
cells. In 2 of the 15 animals exhibiting 
nonsegmented crowing, the telencephalon 
and diencephalon were entirely quail; the 
remaining 13 animals had a mixed dience- 
phalic population of quail and chick cells, as 
expected. Numerous studies in both passer- 
ine and galliform birds have implicated the 
mesencephalic-diencephalic region in the 
control of avian vocalizations (14 ) .  It is also 
important to note that segmentation is not 
the only feature that differs between chick 
and quail crowing, and that none of our 
chimeras to date has produced a structurally 
perfect quail crow. 

More generally, this report shows the 
feasibility of producing hatched brain chi- 
meras between two avian species, which 
provide rich experimental possibilities for 
ethology, immunology, and the neurosci- 
ences. 
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Clonally Related Cortical 
Migration Patterns 

Cells Show Several 

C. WALSH AND C. L. CEPKO* 

The mammalian cerebral cortex is organized into columns of cells with common 
functional properties. During embryogenesis, cortical neurons are formed deep, near 
the lateral ventricles, and migrate radially to their final position. This observation led 
to the suggestion that the cortex consists of radial, ontogenetic units of clonally related 
neurons. In the experiments reported here, this hypothesis was tested by studying cell 
lineage in the rat cortex with a retroviral vector carrying the Escherchia coli P- 
galactosidase gene, which can be easily visualized. Labeled, clonally related cortical 
neurons did not occur in simple columnar arrays. Instead, clondy related neurons 
entered several different radial columns, apparently by migrating along different radial 
glial fibers. 

T HE MAMMALIAN CEREBRAL CORTEX similar pl~ysiological properties. Cortical 
is organized into layers, which con- neurons are produced near the lateral ventri- 
tain distinct morphological cell cle early in gestation and migrate radially 

types, and columns, which are oriented per- toward the cortical surface. The cortical 
pendicular to the layers, in which cells have layers are generated in a defined, "inside- 

out" sequence, with neurons destined for 
the deepest cortical layers formed first and 
neuron; destined for more superficial lavers 
formed in sequence later ( 1 ) .  The observa- 
tion of this generative sequence led to the 
suggestion that functionai columns can be 
subdivided into smaller, radially oriented 
"ontogenetic columns," each centered 
around a single radial glial fiber, with cells 
in each layer sequentially generated from a 
common precursor located near the ventri- 
cle (2). 

We tested this hypothesis directly by us- 
ing an in vivo retroviral marking method (3) 
to study cell lineage in the rat cortex. Divid- 
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ing cells can be infected by a replication- 
defective retroviral vector carrying the E. coli 
hcZ gene encoding p-galactosidase (pgal). 
After exposure to a retroviral inoculum, 
mitotic cells can support stable integration 
of the vector DNA into the genome of the 
host. The vector DNA is then faithfully 
transmitted to all progeny in a Mendelian 
manner. In the BAG (4) reqovirus vector, 
expression of pgal is directed by the viral 
promoter located in the long terminal repeat 
(LTR) of Moloney murine leukemia virus. 
We also used an alternative retrovirus vec- 
tor, SPUD (4, in which the simian virus 40 
(SV40) early promoter directed pgal expres- 
sion, for some experiments. Neural cells 
inoculated with either construct proved to 
be infectable as evidenced by gene expres- 
sion and, in some cases, RNA and DNA 
analysis. To date, these include retinal, olfac- 
tory bulb, and cerebellar cells infected in 
vivo and in vitro (4, 68 )  and neuroblasto- 
ma, ghoma, and dorsal root ganglion cells 
i n k e d  in vitro (8). 

Seventy-six Long-Evans hooded rats were 
injected with BAG virus during the period 
of cortical neurogenesis. Animals were al- 
lowed to live for several days to several 

weeks after infection. Injections were made 
between the 14th day of gestation (E14) 
and the day of birth (PO), with the day of 
discovery of the vaginal plug defined as EO. 
Pregnant females (from Charles River Labs) 
were anesthetized with xylazine (3 to 5 mg/ 
kg) and ketamine (20 to 40 mglkg) and 
subjected to a ventral laparotomy. The head 
of each fetus was localized by transillumina- 
tion of the uterus, and a glass micropipette 
containing the viral stock, with Polybrene 
(80 ~ g / m l )  and aypan blue (0.004% wlv), 
was passed into the fetal head to make 
injections of 0.1 to 3 pl into one lateral 
ventricle. The blue solution could be seen 
diffusing throughout the ventricular system. 

The rats were killed and processed fbr 
pgal histochemistry with 5-bromo-4-chloro- 
3-indolyl-P-D-galactopyranoside (Xgd). La- 
beled cells were distributed throughout 
both hemispheres, usually with no apparent 
dumping of labeled cells near the injection 
site. Although the injection site sometimes 
showed a scar containing many labeled cells, 
in other cases the path of the pipette was 
completely effaced. The Xgal reaction pro- 
duced an intense, "Golgi-like" filling of la- 
beled cells. In anirnals that survived until 

postnatal days 8 to 10 (P8 to PlO), the 
maturation of cellular processes was sd i -  
aent for identification of up to 75% of the 
cells as neurons, astracytes, or ventricular 
cells (Fig. 1, A through C). Neurons of all 
known morphological types were labeled, 
with no apparent bias except for the expect- 
ed tendency (0 fbr injections at later ages 
(El7 to E18) to label neurons in upper 
cortical layers. Labeled oligodendrocytes 
were only identified when animals survived 
until P21 or longer (Fig. 1). Regardless of 
the survival time, 25% or more of the 
labeled cells could not be assigned to a 
particular cell class; these cells had round, 
nondescript, often intensely stained cell so- 
mata distributed throughout the cortex. 

After injections into 39 embryos at El4 
to E16, clustered arrays of labeled cells were 
observed after short s-urvival periods of 3 to 
7 days. Previous birthdating experiments (1) 
and our own observations (see below) sug- 
gested that most of the labeled cells were 
neurons. Labeled cells occurring alone, or in 
groups of 2 to 12 and occasionally up to 30, 
were distributed throughout the ventricular 
zone, intermediate zone, subplate, cortical 
plate, and marginal zone. Single cells with 

- 
Fig. 1. Examples of Xgal-stained virus-infected &$, cells. (A) A pyramidal neuron in layer IYIII, in a C 

, . 
rat given an injection of BAG virus at E l 6  and 

1 

processed at P8. Although ncuronal form is still b 

immature at P8 (19), neurons could be identified 
because of their relatively large somata and labeled 
dendrites (label frequently extended into quater- 
nary dendrites) or axons, or both. Scale bar, 100 

I ( 

w; magnification is the same in (B) and (C). (B) -* 
A small group of labeled astrocytes in layers IN11 
and N from another rat injected at E l 7  and killed 
at P8. Astrocytes were identified by their very I 
small somata and many small, short, highly 
branched processes, many of which inserted into 
blood vessels, neurons, or the pial surface. This 
section was counterstained with neutral red. (C) , f 
A labeled oligodcndrocyte from a rat injected at - 
E l 7  and processed at P60. Oligodendrocytes had x 
small, round somata with no axon and several 
fairly straight processes. They were more often i l 

seen in the white matter but also occasionally in :;*-I 

the gray matter. Clearly labeled oligodendrocytes 
were not seen in animals processed at P8, al- 
though presumptive oligodendrocytes (small I 
round cells in the white matter with a few short, 
straight processes) were seen frequently. (D) La- 
beled cells in the cortical plate of a rat injected at 
E l 4  and processed at E19. Labeled cells, probably 
neurons, show apical dendrite-like processes. 
They occur in several nearby "radial unitsn (2) of . 4 cortex, stretching over 75 to 8 0  pm (compare G). 
Scale bar, 75 pm; magrufication is the same fo 
(E) and (F). (E) Another group of labeled cells 
groups I 'nigra~g along &&rent radial @al fibers (compare H). (F) A third nonradial pattern of label. T h m  cells in the ventricular and intermediate zonc are 
arranged radially; a fourth cell is oriented along the ventricular surfacc and appears to be m i g r a ~ g  away from the other cells (compare I). (G through I) Cam- 
era lucida sketches of the pattern of label reconstructed from 'three serial 60-pm coronal d o n s  from the rats shown in (D), (E), and (F). These groups of la- 
beled cells were chosen because each  mu^ was com~letelv contained within t h m  serial sections. The heaw outline shows the dorsal pial surface, and the bor- 
der of the lateral ventricle is below~me&al is to the riht),  with h e  outlines separating the ventri&lsubventri& zone ( ~ j ,  intermediate zone (I), 
subplate (S), cortical plate (C), and marginal zone (not labeled). The boxes outtine the areas photographed in (D), (E), and (F), respectively, and the width of 
each box is 110 )~m. Methods are outlined in (20). 
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no obvious relation to other labeled cells 
were commonly observed (Fig. 1, G and I) 
and represented the majority of labeled cells 
in the lateral areas of the cortex; clusters 
were most frequently observed in the dorsal- 
medial areas (Fig. 1, D through I). 

Within the clusters, labeled cells in the 
intermediate zone were usually in radial 
alignment but cells in the cortical plate were 
never limited to one cortical radius. Instead, 
labeled cells were adjacent to one another or 
in nearby cortical radii. Whenever two la- 

Fig. 2. Camera lucida sketch of labeled neurons in 
a rat injected at E l 5  and processed as an adult. 
(A) A low-power sketch of the frontoparietal 
cortex, with three neurons reconstructed from 
three serial 9 5 - ~ r n  sections. These neurons were 
contained within three sections and were widely 
separated from other labeled cells in the same 
section or in adjacent sections. Their distribution 
is not simply radial and resembles the pattern seen 
in Fig. 1D. (B) A higher power drawing of the 
same neurons. Two pyramidal neurons show 
staining of dendrites and spines (arrowheads); the 
nonpyramidal cell in between has a long but 
smooth apical dendrite. Scale bar, 500 pm. 

beled cells in the cortical plate were located 
directly above one another, they were always 
part of a larger cluster covering several corti- 
cal radii (Fig. 1, D through I). Furthermore, 
some groups of labeled cells in the interme- 
diate zone seemed to be migrating up differ- 
ent radial glial fibers, while other cells in the 
ventricular zone appeared to be migrating 
along the ventricular surface, perpendicular 
to the radial glia. The latter form of migra- 
tion could potentially cause extremely large 
dispersion of clonally related cells. 

Clusters of labeled cells that were widely 
separated from other labeled cells were pre- 
sumed to represent "clones." In earlier work 
on lineage analysis in the rat retina ( 7 ) ,  it 
was possible to clearly identify tightly clus- 
tered, radially aligned groups of cells as 
clones. A statistical analysis of the number of 
such clusters relative to the viral inoculum 
size demonstrated that each cluster was the 
result of a single infectious viral particle and 
thus must have been the progeny of a single 
infected cell. In the cortex, it is not possible 
to perform the same statistical analysis: al- 
though there are many clusters of labeled 
cells separated from other labeled cells, the 
scattered, single labeled cells have ambigu- 
ous relations. However, we evaluated the 
relation between the number of labeled cells 
and the size of the viral inoculum, using a 
series of threefold dilutions of a particular 
viral stock injected into the lateral ventricles 
of 25 E l 6  embryos, with a 4-day survival 
period. The patterns of label in the brain 
were independent of the number of labeled 
cells, which varied from 2 to 2000. Further- 
more, a linear relation was seen between the 
number of labeled cells and the viral dilu- 
tion, indicating that the interaction of the 
virus with host cells had occurred in a 
predictable manner and that a replication- 
competent helper virus could not have had a 
confounding role in the generation of these 
data. As a further test, viral stocks were 
examined for the presence of helper virus (9, 
10) before inoculation. If more than 0.01 
wild-type helper colony-forming unit would 
be injected in any experiment, the virus 
stock was not used. 

Among animals that survived for longer 
than 3 to 7 days, the pattern of labeled 
neurons was similar, regardless of whether 
the animal was killed on P8, when neuronal 
migration is complete ( I ) ,  or later (>P24). 
In 12 rats injected at E l 5  and E l 6  and 
processed at P8, neurons formed 60% of the 
cells that could be clearly identified. Labeled 
neurons were not distributed in a simple 
radial pattern. Less than 25% of the labeled 
neurons occurred along the same radius (or 
along another radius within 100 km) as any 
other labeled neuron. Occasional radial pairs 
of neurons were part of larger groups of 

Fig. 3. Plots of labeled neurons and astrocytes in a 
rat injected at E l 5  and processed as an adult. 
These four serial 95-pm sections (A through D) 
illustrate all labeled cells in the region shown. 
Neurons (triangles) showed labeling of dendrites 
superior to that shown in Fig. 2, whereas astro- 
cytes (dots) were recognized by their small somata 
and many short, highly branched processes. The 
glia form a strikingly radial array, whereas the 
labeled neurons, except for two only 90 pm apart, 
are widely separated. The clonal boundaries of 
such labeled neurons are obscure, but similar 
patterns of label were seen in many sections 
throughout this brain. Scale bar, 500 pm. 
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labeled neurons spread over several hundred 
micrometers. In &o rats ~rocessed at P24 
or later, this radial pattern accounted for less 
than 15% of the labeled neurons. In all rats 
killed at P8 or later, labeled neurons oc- 
curred more commonly in widely separated 
cortical radii. In Fig. 2 three neurons are 
shown to be widely distributed over 500 pm 
and in Fig. 3 an even more typical distribu- 
tion is shown. When strictly radial arrays of 
labeled cells were seen, they always con- 
tained glial cells (Fig. 3). 

The clonal relations of these widely isolat- 
ed labeled neurons are unclear. Some may be 
clones of single cells (for example, progeny 
of cells that integrated the viral genome into 
only one daughter cell in the last cell divi- 
sion). This would be inconsistent with the 
"ontogenetic column" hypothesis because, 
as El5 to El6 is in the middle of the period 
of cortical neurogenesis, one would not 
expect to find the majority of progenitors in 
their last cell cycle. Moreover, after short 
survival times, the clustered arrays of cells 
(Fig. 1, D through I), which probably rep- 
resent clones, frequently contained more 
than two cells. Thus, most widely distribut- 
ed cells probably do not represent single-cell 
clones. 

Another possibility is that widely distrib- 
uted single cells may be the only labeled 
survivors of larger, radial clones. For exam- 
ple, cell death (1 1) will reduce the number of 
labeled cells per clone. However, cell death 
would have to be massive in order to totallv 
obscure an overall radial pattern. Alterna- 
tively, there could be poor or no transcrip- 
tion from the promoter or promoters that 
direct Pgal expression in some cells. Howev- 
er, a wide variety of morphological types of 
neurons, glial cells, meningeal cells, and 
endothelial cells exhibited intense staining, 
so there is no reason to suspect that a 
particular cell type is unable to transcribe the 
LTR promoter. Moreover, in the retina (7), 
the same viral stock as used here labeled all 
neuronal types in strikingly columnar pat- 
terns. The same pattern of labeling that 
resulted from BAG infection in the cortex 
also resulted from infection with the SPUD 
(5) construct when the injection was given 
at El5 and the rat was killed at P24. 

The hypothesis that groups of widely 
se~arated cells are the result of clustered 
single-cell clones (real or apparent) would 
require that the distribution of viral hits was 
nonhomogeneous. This idea seems unlikely 
because the injected viral supernatant can be 
seen to diffuse throughout the ventricles, 
labeled cells are ~roduced with a remarkablv 
even distribution throughout the brain, and 
the pattern of label among neurons bore no 
consistent relation to the injection site. 

Our results suggest that clonally related 

neurons can achieve wide circumferential 
separation in the rat's cerebral cortex, appar- 
ently by migration along several different 
radial glial fibers. Furthermore, there is a 
suggestion that neural progenitors, some of 
which presumably give rise to glia, can 
migrate along the ventricular lumen and in 
the subventricular zone, which would pro- 
duce an even wider circumferential spread of 
clonally related cells. 

A recent report of similar experiments in 
the mouse (12) concluded that clonally relat- 
ed neurons occur in columns. A viral con- 
struct similar to the SPUD virus and a 
different Xgal-staining protocol were used, 
and staining was less intense than after 
infection with the BAG virus. The presence 
of weakly stained cells, which we also ob- 
served after infection with SPUD virus, 
makes identification of cell types more am- 
biguous. All of our strictly radial clones 
contained glial cells (13). In addition, the 
mouse brains were stained as whole mounts, 
and positive areas were then sectioned; iso- 
lated single cells may not have been obvious 
from observation of whole mounts. 

The complex patterns of cell migration in 
the cortex of the rat and chick (14) differ 
markedly from patterns in rat and Xenopus 
retina (15) and chick optic tectum (16), 
where clonally related neurons show strik- 
ingly columnar arrangements. These differ- 
ing patterns may reflect regional and species 
differences in the structure of radial neuro- 
epithelial cells. These cells have been inten- 
sively studied in the mouse with the use of 
immunohistochemical techniques (17). Ra- 
dial glia form fascicles in the intermediate 
zone and defasciculate as they enter the 
cortical plate. Some of the circumferential 
separation of clonally related neurons may 
represent migration in a common fascicle, 
with separation of neurons along different 
fibers in the cortical plate. However, some 
clonally related cells diverge within the in- 
termediate zone itself, before this defascicu- 
lation occurs (Fig. 1, D through F). 

Labeled cells in different laminae have 
been observed in many of the dispersed 
clusters of neurons, suggesting that cortical 
progenitors are multipotential. Further- 
more, it is not uncommon to see labeled 
neurons and glial cells adjacent to one an- 
other, suggesting that they share a common 
progenitor as well. This would be consistent 
with studies in the retina that have shown a 
common progenitor for neurons and glia (7, 
15). Results in cortex, retina, and chick 
tectum suggest that lineage is not a major 
determinant of cell type in the central ner- 
vous system. 

While this work was in progress, Price 
independently found similar results in the 
rat, also using the BAG virus (18). 
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