interaction (F = 7.3; df = 2, 6; P = 0.0247) due to
the continual increase in nuclear area in the sagittal plane.
Nuclear orientation is predominantly vertical in both planes
(right graph, Fig. 61, yet the two-way analysis of variance
indicated a significant plane effect (F = 29.05, df = 1,
P = 0.0017). On E21, for example, there are more cells with
vertically oriented nuclei in the sagittal plane (83%)than in
the coronal plane (52%).

DISCUSSION
Summary and data interpretation

*F represents the value of the F statistic, df is the degrees of freedom, and
Pis the alpha level of significance.

The photomicrographs in Figures 1-4 coupled with the
data illustrated in Figures 5 and 6 indicate that cells in the
subventricular and intermediate zones are spatially oriented in the developing neocortex. Figure 7 summarizes the
planar differences in the subventricular and intermediate
zones (SV + IZ and IZu) along with the lack of planar
differences in the ventricular zone (VZ) and the cortical
plate (CP). The center column (top view, similar to that in
the horizontal sections, Figs. 3 , 4 ) shows the perpendicular
arrangement (outlined cross) of the coronal (left column)
and sagittal (right column) planes cutting through the cell
bodies. The proliferating cells in the ventricular zone have

Fig. 4. High-magnificationviews of the horizontally sectioneddorsomedial neocortex as indicated in Figure 3. Nuclear profile outlines are
drawn around three cells in the center of each photomicrograph. A The
cortical plate (CP), separated from the pial membrane (cut surface) by
layer I (I), contains cells with round-shaped nuclei. The nuclei are
vertically oriented and elliptically shaped in coronal (Fig. 1) and sagittal

sections (Fig. 2). B: The intermediate zone (12) contains rows of cells
with flattened, elliptically shaped nuclei. The nuclei are large horizontally oriented ellipses in coronal sections (Fig. 1)and small vertically
oriented ellipses in sagittal sections (Fig. 2). C : The ventricular zone
(VZ) contains cells with round-shaped nuclei that areverticallyoriented
ellipses in coronal (Fig. 1) and sagittal (Fig. 2) sections.
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Fig. 7. A schematic of the shapes and orientations of cell bodies
(circles and ellipses) in the embryonic rat neocortex. The crossed lines
in the center column (top view) represent the perpendicular arrangement between the sagittal plane (vertical lines, cell body shapes in right
column) and the coronal plane (horizontal lines, cell body shapes in left
column). In the ventricular zone (VZ) and cortical plate (CP),cell bodies
are symmetrical vertically oriented ellipses in both planes. Cell bodies
in the subventricular and intermediate zones (SV + IZ) are asymmetrical and shift orientations in the two planes. They appear as flattened

ellipses in the top view and as horizontally oriented broad ellipses in the
coronal plane. Because of the flattening, the narrow ellipses in the
sagittal plane run vertically and give the false impression that most
cells are vertically oriented. Cells in the upper intermediate zone (IZu)
are also asymmetrical, slightly flattened ellipses in the top view; broad
ellipses in the coronal plane; and slightly narrower ellipses in the
sagittal plane; but now the predominant nuclear orientation is vertical
in both planes since these cells are radially migrating into the cortical
plate.
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the same shape and orientation when they are cut in the
sagittal and coronal planes; the same can be said for the cell
bodies in the cortical plate (compare Figs. 1 and 2). Consequently, the cell bodies in both the VZ and the CP are
represented as vertically oriented, symmetrical ellipses
(Fig. 7). These cells appear round in horizontal sections
(Fig. 4A,C). However, the cell bodies in the subventricular
and lower intermediate zones (IZ + SV, Fig. 7) have a
different shape and orientation in the sagittal vs. the
coronal planes. On E17, for example, the coronal plane
contains cross-sectional areas close to twice as large as
those in the sagittal plane (two lower graphs, Fig. 5) and
contains cell bodies that are oriented either obliquely or
horizontally, in contrast to the cell bodies in the sagittal
plane that appear to be vertically oriented (Fig. 6). We
interpret these data to indicate that the cell bodies in IZ +
SV are flattened horizontal ellipses lying mainly within a
coronal section but cut across by sagittal sections. One can
directly see these flattened ellipses in the horizontal section
in Figure 4B. In the sagittal plane, the narrow ellipses seen
in the IZ + SV give the false impression of vertical
orientation. In the upper intermediate zone (IZu, Fig. 7),
the cell bodies are still flattened ellipses, but less so than in
the IZ + SV because the cross-sectional areas are less
divergent between the coronal and sagittal planes (top
graph, Fig. 5 ) . In both planes, the cell bodies in IZu are
vertically oriented (Fig. 6); we interpret that to indicate
that after the cells turn horizontally in IZ
SV they
turn vertically to resume their migration into the cortical
plate.

+

The significance of cell orientation
Since the majority of cells in the subventricular and
intermediate zones are young neurons migrating to the
cortical plate, their orientation may provide clues regarding
the direction of axonal growth andlor cell movements. Our
sequential survival [ 3H]thymidine autoradiographic studies indicate that young neurons moving out of the ventricular zone pause, or “sojourn,” for at least 24 hours in
cell-specific bands in the subventricular and intermediate
zones before resuming their migration toward the cortical
plate (Altman and Bayer, ’90, submitted). The data in this
paper indicate that after leaving the ventricular zone many
of the young neurons turn horizontally while they are
sojourning. Several studies have reported horizontally oriented cells in the intermediate and subventricular zones
and have suggested that cells may be growing axons
tangential to the surface of the neuroepithelium (Derer,
’74; Shoukimas and Hinds, ’78; Stensaas, ’67a,b,d; Stensaas and Stensaas, ’68;Valverde et al., ’89; Wolff, ’78). The
direction of axonal growth is similar to the trajectory taken
by ingrowing subcortical afferents (Stensaas, ’67d), mainly
those from the thalamus (Caviness and Frost, ’80; Frost
and Caviness, ’80; Rosner et al., ’88). We show in the
following companion paper (Bayer et al., ’91) that many of
the horizontally oriented cells are actively migrating toward the dorsolateral and ventrolateral cortex in the “lateral cortical stream,” a prominent component of the intermediate zone in the anterior three-fourths of the developing
neocortex.
Decreasing cell areas and less prominent horizontal cell
orientation are features of the subventricular and intermediate zones between E l 7 and E21/E22 (Figs. 5, 6). We
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propose that those changes are related to the circumstance
that progressively fewer neurons and more immature glial
cells occupy these layers as neurogenesis declines with
increasing age. Our [ 3H]thymidine autoradiographic studies (Bayer and Altman, ’91) indicate that by E20 only a
small proportion of the total population of neurons remains
to be generated (those in upper layer I11 and layer 11).
Moreover, short-survival [ 3H]thymidine autoradiograms
indicate that the later stages of neocortical development are
characterized by an increasing number of locally multiplying cells, presumably glial cells (Altman and Bayer, ’90).
The densely packed small cells in the subventricular zone
and those scattered sparsely throughout the intermediate
zone from E l 9 through E22 have more variable orientations (some vertical, many oblique, some horizontal) and
contribute to the decreasing mean nuclear areas (Fig. 5 )
and the proportional reductions of nuclei in the horizontal
group (Fig. 6).
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