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The diverse array of neurons and glia in the mammalian 
cerebral cortex arises from proliferating cells of the ventric- 
ular zone that surrounds the lateral ventricles of the devel- 
oping brain. A fundamental but unresolved question is 
whether the individual cells of the ventricular zone are com- 
mitted to producing progeny of only one particular pheno- 
type or whether they generate progeny of more than one 
phenotype. We have begun to address this question by ask- 
ing if individual cells of the ventricular zone generate exclu- 
sively neurons or glia at the onset of cortical neurogenesis 
in the rat. 

To assess the phenotypes of cells derived from a common 
progenitor cell, retroviral-mediated gene transfer was used 
to introduce the repotter gene, Escherichia co/i B-galacto- 
sidase, into ventricular zone cells at embryonic day 15 or 
16. We used histochemistry to reveal B-galactosidase-ex- 
pressing cells in the mature rat cerebral cortex. Isolated 
clusters of B-galactosidase-expressing cells, presumably 
clones, were identified in serial sections. Since the histo- 
chemical reaction product is electron dense, each cell could 
be examined at the ultrastructural level and assigned defin- 
itively to one of the major classes of cells in the cerebral 
cortex on the basis of well-established morphological cri- 
teria. This approach overcomes the problems of cell type 
identification encountered with light microscopy, where it is 
not always possible to distinguish between different cell 
phenotypes. 

We found that virtually all clones contained cells of ex- 
clusively one type: either all astrocytes, all oligodendro- 
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cytes, or all neurons. Furthermore, each particular cell type 
exhibited a different pattern and intensity of staining. The 
neuronal clones, with one exception, were composed of ei- 
ther all pyramidal cells (projection neurons), or all nonpy- 
ramidal cells (interneurons). The size and composition of 
neuronal clones did not seem related to their position in the 
cerebral cortex. 

Collectively, our observations indicate that separate pro- 
genitor cells exist for pyramidal neurons, nonpyramidal neu- 
rons, astrocytes, and oligodendrocytes. The striking phe- 
notypic homogeneity in the clones arising from individual 
progenitor cells suggests that by the onset of cortical neu- 
rogenesis, at least some lineage restrictions have already 
occurred among the precursor cell population. Thus, our re- 
sults suggest that lineage may play a pivotal role in deter- 
mining some of the functionally important phenotypic attri- 
butes of cells in the cerebral cortex. 

[Key words: lineage, recombinant retrovirus, glia, pyra- 
midal cells, nonpyramidal cells, cortical development, inter- 
neurons, phenotype, cell identity] 

Many aspects of the development of the mammalian cerebral 
cortex have been elucidated by analyzing the patterns of gen- 
eration and migration of cells destined for the telencephalon 
(for review, see McConnell, 1988, 199 1). A general observation 
is that the early development of the cerebral cortex is strikingly 
similar in all species of mammals examined. The ventricular 
zone, a layer of seemingly homogeneous cells, surrounds the 
lateral ventricles and is the source of all neurons and glia in the 
cerebral cortex. Once generated, neurons migrate toward the 
pial surface and complete their differentiation in the cortical 
plate, the forerunner of the mature cerebral cortex. Both the 
generation and migration of neurons occur over an extended 
period. Neurons destined for the deep layers of the cortex are 
generated and then migrate away from the ventricular zone 
earlier than neurons destined for progressively more superficial 
layers. In many species, including the rat, neurogenesis occurs 
prenatally, although migration of cortical neurons may extend 
into the postnatal period. On the other hand, in the developing 
telencephalon the greatest production of astrocytes and oligo- 
dendrocytes occurs postnatally, after the production of neurons 
has ceased, although glial cells are also derived initially from 
progenitor cells of the ventricular zone. Even though much is 
known about the sequence ofevents underlying the development 
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of the mammalian cerebral cortex, less is known about how cells 
of the cerebral cortex acquire their identity. Current hypotheses 
suggest that the determination of cell fate in the cerebral cortex 
involves a series of decisions restricting the potential of a pro- 
genitor cell or its offspring. The long-term goal of our study is 
to reveal how, when, and where these decisions are made. 

To generate the many cell types that characterize the complex 
mature cerebral cortex, the developing nervous system must 
have the ability to regulate cellular production and differenti- 
ation. A number of mechanisms have been proposed to explain 
how cell diversity in the cerebral cortex arises (for review, see 
Levitt et al., 198 1). Some authors have suggested that cells re- 
main multipotential even after migrating away from the ven- 
tricular zone (for review, see Rakic, 198 1). Multipotentiality has 
been construed as evidence that environmental factors, such as 
cell-cell interactions, control the fate of cells. However, recent 
reports have suggested that a cortical cell’s identity may be 
specified even before it leaves the ventricular zone, implying a 
greater influence of inherited factors, such as cytoplasmic de- 
terminants, in dictating cell fate (Levitt et al., 198 1, 1983; Levine 
and Goldman, 1988; Luskin et al., 1988). To further our un- 
derstanding about the contribution of inherited and environ- 
mental factors to the determination of cell fate, we have at- 
tempted to elucidate the lineage relationships of the different 
cell types in the cerebral cortex. A fundamental question is 
whether the cells of the ventricular zone are as homogeneous 
as their morphological similarity suggests (Sauer, 1935; Hinds 
and Ruffett, 197 1) or whether they constitute a heterogeneous 
population such that some become committed to producing only 
neurons while others give rise exclusively to astrocytes or oli- 
godendrocytes. We reasoned that the onset of neurogenesis may 
be a likely time for lineage restrictions to be manifested because 
not only is proliferation occurring, but more importantly, the 
first postmitotic cortical neurons are being generated. 

Several recent studies (Luskin et al., 1988; Price and Thurlow, 
1988; Walsh and Cepko, 1988) have focused on whether the 
lineages for neurons and glia diverge during development of the 
rodent cerebral cortex. These studies employed retrovirally me- 
diated gene transfer to introduce a readily detectable marker, 
the gene for /3-galactosidase from Escherichia coli, into progen- 
itor cells of the ventricular zone at various times during em- 
bryonic development. One study (Luskin et al., 1988) has argued 
that by the onset of cortical neurogenesis, lineage restrictions 
do indeed exist, whereas other studies have suggested that the 
lineages for neuronal and non-neuronal cells are not yet distinct 
(Price and Thurlow, 1988; Walsh and Cepko, 1988) and that 
some progenitor cells may even remain multipotential through- 
out neurogenesis (Walsh and Cepko, 1988). A major drawback 
of the methodology in all of these studies, which may account 
for the conflicting conclusions, is that at the light microscopic 
level the determination of cell phenotype, based on the mor- 
phology of each P-galactosidase-positive cell, can be inconclu- 
sive. Here, to overcome problems of cell type identification at 
the light microscopic level, we have analyzed the phenotypes 
of all the P-galactosidase-positive progeny of an infected pro- 
genitor cell at the ultrastructural level. Using ultrastructural 
criteria, we show that discrete clusters of &galactosidase-pos- 
itive cells are composed of either all neurons, all astrocytes, or 
all oligodendrocytes, from which we infer that there are separate 
progenitor cells for the major cell types of the cerebral cortex. 

Preliminary accounts of this work have appeared previously 
(Barfield et al., 1990; Pamavelas et al., 1991). 

Materials and Methods 

Production of retrovirus. Two different replication-defective recombi- 
nant retrovirnses were used to analyze lineage relationships among cells 
in the cerebral cortex. The construction and production of the retro- 
viruses have been described in detail elsewhere (Bonnerot et al., 1987; 
Price et al., 1987). Briefly, the recombinant retrovirnses were constrnct- 
ed by replacing the viral genes gag, pal, and env of the Maloney murine 
leukemia virus, with the E. coli P-galactosidase gene, abbreviated lacZ. 
We adhere to the convention of abbreviating the encoded gene product 
of 1ucZ as 1acZ. Most of the animals used in our studies received an 
injection of the BAG retrovirns vector (Price et al., 1987; ATTC CRL 
1858). In the progeny of cells infected by the BAG retrovirus, the fl-ga- 
lactosidase gene product is localized predominantly in the cytoplasm. 
The other retroviral vector used, nls-1acZ (Nuclear Localizing Signal) 
(Bonnerot et al., 1987) targets the P-galactosidase gene product to the 
nucleus. Expression of &galactosidase in the BAG vector construct is 
driven by the viral long terminal repeat sequence, and in the nls-1acZ 
vector, expression is controlled by the SV40 early promotor. 

The replication-defective recombinant retrovirns of both BAG and 
nls-1acZ was obtained by collecting and filtering the culture medium 
used to grow the virus-producing cells. The NLS recombinant retrovirns 
producer cell line was generously provided by Dr. Gary Nolan (MIT, 
Cambridge, MA). The BAG virus-producing cells purchased from ATTC 
were subcloned to generate a higher-titer-producing cell line. Titers of 
retrovirus, determined according to published procedures (Cepko, 1990), 
were in the range of lo4 colony-forming units (cfu)/ml for nls-1acZ and 
lo* to lob cfu/ml for BAG. In addition, a greater than IO-fold increase 
in viral titers was obtained by concentrating the BAG virus, which 
proved unnecessary. Using a standard test, as described by Luskin et 
al. (1988) each lot of recombinant retrovirus used in our experiments 
was proven not to manufacture replication-competent virus. 

Animals and surgical procedures. In these studies, female Sprague- 
Dawley rats obtained from our own colony were bred to obtain fetuses 
of known gestational ages. The day at which a plug was detected, sig- 
nifying that insemination had occurred, was designated as embryonic 
day 0 (EO). By this convention, gestation usually lasts 22 d. 

Either the BAG or nls-1acZ retroviral lineage tracer, containing the 
reporter gene E. coli P-galactosidase, was injected into the cerebral ven- 
tricles of rat embryos. A direct injection into the ventricular zone is not 
feasible due to the small size and mobility of the embryo. Nonetheless, 
intraventricular injections give the injected retrovirns access to prolif- 
erating cells in the ventricular zone, and the progenitor cells that inte- 
grate the viral DNA subsequently pass it on to their progeny. Since we 
wanted to tag progenitor cells at the stage of development when cortical 
neurons are beginning to withdraw from the mitotic cycle, the retrovirns 
was injected on either El5 or E16, which is the onset of rat cortical 
neurogenesis (Raedler and Raedler, 1978). In order to inject embryos 
with retrovirus, pregnant rats were anesthetized with an intraperitoneal 
injection of chloral hydrate (400 mg/kg) prior to performing a laparot- 
omy. Their uterine horns were exposed and a fiber optic light source 
was used to transilluminate each uterine swelling so that the orientation 
of the fetal head could be established without incising the uterus. Once 
the ventricles were visualized, the uterine membranes and fetal skull 
were penetrated with a glass micropipette attached to a pneumatic pump 
(World Precision Instruments Picopump). A solution (OS-l.0 ~1) con- 
taining retrovirns ( lo4 to 10’ viral particles/ml), polybrene (0.05 mgl 
ml), and fast green dye (0.05%) was pressure injected into the embryonic 
cerebral ventricles. The fast green dye was used to verify that the ret- 
rovirns was released into one of the lateral ventricles. When injections 
were complete, the abdominal incision was closed and the animal was 
placed under an infrared lamp until awake and active. 

Histochemistry and tissue processing. Injected fetuses were born and 
allowed to survive until between 1 and 4 months of age, by which time 
the cytoarchitecture and the morphology of cells of the cerebral cortex 
are adult-like. Animals were deeply anesthetized with ether and perfused 
through the heart with 2% paraformaldehyde and 0.4% glutaraldehyde 
in 0.1 M phosphate buffer, pH 7.4. Brains were removed immediately 
and the posterior halves of the cerebral hemispheres were serially sec- 
tioned with a Vibratome at 100 pm. To reveal lacZ-positive cells his- 
tochemically, free-floating sections were incubated overnight at room 
temperature with a mixture containing the substrate for @-galactosidase, 
5-bromo-4-chloro-3-indolyl-&galactosidase (X-Gal), 1 mg/ml in phos- 
phate-buffered saline, pH 7.3, and 0.02% (w/v) sodium deoxycholate, 
0.01% (w/v) NP-40, 4 mM potassium ferrocyanide, 4 mM potassium 
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ferricyanide, and 2 mM MgCl, (procedure modified from Luskin et al., 
1988). 

Subsequently, sections were rinsed in 0.1 M phosphate buffer (pH 7.4), 
postfixed for 30 min with 1% OsO,, stained with II uranyl acetate, 
dehydrated and flat-embedded in Araldite resin, and placed in a 60°C 
oven for 2-3 d. Following the identification of clones (see below), all of 
the cells belonging to selected clusters of IacZ-positive cells were excised 
from the sections, mounted on Araldite stubs, and thin sectioned. A 
minimum of 30 thin sections per cell were cut and examined with the 
electron microscope. 

Location and identification of c/ones. Camera lucida drawings (final 
magnification, 3 1 x) were made of each section to document the posi- 
tions of IacZ-positive cells. In addition, higher-magnification camera 
lucida drawings (final magnification, 125-3 12 x) were made to describe 
the light microscopic appearance of each stained cell accurately. This 
often required reconstructing the cell from several planes of focus within 
the 100 pm section, and as necessary between adjacent sections. Oc- 
casionally, a photomicrograph of a cell or group of cells was obtained 
to compare its appearance at the light microscopic level to its appearance 
at the ultrastructural level after thin sectioning. 

We defined a clone as a cluster of closely spaced IacZ-positive cells 
separated from any other labeled cells by at least 500 pm in the tangential 
plane, which is in the plane parallel to the overlying pial surface. This 
definition of a clone is based on an accepted inference that discrete 
groups of lacZ-positive cells are the progeny of single infected progenitor 
cell (Sanes et al., 1986). The Binomial Test of Proportions was used to 
determine the probability that homogeneous groups of cells occur by 
chance (Snedecor and Cochran, 1980). 

Camera lucida drawings of the positions of lacZ-positive cells in se- 
quential 100 pm sections were superimposed to identify closely spaced 
clusters of lacZ-positive cells as illustrated in Figure Lt. Composite 
drawings, including the relative location of all cells occurring in suc- 
cessive sections, were generated from these superimposed maps. To 
determine which clusters met our criteria for a clone, we measured the 
tangential distance between a cluster of lacZ-positive cells and the near- 
est, presumably, unrelated IacZ-positive cell. To measure what is re- 
ferred to as the tangential distance separating two lacZ-positive cells, 
we drew a line between the position of each cell and the point at which 
a tangent crossed the overlying pial surface. The measured tangential 
distance between the two cells was the distance between these two lines. 
This procedure intentionally ignored distances in the radial dimension 

c 

Figure 1. A, Method of determining clonal boundaries and distance 
separating clones and individual cells within clones. To identify clusters 
of lacZ-positive cells (black dots), camera lucida drawings (e.g., &u’) of 
consecutive 100 pm Vibratome sections are superimposed (e.g., a) so 
that the relative location of lacZ-positive cells is maintained in the 
composite drawing. To determine the tangential distance between any 
two IacZ-positive cells, lines were formed perpendicularly between the 
position of any given cell and the point at which this line intersects the 
overlying pial surface, and then the distance between these two lines 
was measured as illustrated in a (e.g., x, y, and z). Using this method, 
the distance separating the two outermost cells ofeach individual clone, 
referred to as the tangential dimension of a clone, could be determined 
(denoted by zin a). Similarly, the maximum tangential distance between 
cells within a clone Q and the distance between a cluster of lacZ-positive 
cells to the nearest unrelated lacZ-positive cell more than 500 pm away 
(x) was determined. The brackets in a demarcate multicell clones. The 
continuity of blood vessels from section to section (e.g., arrow in c) was 
used to better align drawings. D, dorsal; L; lateral; P, posterior; CTX, 
cortex; WM, white matter. B, A representative coronal section of the 
adult (3 months postnatal) cerebral cortex subdivided into several regions 
in order to indicate where clusters of lacZ-positive cells were found, In 
virtually all of the sections the cortex could be partitioned into a medial 
(M), dorsal (D), dorsolateral (DL), and lateral (L) region based on its 
macroscopic and microscopic features. Boundaries between regions, 
modified from Austin and Cepko (1990), are demarcated by broken 
lines. The medial region occupied a zone stretching from the apex of 
the cerebral cortex (line b) to the hippocampal formation (he a). The 
dorsal region extended to line c, roughly halfway between lines b and 
d; d was placed approximately 45” along the circumference of the cortex 
from the ventral midline position. The lateral region extends as far 
ventrally as the rhinal sulcus (line e). WM, white matter. 
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of the cortex and assured us that no IacZ-positive cells were within 500 
pm of any cell cluster considered to be a clone. 

Because the number of cells per clone and clone diameter varied, the 
tangential distance between a cluster of lacZ-positive cells and an un- 
related cell was determined by measuring the separation between the 
outermost cell of the cluster and the nearest unrelated lacZ-positive cell 
(see Fig. 1A). We also measured the distance separating the two out- 
ermost cells of each individual clone in the tangential plane, referred to 
as the tangential dimension of a clone, and the maximum tangential 
distance between any two cells in a clone (see Fig. lA, Tables l-3). The 
measurements reflect the depth ofcells in the 100 pm Vibratome sections 
to the nearest 5-10 pm (see Tables l-3). However, in some instances, 
the points used to depict cell position in the drawings were not drawn 
to scale. Instead, the lacZ-positive cells were usually represented as larger 
than the actual cell itself (cf. Figs. 5B, 6A, 7A, 8A, 9A, IOA, 11A). 
Therefore, to correct for any possible measuring errors, higher-magni- 
fication camera lucida drawings were used to determine accurately dis- 
tances between lacZ-positive cell somas for the selected clusters chosen 
for further study. 

The laminar positions of lacZ-positive cells within clones were also 
documented. Iaminar assignments were based upon the reported frac- 
tion each particular layer occupies in the mature rat cerebral cortex 
(Zilles, 1985). Layers 1-l occupy the upper half of the cortex, while 
layers 5 and 6 generally compose the lower half. Finally, the cortex was 
subdivided into medial, dorsal, dorsolateral, and lateral regions as de- 
scribed in Figure 1B so that individual clones could be assigned to a 
general cortical region. 

Ultrastructural ident&ation of cell phenotypes. Well-established cri- 
teria were used to identify neuronal and glial cell phenotypes at the 
ultrastructural level (Jones and Powell, 1970; Peters et al., 1976; Co- 
lonnier, 1981; Pamavelas et al., 1983, 1989; Vaughan, 1984; Peters, 
1985). LacZ-positive cells were then classified into one of four different 
cell types: astrocytes, oligodendrocytes, pyramidal neurons, or nonpyr- 
amidal neurons. The characteristic features of each cell type and the 
specific criteria used to classify lacZ-positive cells are given in Results. 

Results 
Selection of IacZ-positive clusters for analysis of clonal 
composition 
The number and distribution of lacZ-positive cells in the adult 
cerebral cortex following injections of retrovirus at El 5 or El 6 
varied considerably between brains, probably as a result of (1) 
differences in the amount of virus injected into the lateral ven- 
tricles and (2) the number of telencephalic progenitor cells in- 
fected. In several brains the lacZ-positive cells were far too 
numerous and widely scattered to allow for the recognition of 
a clone, and these brains were excluded from further study. 
Furthermore, isolated lacZ-positive cells were not analyzed even 
though they may represent single-cell clones. 

The present study consists of an analysis of 27 clones obtained 
from six brains. Only one of these clones resulted from an in- 
jection of nls-1acZ retrovirus (not illustrated) because the pres- 
ence of the /3-galactosidase histochemical reaction product was 
difficult to detect at the light microscopic level in nls-1acZ 
expressing cells compared to cells expressing the BAG retro- 
virus. The average distance between a clone and the nearest 
lacZ-positive cell was 750 pm (see Tables l-3); 18 of 27 were 
separated by 600 pm or more from other labeled cells or clones, 
and three of these were more than 1 mm from any other lacZ- 
positive cell. The nearest unrelated IacZ-positive cell to any 
given clone was either an isolated cell or part ofanother multicell 
clone. 

Appearance of lacZ-positive cells 

Appearance of lacZ-positive cells at the light microscopic level. 
The positions of the 192 lacZ-positive cells that made up the 
27 clones selected for study were carefully mapped onto camera 
lucida drawings of the cerebral cortex, and the morphology of 

each cell was documented at the light microscopic level (e.g., 
Fig. 2C). There was substantial variability in the extent of the 
histochemical staining of the cell soma and processes of the 
lacZ-positive cells. 

In a small proportion of the histochemically stained cells, the 
phenotype was readily apparent at the light microscopic level. 
In these cases a preliminary classification of cell phenotype was 
made, although electron microscopic confirmation was nearly 
always obtained. For example, the upper cell shown in Figure 
2A has the features of a pyramidal neuron, including a promi- 
nent apical dendrite, pyramidal shaped soma, and basal den- 
drites arising from the cell soma (only one is visible in the focal 
plane shown), whereas the two cells shown in Figure 2B, with 
substantial process staining, exhibit features associated with 
nonpyramidal neurons: The relative simplicity of cell identifi- 
cation for some cells at the light microscopic level is even more 
apparent in Figure 2C, a camera lucida reconstruction of the 
same two cells, which fully depicts the dendritic branching pat- 
tern seen in different planes of focus. For some profusely stained 
lacZ-positive cells, the stained process was identified in adjacent 
sections, allowing for a more complete representation of cellular 
morphology. For neurons, the most frequently stained process 
was the dendrite while axons were seldom stained. 

Despite the ease with which some lacZ-positive cells, partic- 
ularly neurons, could be identified at the light microscopic level, 
the majority of lacZ-positive cells lacked well-delineated pro- 
cesses, and the determination of cell phenotype was difficult 
(e.g., Fig. 2A, lower cell), which is in agreement with other 
studies (Luskin et al., 1988; Price and Thurlow, 1988; Walsh 
and Cepko, 1988). This difficulty in determining cell phenotype 
at the light microscopic level was particularly serious for lacZ- 
positive cells with relatively small somata that were expected 
to be astrocytes or oligodendrocytes such as those shown in 
Figure 2, D and E, or small-diameter interneurons. It was not 
uncommon to find that one or a few members of a clone had 
stained processes, while in other cells of the same clone staining 
was restricted to the soma (e.g., Fig. 2A). Thus, despite the 
occasional lacZ-positive cell that was elaborately stained, the 
phenotype of most cells could not be determined conclusively 
by their light microscopic appearance alone. 

Appearance of lacZ-positive cells at the ultrastructural level. 
At the electron microscopic level, with few exceptions, lacZ- 
positive cells were readily distinguished from unlabeled cells by 
their conspicuous histochemical reaction product (see Fig. 3A). 
For example, Figure 3A shows a row of three cells in the rat 
cerebral cortex, the middle being 1acZ positive, as indicated by 
an increased overall density and an extension ofreaction product 
into its proximal processes. The subcellular localization of the 
histochemical reaction product is shown in a higher-magnifi- 
cation electron micrograph (Fig. 3B). This subcellular localiza- 
tion is predominantly associated with the nuclear membrane 
and endoplasmic reticulum. Depending on the cell type, the 
reaction product may also be associated with nucleoplasm, mi- 
tochondria and the Golgi apparatus. We found that the phe- 
notype of lacZ-positive cells could be ascertained readily by 
examining their fine structure. However, classification was not 
accomplished for 14 lacZ-positive cells (see Tables 1,2) because 
they were lost during electron microscopic processing. Fortu- 
nately, each of these cells had a light microscopic appearance 
similar to its presumed sibling that was extremely informative 
as to its phenotype. 

The determination of cell phenotype was seldom impeded by 
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Fzgure 2. Examples of the light mi- 
croscopic appearance of lacZ-positive 
cells in the adult rat cerebral cortex re- 
sulting from an intraventricular injec- 
tion of retrovirus at El 5 (A) or El6 
(B-E). A, B, D, and E are photomicro- 
graphs of cells in 1 00-Km-thick Vibra- 
tome sections. Note that in some lacZ- 
positive cells the staining is restricted 
to the cell soma, whereas in others there 
is extensive process staining, assisting 
the identification of cell type. A, The 
upper cell has a pyramidal neuron mor- 
phology with apical and basal den- 
drites, but the phenotype of the lower 
cell is ambiguous because it lacks dis- 
tinctive process staining. Upon exam- 
ination at the ultrastructural level, this 
cell’s neuronal identity was evident (not 
shown). B, Two lacZ-positive cells that 
exhibit features of nonpyramidal neu- 
rons. The camera lucida drawing in C, 
which was obtained by connecting pro- 
cesses in different planes of focus, de- 
picts the full extent of the elaborate pro- 
cess staining of the two cells shown in 
B. D, The pattern of histochemical 
staining at the light microscopic level 
that was most commonly associated 
with astrocytes. This cell is one of the 
17 astrocytes shown at the ultrastruc- 
tural level in Figure 5. E, An array of 
four lacZ-positive cells (arrows) iden- 
tified at the ultrastructural level as oli- 
godendrocytes. The cells shown con- 
tribute to the clone illustrated in Figure 
6. The lack of process staining often 
exhibited by lacZ-positiveglial cells fre- 
quently impedes their phenotypic iden- 
tity at the light microscopic level. Scale 
bars: A, 25 pm; B and C, 100 km; D 
and E, 20 pm. 

the presence of the /3-galactosidase histochemical reaction prod- 
uct. There was little or no diffusion of the reaction product out 
of lacZ-positive cells, and thus, synapses contacting neuronal 
ccl1 bodies were not obscured (see Fig. 3B). The clear visibility 
of the synapses was advantageous because the type of synapse(s) 
associated with lacZ-positive neuronal cell bodies was used to 
reliably determine their phenotypes (Colonnier, 198 1; Peters, 
1985). The patterns of staining associated with each cell type 
and the specific criteria for classifying cells are given below. 

Discrete clones of IacZ-positive cells with glial characteristics 

When comparing the phenotype of cells composing individual 
clones, we found that, with only two exceptions, all of the clones 
examined at the electron microscopic level contained cells of a 

single major class (see Tables l-3). Half of the clones were 
composed of astrocytes or oligodendrocytes, but never a mixture 
of these two types of glia, and the remaining clones contained 
exclusively neurons. At the light microscopic level many IacZ- 
positive glial cells had small, round cell bodies (5-12 wrn) with 
only a few, short, stained processes (see Fig. 2D,E); however, 
the ultrastructural appcarancc of IacZ-positive glia enabled us 
to distinguish readily between astrocytes and oligodendrocytes 
(Peters et al., 1976; Parnavelas et al., 1983; Vaughan, 1984). 
None of the cells classified as astrocytes or oligodendrocytes 
formed synapses. 

Clones composed of astrocytes. Astrocytes can be distin- 
guished from other cell types on the basis of a number of fea- 
tures. The most characteristic feature is the presence of glial 



Figure 3. Electron micrographs demonstrating the prominent features of histochemically stained lacZ-positive cells in the rat cerebral cortex. A, 
An example of a lacZ-positive pyramidal neuron (center), flanked by two unstained pyramidal neurons in the mature cerebral cortex [postnatal 
day 83 (P83)], resulting from an injection of retrovirus at El 6. Note that this lacZ-positive neuron is easily distinguished from the adjacent unstained 
neurons due to the conspicuous histochemical staining of its nucleus and cytoplasm. The identification of lacZ-positive cells is commonly facilitated 
by the extension of reaction product into proximal processes, particularly noticeable in the apical dendrite (arrows) and the laterally directed basal 
dendrite (arrowheads). The light microscopic appearance of this neuron is shown in Figure 7B (cell c). B, High-magnification electron micrograph 
of another lacZ-positive neuron, showing the intracellular distribution of reaction product, which is a dense precipitate predominantly associated 
with the nuclear membrane (nm) and granular endoplasmic reticulum (er). Note that the fine structure of the axon terminals forming synapses 
(arrowheads) with the soma of the stained cell is not obscured. The light microscopic appearance of this neuron is shown in Figure 7B (cell e). 
Magnification: A, 5000 x ; B, 38,000 x . 
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filaments (Fig. 4A) in a typically electron-lucent cytoplasm (Skoff, 
1980; Vaughan, 1984), although these filaments are lacking from 
the cytoplasm of immature astrocytes. Immature astrocytes typ- 
ically contain a number ofwide cisterns ofgranular endoplasmic 
reticulum (Parnavelas et al., 1983). Another feature specific to 
astrocytes is an irregular cytoplasmic outline that weaves be- 
tween other cells and processes in the tissue. Furthermore, many 
astrocytes are located adjacent to blood vessels (Fig. 4B) and 
have processes that form the glial limitans at the pial surface 
(Peters et al., 1976). 

For a lacZ-positive cell to be classified as an astrocyte, it must 
exhibit one or more of the astrocyte-specific ultrastructural fea- 
tures described. Virtually all of the cells judged to be astrocytes 
had an electron-lucent cytoplasm and 85% also showed fila- 
mentous arrays. In addition, many of the lacZ-positive cells 
scored as astrocytes were located adjacent to blood vessels (see 
Fig. 4AJ) and had processes extending from their soma that 

Figure 4. Electron micrographs of representative lacZ-positive astro- 
cytes and oligodendrocytes. Each occurs in a separate cluster of clonally 
related cells in the adult cerebral cortex resulting from an intraventric- 
ular injection of retrovirus at El5 (B) or El6 (A and C). At the light 
microscopic level, it is not always possible to distinguish between as- 
trocytes and oligodendrocytes, but at the ultrastructural level the dif- 
ferences can be readily appreciated. A and B, In these two cells, as in 
other lacZ-positive astrocytes, the histochemical staining has a punctate 
appearance and encircles the nucleus (e.g., row ofarrowheads in A and 
B). The cytoplasm of both cells is electron lucent and organelle poor, 
which is typical of astrocytes in aldehyde-fixed tissue. In favorable sec- 
tions, collections of glial filaments are discernible (e.g., arrow in A). The 
cell illustrated in A was one of 32 lacZ-positive astrocytes composing a 
clone situated in the gray matter, whereas the cell in B, which is sur- 
rounded by profiles of myelinated axons, was one of 12 immature clon- 
ally related astrocytes located in the white matter. Note that the cells 
are adjacent to blood vessels (bv), where astrocytes are frequently lo- 
cated. The electron micrograph in Cshows an example ofa lacZ-positive 
oligodendrocyte. Both the unstained cell (b) and the lacZ-positive cell 
(c) exhibit features associated with oligodendrocytes: electron-dense nu- 
clei with pronounced aggregates of heterochromatin. Notice that these 
characteristic features of oligodendrocytes are apparent in cell c despite 
the pronounced histochemical staining of its nucleus and cytoplasm. 
The unstained cell on the left (a) is a neuron. Magnification: A and B, 
10,300x; c, 11,300x. 

insinuated between other profiles and cells in the tissue. The 
most distinctive aspect of the histochemical staining of IacZ- 
positive astrocytes was the beaded distribution of reaction prod- 
uct along the nuclear membrane (Figs. 4A,B, arrowheads; 5D- 
G, small arrows). The P-galactosidase histochemical reaction 
product in the cytoplasm of these cells was sparse because they 
typically contained only a few organelles. 

Discrete clusters of lacZ-positive astrocytes in the cerebral 
cortex were encountered in both the white and the gray matter, 
and some astrocyte clones extended into both zones (see Table 
1). For example, Figure 4A shows a representative lacZ-positive 
astrocyte from a clone containing 32 cells confined to the gray 
matter, whereas Figure 4B shows a stained immature astrocyte 
from a 12-cell clone in the white matter, as indicated by the 
surrounding myelinated axons. The range of cells in the astrocyte 
clones examined was 2-32 cells per clone. In general, the spatial 
dimension of astrocyte clones was proportional to the number 
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Figure 5. Reconstruction of a clone containing exclusively astrocytes and examples of the morphology of its constituent cells at the light and 
electron microscopic level from a rat brain injected with retrovirus at El6 and perfused at P83. A shows the position of the clone in the entorhinal 
cortex. B shows the spatial relationships between cells in the clone obtained by superimposing 11 serial 100 pm sections. The clone extended 450 
wrn in its maximal lateral extent. The light microscopic morphology of each of the 17 cells composing the clone is illustrated in the camera lucida 
tracings shown in C. They exhibit a simple staining pattern that does not conclusively reveal their cell phenotype. However, at the ultrastructural 
level, every cell had characteristics of astrocytes as shown by the four cells illustrated (D-G). The large arrows point to the collection of glial 
filaments present in each cell, viewed longitudinally (D, F, G) or in cross section (E), in the midst of an electron-lucent cytoplasm. Note the beaded 
distribution of the P-galactosidase histochemical reaction product around the nuclei (small arrows in D-G). CTX, cortex; D, dorsal; L, lateral; WM, 
white matter. Magnification: D, 5500 x ; E-G, 9000 x . 

of cells in the clone (Table 1). Although cells within astrocyte Figure 5 shows an example of one of the eight astrocyte clones 
clones were occasionally separated by relatively large distances reconstructed in this study. The clone was situated in the gray 
(> 100 pm), the majority of cells within these clones were con- matter of the entorhinal cortex, and contained 17 cells, all of 
siderably more closely spaced (< 50 pm). which had a very simple morphology at the light microscopic 
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Table 1. Characteristics of individual glial clones 

Maximum 
tangential Nearest 

Age at distance unre- 
injection- Number Tangential between lated 
age at of cells Location dimensions cells in 
perfusion 

lacZ(+) 
Phenotype of cells per clone (GM/WM) of clone clone cell 

El 5-P64 Astrocytes 7 GM/WM 200 x 200 firn 50 pm 600 Hrn 
E 1 S-P64 Astrocytes ll/lp WM 200 x 500 pm 300 pm 8.50 pm 

(immature) 
E16-P83 Astrocytes 17 GM 450 X 1100 pm 400 pm 1000 pm 
E16-P83 Astrocytes 4 GM 50 x 200 pm 100 pm 500 pm 
E16-P83 Astrocytes =9 GM 150 x 100 pm 50 firn 500 pm 
E16-P83 Astrocytes 32 GM 300 x 200 pm 100 pm 2500 pm 
E16-P88 Astrocytes 2 GM 30 x 35 pm 55 pm 900 pm 
E 15-P24 Astrocytes 5/8a GM 400 x 200 pm 400 pm 600 pm 
E16-P83 Oligodendrocytes 6/9a GM 200 x 100 pm 50 pm 600 pm 

E, embryonic day; P, postnatal day; GM, gray matter; WM, white matter. 
@ Numerator represents number of cells identified by electron microscopy; denominator represents the total number of 
cells in the clone. 

level. They exhibited short, sometimes wavy processes, extend- 
ing from a small, often faintly labeled cell body (see Figs. 20, 
5C). This pattern of staining was not sufficient to identify these 
cells as astrocytes, but at the ultrastructural level all the cells 
displayed astrocyte-specific features (Fig. 5&G). Each cell in 
the clone had glial filaments that could be seen in both longi- 
tudinal and cross sections, and each had an oval nucleus ringed 
by a punctate, beaded distribution of histochemical reaction 
product. Unlike the astrocytes shown in Figure 4, A and B, none 
of the cells in this clone were located adjacent to blood vessels. 
A prominent feature of this clone, and many others, was the 
extraordinary resemblance among its cells. 

Clones composed of oligodendrocytes. Figure 4C allows for a 
comparison between a cell identified as a lacZ-positive oligo- 
dendrocyte and a cell identified as a lacZ-negative oligodendro- 
cyte. Oligodendrocytes are usually readily detectable because 
they often show darker nuclei and cytoplasm than other cell 
types in the cerebral cortex and often contain small stacks of 
short cisterns of granular endoplasmic reticulum (Peters et al., 
1976; Pamavelas et al., 1983; Vaughan, 1984). The minimum 
criteria we set for a lacZ-positive cell to be considered an oli- 
godendrocyte was an overall dark appearance and the presence 
of dense clumps of heterochromatin in the nucleus. Although 
in the majority of lacZ-positive cells classified as oligodendro- 
cytes, other features typical of oligodendrocytes were detectable 
(Peters et al., 1976; Vaughan, 1984), the presence of reaction 
product in the lacZ-positive oligodendrocytes occasionally ren- 
dered their cytoplasmic organelles difficult to resolve (see Fig. 
4C, cell c). However, the heavy staining of oligodendrocytes 
ultimately served to facilitate our identification of these cells 
upon inspection of electron micrographs. 

Only one pure oligodendrocyte clone was encountered. It was 
located in the gray matter of the hippocampus and contained 
nine cells in a compact configuration (Fig. 6A). At the light 
microscopic level, the cells were characterized by small cell 
bodies and short, branched processes (Fig. 6B). At the ultra- 
structural level, the nucleus and cytoplasm of every cell were 
darkly stained and the nuclei contained clumps of heterochro- 
matin (Fig. 6C). The two lacZ-positive oligodendrocytes illus- 
trated in Figure 6C sit juxtaposed to one another, suggesting 

that they arose by the division of oligodendrocyte progenitor 
cells that divided in situ (after migrating away from the ven- 
tricular zone). In addition to the one pure oligodendrocyte clone, 
one mixed clone containing 17 oligodendrocytes and a single 
neuron was also found and will be discussed below. Further- 
more, our preliminary findings resulting from the injection of 
retroviral lineage tracers into the rat neonatal subventricular 
zone (after neurogenesis has ceased) have revealed homogeneous 
clones of astrocytes and oligodendrocytes, and no heterogeneous 
glial clones have been encountered (McDermott et al., 199 1). 

Discrete clones of lacZ-positive cells with neuronal 
characteristics 
In the neuronal clones, the P-galactosidase histochemical stain- 
ing at the light microscopic level revealed a range of morpho- 
logical configurations, as exemplified by the neuronal clone de- 
picted in Figure 7. Despite the ease with which some cells could 
be identified as neurons (e.g., Fig. 7C), the majority of lacZ- 
positive cells in these clones required ultrastructural analysis 
for a conclusive determination of their phenotype. For example, 
cell g in Figure 7B could not be classified on the basis of its light 
microscopic appearance alone because of its rudimentary den- 
dritic staining. However, when examined at the ultrastructural 
level, the cell displayed features consistent with a neuronal iden- 
tity (Fig. 7E), and it resembled other neurons easily recognizable 
as such at the light microscopic level [e.g., the IacZ-positive 
neuron shown in Fig. 70 (cell fin Fig. 7B)]. Thus, as was the 
case for glia, an ultrastructural analysis was essential to defin- 
itively establish neuronal identity as well as the subtypes of the 
lacZ-positive neurons contributing to clones (see below). 

The five-cell neuronal clone illustrated in Figure 8 also shows 
that there can be considerable variability in the process staining 
between cells in a clone. Despite this variability, the distribution 
and density of reaction product at the ultrastructural level were 
remarkably similar for all five cells. Only the ultrastructural 
appearance of cell b is shown because it had the least discernible 
phenotype at the light microscopic level (Fig. 8B). At the ultra- 
structural level it possesses the features of a nonpyramidal cell, 
including a mixture of symmetrical and asymmetrical synapses, 
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Figure 6. Reconstruction of a clone containing exclusively oligodendrocytes and examples of the morphology of its constituent cells at the light 
and electron microscopic level from a rat brain that received an intraventricular injection of retrovirus at E 16 and perfused at P83. A shows the 
position of the clone in the brain and the distribution of the cluster of nine lacZ-positive cells (black dots). The clone was reconstructed by 
superimposing two serial 100 pm sections. The camera lucida tracings in B show the light microscopic morphology of each cell. Some cells bear 
processes, similar to those of oligodendrocytes, whereas the majority of cells cannot be classified at the light microscopic level because they lack 
sufficient process staining. The arrowheads designate the two cells illustrated by the electron micrograph in C. Though they are heavily stained 
throughout their nucleus and cytoplasm, the dense clumps of heterochromatin, combined with other morphological features, indicate that they are 
oligodendrocytes, whereas the cell on the left is an unstained neuron. The close apposition of the two lacZ-positive oligodendrocytes suggests they 
are derived from the same progenitor cell. WM, white matter; D, dorsal; L, lateral. Magnification (C), 3 100 x . 

and shared these features with the other cells belonging to the 
clone (not shown). 

The neuronal clones contained between two and nine cells. 
Four of the seven clones containing only two or three neurons 
were restricted to a single layer of the cerebral cortex (layer 4), 
and in only one case did a clone of this size span three layers 
(Table 2). On the other hand, clones containing between four 
and nine neurons were usually distributed over three or more 
cortical layers and often the same clone contained cells in both 
the infragranular and supragranular layers. 

To determine if there were any regional differences in the 
number of cells per clone or in the dimensions of clones, we 
partitioned the cortex into medial, dorsal, dorsolateral, and lat- 
eral divisions as shown in Figure 1B. No striking regional dif- 
ferences in the dimensions of neuronal clones were observed 
(Table 2). Furthermore, except for the lateral division, where 
the mean number of cells per clone was fewer (2.6), the mean 
number of cells per clone was comparable in the different di- 
visions (medial, 4.5; dorsal, 5.25; dorsolateral, 5.25). The lower 
number of cells per clone in the lateral division can be partially 
explained by the observation that five of these six clones were 
composed of exclusively nonpyramidal neurons, which con- 
tained fewer cells on average (mean, 3.0 cells) than pyramidal 
cell clones (mean, 5.6 cells). 

In order to investigate the lineage relationships between sub- 
types of neurons, the cells within neuronal clones were further 
classified as either pyramidal or nonpyramidal neurons on the 

basis of differences in morphology, ultrastructure, and, fore- 
most, the type of axosomatic synapses they receive (Jones and 
Powell, 1970; Pamavelas et al., 1977; Colonnier, 198 1; Peters, 
1985). On average, in the mammalian cerebral cortex, pyra- 
midal neurons have a larger cell soma diameter than nonpyra- 
midal neurons (Peters, 1985). However, because the ranges of 
cell body diameters overlap (pyramidal neurons, lo-25 pm; 
nonpyramidal neurons, 8-20 pm), cell soma diameter cannot 
be used as a decisive criterion to determine cell phenotype. 
Rather, the most definitive way of distinguishing pyramidal cells 
from nonpyramidal cells, and the one used here, is by the type 
of synapses they receive on their cell bodies. Pyramidal neurons 
receive exclusively symmetrical (Gray’s type II, presumptive 
inhibitory) axosomatic synapses, whereas nonpyramidal neu- 
rons receive both symmetrical and asymmetrical (Gray’s type 
I, presumptive excitatory) axosomatic synapses. 

In an earlier study (Pamavelas et al., 1991), we concluded 
from the homogeneity of neuronal clones that pyramidal and 
nonpyramidal cells arise from different progenitor cells. The 
same pool of neuronal clones considered previously (including 
one additional clone) have been documented more thoroughly 
so that the tangential dimensions of a clone, maximum tangen- 
tial distance between cells in a clone, nearest unrelated lacZ- 
positive cells, and laminar position of cells in clones could be 
compared (see Tables 2, 3). 

Interestingly, the neuronal clones arising from El 5 and El6 
injections pooled for analysis do in fact show some differences. 
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rrgure / . Loutaming exclusively pyramidal neurons that was taken from the dorsolateral part of the visual cortex of a 
rat brain injected with retrovirus at El5 and perfused at P64, and examples of the morphology of its constituent cells at the light and electron 
microscopic levels. A, The eight-cell clone was reconstructed by superimposing the position of lacZ-positive cells (represented by dots u-h) in three 
sequential camera lucida tracings of 100~pm-thick sections. The clone was 550 pm wide and was separated from any other labeled cell by more 
than 800 pm. The camera lucida drawing in B shows that at the light microscopic level the morphological detail of the individual lacZ-positive 
cells was quite variable. Some cells could be readily identified as pyramidal neurons (e.g., cells b and d), whereas the phenotypic identity of others 
was difficult to discern because of limited process staining (e.g., cells a and g). A systematic examination of each cell at the ultrastructural level 
revealed that the entire clone was composed of pyramidal neurons. C, Bright-field photomicrograph from a plastic-embedded 100 pm Vibratome 
section of two members of the clone exhibiting morphologies characteristic of pyramidal cells. The cell on the left corresponds to cell d, and the 
one on the right, to cell b. D and E, Electron micrographs of two of the lacZ-positive cells from this clone; D shows the ultrastructural appearance 
of cellf; and E, the appearance of cell g. In both cells the histochemical reaction product encircling the nucleus has a beaded appearance (e.g., 
arrows in D). Note that ceflf could be recognized as a neuron at the light microscopic level because of its characteristic pattern of stained processes, 
whereas cell g could not be definitively recognized. However, ultrastructural analysis indicated that cell g was also a pyramidal neuron. C7’X, 
cortex. Magnification: C, 400 x ; D, 7400 x ; E, 7800 x 
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Figure 8. Illustration of a clone containing five nonpyramidal neurons from the visual cortex of a rat brain injected with retrovirus at El6 and 
perfused at P83. A, Camera lucida drawings of the five clonally related neurons. Judging by their elaborate process staining and similar morphologies, 
cells a, c, d, and e exhibit the characteristics of multipolar nonpyramidal neurons. Note, though, that the phenotype of cell b could not be established 
on the basis of its light microscopic appearance. However, at the ultrastructural level, it showed features characteristic of nonpyramidal neurons, 
as shown by the electron micrograph in B. It had a crenulated nuclear outline and a densely stained nucleus, and it received both symmetrical and 
asymmetrical synapses (not shown). Magnification (B), 9800 x . 

Table 2. Characteristics of individual neuronal clones 

Age at 
injection- 
age at 
perfusion Phenotype of cells 

Number 
of cells Location 
per clone (layer) Cortical region 

Tangential dimen- 
sions of clone 

Maximum 
tangential Nearest 
distance unrelated 
between lacZ(+) 
cells in clone cell 

E16-P88 Neurons (pyramidal) 2 4 Dorsal 100 x 45 pm 1lOrm 
E 15-P64 Neurons (nonpyramidal) 2 4 Lateral 400 x 100 pm 400 pm 
E16-P83 Neurons (nonpyramidal) 2 4 Lateral 400 x 200 pm 400 pm 
E16-P126 Neuronsa (nonpyramidal) 2 4-5 Lateral 30 x 80 pm 85 pm 
E 15-P64 Neurons (nonpyramidal) 2 4-5 Lateral 50 x 100 pm 100 pm 
E16-P88 Neurons (pyramidal and 2 2-4 Dorsolateral 80 x 85 pm 115pm 

nonpyramidal) 
ElbP83 Neurons (pyramidal) 3 4 Dorsal 300 x 100 pm 250 pm 
E16-P83 Neurons (pyramidal) 4 2-4 Medial 200 x 100pm 100 pm 
E16-P88 Neurons (nonpyramidal) 4 4-6 Lateral 100 x 525 pm 405 rrn 
E16-P88 Neurons (pyramidal) 4 2-4 Lateral 530 x 130 pm 430 firn 
E16-P83 Neurons (nonpyramidal) 4/56 2/3 Medial 300 x 500 pm 100 pm 
E15-P95 Neurons (pyramidal) 6 2-4 Dorsolateral 250 x 145 pm 85 Km 
E 15-P64 Neurons (pyramidal) 6/F’ 2-4 Dorsolateral 150 x 100 pm 100 pm 
E 15-P64 Neurons (pyramidal) 4/16 24 Dorsal 250 x 300 pm 200 pm 
E 15-P64 Neurons (pyramidal) 8 2-5 Dorsolateral 550 x 200 pm 200 pm 
E 15-P64 Neurons (pyramidal) 9 2-4 Dorsal 1350 x 400 wrn 450 flrn 

E, embryonic day; P, postnatal day. 
* Identified on the basis of light microscopic examination alone. 

b Numerator represents number of cells identified by electron microscopy; denominator represents the total number of cells in the clone. 

540 pm 
550 pm 
850 pm 
520 pm 
600 pm 
595 pm 

800 pm 
800 pm 
700 pm 
595 pm 
700 pm 
500 pm 
500 pm 
500 pm 
800 pm 

1100 pm 
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Figure 9. Illustration of a clone composed of four pyramidal neurons in the medial 
aspect of the cerebral cortex of a rat injected with retrovirus at El6 and perfused at 
adulthood. A shows the distribution of the four cells in the cortex obtained by super- 
imposing two serial 100 pm coronal sections. B and C show the ultrastructural appearance 
of cells b and c, respectively. The histochemical reaction product is prominently asso- 
ciated with the endoplasmic reticulum (asterisks in B and C) and the nuclear membrane. 
The box in B outlines the figure shown in D, a high-magnification electron micrograph 
of two symmetrical synapses (arrows) contacting the soma of cell b. Magnificati&B 
and C, 7800 x ; D, 42,000 x . 
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As expected, neuronal clones resulting from an E 15 injection 
were larger (mean number of cells, 6.0) than clones resulting 
from an E 16 injection (mean number of cells, 3.1). This differ- 
ence in clone size was also evident when pyramidal and non- 
pyramidal cells were considered separately. For example, py- 
ramidal cell clones contained 4.3 cells following El6 injections, 
and 7.4 cells following El5 injections. This is further evidence 
for a difference in the mechanisms generating pyramidal neurons 
and nonpyramidal neurons and emphasizes that clone size is a 
function of progenitor cell type as well as the stage of devel- 
opment at which the progenitor cell is tagged. 

Clones composed ofpyramidal neurons. At the ultrastructural 
level pyramidal cells have a number of distinctive features. Py- 
ramidal neurons usually exhibit a round or oval nucleus, which 
is relatively pale and contains evenly distributed heterochro- 
matin. Their cytoplasm contains an array of loosely packed 
organelles, including endoplasmic reticulum and mitochondria. 
The sections through the cell body often intersect one of the 
large dendrites, basal or apical, extending from the soma. In 
addition, pyramidal neurons receive exclusively symmetrical 
axosomatic synapses (Fig. 9D), and we used the lack of asym- 
metrical axosomatic synapses (in a sample of no less than 30 
thin sections per cell examined) to identify conclusively a lacZ- 
positive neuron as a pyramidal cell. All of these features exhib- 
ited by pyramidal cells are revealed in the electron micrographs 
of lacZ-positive neurons illustrated in Figures 7, D and E, and 
9B-D from two different neuronal clones. In addition, in lacZ- 
positive pyramidal cells the @-galactosidase histochemical re- 
action product is predominantly associated with the endoplas- 
mic reticulum and nuclear membrane, where it often has a 
beaded appearance (Fig. 70, arrows). 

Nine of the 16 neuronal clones examined here were pyramidal 
cell clones, in which every cell examined at the ultrastructural 
level did fulfill the minimum criteria for a pyramidal neuron, 
for example, the presence of solely symmetrical axosomatic syn- 
apses. The pyramidal cell clones encountered contained from 
two to nine cells. 

Clones composed qf nonpyramidal neurons. Nonpyramidal 
neurons have nuclei that invariably show irregular outlines and 
invaginations and typically appear more electron dense than the 
nuclei of pyramidal neurons (Jones and Powell, 1970; Peters, 
1985). They display varying amounts of perinuclear cytoplasm 
containing a complement of organelles often including parallel 
arrays of granular endoplasmic reticulum. However, the feature 
that distinguishes them unequivocally from pyramidal neurons 
is that they receive both symmetrical and asymmetrical axo- 
somatic synapses (Colonnier, 198 1; Peters, 1985). Not only did 
we find asymmetrical axosomatic synapses on every cell clas- 
sified as a nonpyramidal cell, but these cells also had the char- 
acteristic invaginated nuclei. 

A consistent difference between lacZ-positive pyramidal and 
nonpyramidal neurons is that the nuclei of nonpyramidal cells 
appear more intensely stained than those of pyramidal neurons 
(Figs. 8B, lOC,D). The cause of the intense staining of nonpyra- 
midal cell nuclei is not known, but became a useful feature to 
assist in the identification of nonpyramidal cells. LacZ-positive 
nonpyramidal cells also exhibited reaction product around their 
nuclear envelope and in association with a number of cyto- 
plasmic organelles including endoplasmic reticulum. 

Five of the 16 neuronal clones examined contained exclu- 
sively nonpyramidal cells ranging from two to five cells each. 
With one exception, all of the neuronal clones examined had 

exclusively pyramidal cells or nonpyramidal cells. The sole ex- 
ception was a clone from an E 16 injection that contained one 
pyramidal neuron and one nonpyramidal neuron (Table 3). It 
was not possible to determine if the cells arose from a bipotential 
progenitor cell or from two different progenitor cells situated 
near one another in the ventricular zone (Pamavelas et al., 199 1). 

Discrete groups of lacZ-positive cells containing a mixture of 
neurons and glia 
Two clones were encountered that contained a mixture of neu- 
rons and glia (see Table 3); one contained three astrocytes and 
two nonpyramidal cells, while the other contained a group of 
o!igodendrocytes and a single neuron (Table 3). However, in 
neither of the mixed neuronal/glial clones were the two different 
cell types intermingled with one another. In the mixed oligo- 
dendrocyte/neuron clone the single neuron was displaced from 
the cluster of 17 oligodendrocytes by 200 pm in the lateral plane 
(Fig. 11A). Similarly, the two neurons belonging to the astrocyte/ 
neuron clone were situated in layer 2, whereas the three astro- 
cytes were tightly clustered together at the layer 3/4 border. In 
each case our criteria for the definition of clones require that 
we include the neuron(s) and glial cells in the same clone. In 
addition to the possibility that these clones arose from multi- 
potential precursors, it is formally possible that the glia are 
derived from one progenitor cell while the neurons are derived 
from a separate, nearby progenitor cell. It is also conceivable 
that a single progenitor cell first generated cells of one type, 
followed by cells of the other type, a situation that would be 
consistent with the generation of homogeneous clones described 
above. Our data cannot distinguish between these alternatives. 

Intraclonal similarity in the pattern of p-galactosidase 
expression 

In addition to the cell-type-specific expression of P-galactosidase 
observed among lacZ-positive cells (e.g., oligodendrocytes and 
nonpyramidal cells are generally more densely stained than as- 
trocytes and pyramidal cells), a further distinction in the /3-ga- 
lactosidase expression pattern within clones was evident. In- 
dividual cells within the same clone tend to exhibit a very similar 
pattern of @-galactosidase expression by histochemical detection 
methods. For example, the similarity in the distribution and 
intensity of reaction product is quite apparent in clones con- 
taining exclusively pyramidal neurons (see Figs. 7, 9). As in all 
pyramidal cells, the reaction product is associated with the nu- 
clear membrane and endoplasmic reticulum (Fig. 9B,C, aster- 
isks), but moreover, cells within the same pyramidal neuron 
clone display reaction product of very comparable densities. All 
cells in the four-cell clone shown in Figure 9 were weakly labeled, 
whereas the eight cells illustrated in Figure 7 uniformly exhibited 
heavier staining. Figure 10 provides another example of this 
intraclonal similarity in the two-cell clone of nonpyramidal neu- 
rons. The cells were strikingly similar at the ultrastructural level 
and exhibited the same pattern and intensity of staining. Finally, 
the similarity in the expression of /3-galactosidase was also ev- 
ident in the glial clones examined. In the clone of 17 astrocytes 
examined (see Fig. 5) there was a striking resemblance in the 
overall shape of their nuclei and somata, and the distribution 
and intensity of the P-galactosidase staining were practically 
identical in every cell. 

The pronounced consistency of the density and disposition 
of reaction product seen within individual cells of the same clone 
provides further support that a cluster of lacZ-positive cells is 
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Table 3. Characteristics of clones containing a mixture of neuronal and glial cells 

Age at 
injection- 
age at 
perfusion 

E16-P83 

E16-P83 

Phenotype of cells 

3 Astrocytes and 2 Non- 
pyramidal neurons 

17 Oligodendrocytes and 
1 Nonpyramidal neuron 

Maximum 
tangential Nearest 

Number distance unrelated 
of cells Location Tangential dimen- between lacZ(+) 
per clone (layer) Cortical region sions of clone cells in clone cell 

5 24 Dorsal 250 x 500 pm 150 firn 150 pm 

18 GM Hippocampus 200 x 200 pm” 50 rrna 700 pm 
400 x 200 prnb 200 prnb 

E, embryonic day; P, postnatal day; GM, gray matter. 
y  Distances if clone consists of only oligodendrocytes. 
h Distances if clone consists of oligodendrocytes and neuron. 

in fact a clone. The strong similarity in the density of staining 
may be related to the site of integration of the retrovirus, al- 
though this has not yet been proven. 

Statistical significance of clonal composition 
We used a statistical test to evaluate the significance that clones 
found within the mature cerebral cortex, resulting from an in- 
jection of retrovirus at the onset of neurogenesis (El 5 or E16), 
were composed of a homogeneous population of cells. First, we 
subdivided the clones into neuronal or non-neuronal clones and 
used the Binomial Test of Proportions (Snedecor and Cochran, 
1980) to determine the probability that chance accounted for 
the homogeneous clones containing exclusively neurons or ex- 
clusively glia. The P value obtained was <O.OOOl, indicating 
that it is extremely unlikely that the observed distribution of 
cells is explained by chance. Therefore, this result supports the 
alternative explanation that there are separate progenitor cells 
for neurons and glia in the ventricular zone of the developing 
telencephalon when neurons begin to withdraw from the mitotic 
cycle. 

Similarly, we used the Binomial Test of Proportions to de- 
termine the probability that chance accounted for the solely 
pyramidal or nonpyramidal neuronal clones observed. The P 
value obtained was <O.OOl, which indicates that it is highly 
unlikely that the homogeneity among neuronal clones arose by 
chance. Instead, this indicates that homogeneous neuronal clones 
arise, at least in part, because there are separate progenitor cells 
in the ventricular zone for pyramidal and nonpyramidal cells 
by the onset of neurogenesis. 

Discussion 

In this study, we found that when progenitor cells of the rat 
telencephalic ventricular zone were marked with a retroviral 
lineage tracer and, subsequently, lineally related cells in the rat 
cerebral cortex were classified according to well-established ul- 
trastructural criteria, essentially all of the progeny of an infected 
progenitor cell possessed the same phenotype. Specifically, we 

t 

observed, with few exceptions, that all clones were composed 
of exclusively astrocytes, oligodendrocytes, or neurons. More- 
over, we previously demonstrated that the neuronal clones could 
be further subdivided into clones containing exclusively pyra- 
midal cells or nonpyramidal cells, but not both (Pamavelas et 
al., 1991). Here, we have substantiated the finding of varied 
neuronal clones in a number of ways to highlight the manifes- 
tation of cell type homogeneity of clones. Since progenitor cells 
of the telencephalon were infected with retrovirus at the onset 
of cortical neurogenesis, our finding that clones are homoge- 
neous with respect to cell type suggests that some individual 
progenitor cells have undergone lineage restrictions by the time 
cortical neurogenesis has begun. Furthermore, this result implies 
that in the ventricular zone, by the onset of neurogenesis, there 
are separate progenitor cells for neurons, astrocytes, and oli- 
godendrocytes, as suggested by Luskin et al. (1988), as well as 
distinct progenitor cells for pyramidal and nonpyramidal neu- 
rons. 

Our finding, that clones are homogeneous with respect to the 
cell types we considered, does not itself imply that telencephalic 
progenitor cells are committed to producing only one kind of 
cell. Accordingly, one cannot conclude that lineage plays a crit- 
ical role in dictating a cell’s identity simply because all the 
members of a clone comprise a particular ensemble of cell types 
or share the same phenotype. For example, the differentiation 
of cells in the Drosophila eye ommatidium follows a stereotyp- 
ical pattern of development that is now known to be regulated 
by cell-cell interactions (Banerjee and Zipursky, 1990). How- 
ever, certain principles and features of cortical development 
support the conclusion that the phenotype ofa cell in the cerebral 
cortex cannot be strictly determined environmentally, but there 
must be a genetic component as well. Most significantly, the 
local environment for each member of a clone is often different 
during the various phases of its development (for a review of 
cortical development, see McConnell, 199 1). First, clonal co- 
horts, particularly neurons, are born at different times when the 
milieu of the ventricular zone is undergoing changes. Second, 

Figure 10. Illustration demonstrating the similarity in the light and electron microscopic appearance of the two cells composing a nonpyramidal 
clone in the cerebra1 cortex from a rat brain injected with retrovirus at El6 and perfused at adulthood. A shows the position of the two lacZ- 
positive cells in the lateral aspect of the cerebral cortex reconstructed by superimposing four serial 100 rrn sections. The cells were separated from 
any other stained cells by 850 pm in the lateral dimension of the cortex. B, Camera lucida drawings of the light microscopic appearance of both 
cells. C and D, Electron micrographs of the two lacZ-positive cells; C shows the ultrastructural appearance of cell a, and D, the appearance of cell 
b. Note the striking similarity in their fine structure and pattern of histochemical staining. Both have deeply indented nuclei and heavily stained 
nuclear membranes, nucleoplasm, and cytoplasmic organelles. CTX, cortex; WM, white matter; D, dorsal; L, lateral. Magnification: C, 9200 x ; D, 
8400 x . 
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Figure 11. Positional relationships between lacZ-positive cells in a clone from a brain injected with retrovirus at El6 and perfused at P83. A 
shows a reconstruction of a clone situated in the gray matter containing 17 closely spaced oligodendrocytes and a single neuron (star), which is 
situated 200 pm away from the nearest lacZ-positive oligodendrocyte. The clone measured 450 pm in its maximum lateral extent and was present 
in three 100 pm serial Vibratome sections. It was not possible to determine whether the single neuron arose from the same progenitor cell as the 
oligodendrocytes or from a separate progenitor cell (see Discussion for a consideration of alternatives). The electron micrograph in B shows two 
nearby lacZ-positive oligodendrocytes from the clone shown in A. CTX, cortex. Magnification (B), 6500 x . 

clonal cohorts traverse different terrains where they are sub- 
jected to different environmental influences before reaching their 
final destination in the cortical plate. And third, clonal cohorts 
frequently establish residence in distinct and dissimilar posi- 
tions in the developing cerebral cortex, such as disparate laminar 
positions, that differentiate at different times. Thus, during the 
development of the cerebral cortex, we found that although 
clonal cohorts are exposed to various environments, they nev- 
ertheless independently express the same phenotypic properties. 
Moreover, two unrelated cells that are exposed to virtually iden- 
tical environments during their development as a consequence 
of their simultaneous generation in the ventricular zone, their 
concurrent migration to the cortical plate, and their residence 
in the same layer, frequently have different phenotypes. An 
example of this would be a pyramidal cell and nonpyramidal 
cell located adjacent to one another in a particular cortical layer. 
Taken together with our results, these aspects of cortical de- 
velopment support the idea that the ventricular zone is not an 
undifferentiated layer of dividing cells, but rather a mosaic of 
different progenitor cell types. The descendants of the progenitor 
cells acquire their specific phenotype in accordance with the 
phenotype of the progenitor cell from which they are derived. 

The lineage restrictions revealed in the cerebral cortex by our 
study are in contrast to what occurs in other regions of the CNS 
(optic tectum, Galileo et al., 1990; retina, Turner and Cepko, 
1987; Holt et al., 1988; Wetts and Fraser, 1988) where progen- 
itor cells may remain multipotential during the period of neu- 
rogenesis and give rise to more than one cell type until their 
final cell division. In addition, a number of studies on the de- 
velopment of the vertebrate PNS have underscored the role of 
environmental factors in dictating the phenotype of cells (for 
review, see Anderson, 1992). Nonetheless, as development pro- 
ceeds throughout the CNS and PNS, the potential for differ- 
entiation of a progenitor cell or its progeny becomes progres- 
sively more restricted. While our results do not establish that 
lineage is the sole determinant of cell phenotype in the cerebral 
cortex, they do suggest that lineage plays an instrumental role. 
Additional experiments are required to elucidate the influence 
of extrinsic factors, such as cell-cell interactions or position- 

dependent cues, in dictating the fate of cells in the cerebral 
cortex. 

Grounds for considering that lacZ-positive cell clusters are 
clones 
Several lines of evidence support the premise that discrete clus- 
ters of IacZ-positive cells found in the rat cerebral cortex re- 
sulting from an intraventricular injection of retrovirus at the 
onset of neurogenesis (E 15 or E 16) are likely to be clonal rela- 
tives. However, another study (Walsh and Cepko, 1992) has 
provided evidence that the progeny of some telencephalic pro- 
genitor cells are widely dispersed, occasionally even over several 
millimeters, in the cerebral cortex. 

Walsh and Cepko (1992) injected a library of genetically dis- 
tinct retroviruses into the cerebral ventricles of rat embryos at 
E 15 or El 7. After localizing lacZ-positive cells by histochem- 
istry, PCR was used to amplify and evaluate the specific viral 
construct present in each histochemically stained cell. It was 
assumed that ifthe same viral construct occurred in two different 
cells that these cells were the progeny of the same progenitor 
cell. They examined the discrepancy between establishing clonal 
boundaries by geometric criteria (observed clusters of lacZ-pos- 
itive cells) and establishing clonality using PCR in order to 
determine the frequency of the “lumping” together of cells from 
different clones. Using their criteria to detect maximally the 
probability that our discrete groups are polyclones, we found 
only a 3% chance of lumping errors for the majority of clusters 
we considered to be clones (44%). For another 25% of our as- 
signed clones there was a 13% lumping error, and for only one 
clone, which had a dimension greater than 1000 pm, was the 
lumping error greater than 23%. This large cluster contained 
nine IacZ-positive cells, all of which were exclusively pyramidal 
neurons. Thus, it is reasonable to conclude that most of the 
clusters we examined did indeed constitute a set of clonally 
related cells. 

Our general conclusion, that clones are usually homogeneous, 
would still hold even if what we considered to be a complete 
clone was in fact only a subclone. However, we cannot rule out 
the possibilities that some clonal cohorts died, failed to express 
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P-galactosidase, or escaped detection by migrating to a different 
location than the designated cluster of lacZ-positive cells. In our 
experiments, though, if discrete clusters of fi-galactosidase-pos- 
itive cells contained the offspring of more than one precursor 
cell, we would have expected to observe more heterogeneity 
within each cell group. Rather, we found that clones were vir- 
tually always composed of a single cell type. Collectively, these 
observations are consistent with the premise that, in most in- 
stances, discrete groups of P-galactosidase-positive cells are in 
fact clonally related. Although Walsh and Cepko (1992) have 
emphasized the widespread nature of nonradial clones, even in 
their study the majority of descendants of the progenitor cells 
migrated radially away from the ventricular zone and estab- 
lished clustered groups of lineally related cells. Therefore, our 
results and those of Walsh and Cepko are not as contradictory 
as one may initially believe. A common conclusion that can be 
drawn is that while there is a certain amount of dispersion, most 
cells migrate radially away from the ventricular zone. 

The chimeric mice produced by Nakatsuji et al. (199 1) using 
an embryonic stem cell line expressing the 1ucZ gene provides 
additional evidence that cells situated next to or close to one 
another in the ventricular zone give rise to neurons that assume 
contiguous positions in the cerebral cortex. In the mice exam- 
ined by Nakatsuji et al. (199 l), radial patches ofp-galactosidase- 
stained neurons were observed extending across the entire de- 
veloping cerebral cortex, suggesting that a radial alignment is 
maintained after neurons complete their migration. Therefore, 
the clones of dispersed cells described by Walsh and Cepko 
(1992) may be the exception to the rule and ultimately shed 
light on why some progenitor cells send their progeny to distant 
areas whereas the progeny of other cells congregate in one lo- 
cation. 

Additional findings that support the interpretation that dis- 
crete groups of P-galactosidase-positive cells represent the prog- 
eny of individual progenitor cells come from our previous ex- 
periments, in which we showed that in vitro the number of 
isolated telencephalic cell clusters of lacZ-positive cells was a 
function of the amount of virusapplied, although the size of 
the clones (number of cells per cluster) was independent of the 
amount of virus added. Similarly, Austin and Cepko (1990) in 
their in vivo studies reported that after virus was injected into 
the cerebral ventricles of the prenatal rodent brain during the 
period of neurogenesis, the number of lacZ-positive clusters in 
the cerebral cortex varied linearly with the number of virus 
particles injected. Thus, their studies concurred with the idea 
that discrete clusters of lacZ-positive cells contain clonally re- 
lated cells. It is extremely difficult to reconcile how this result 
could arise if, as suggested by Walsh and Cepko (1992), the 
progeny of individual progenitor cells become widely scattered 
in the brain. A more random pattern of migration than what is 
believed to occur (Nakatsuji et al., 199 1; for review, see Rakic, 
1988) would not lead to detectable clusters of lacZ-positive cells 
whose frequency varies as a function of the amount of virus 
administered. Therefore, the results of several studies support 
the view that discrete groups of lacZ-positive cells in the cerebral 
cortex, such as the ones studied here, are clonally related. More- 
over, the probability in our study that the homogeneous clonal 
composition observed among the clones analyzed is due to chance 
was shown by the Binomial Test of Proportions to be extremely 
unlikely (P < 0.001). 

Furthermore, although more difficult to quantify, indirect but 
compelling support for the belief that discrete groups of lacZ- 
positive cells represent clones is related to the observed simi- 

larities in the pattern of the ,&galactosidase histochemical stain- 
ing among members of a cluster of lacZ-positive cells of the 
same phenotype. We observed that, at the ultrastructural level, 
the staining intensity and intracellular distribution of the P-ga- 
lactosidase histochemical reaction product were remarkably 
similar in each of the cells comprising a presumed clone. These 
features were not necessarily evident at the light microscopic 
level, but generally quite prominent at the electron microscopic 
level. For example, at the light microscopic level, even within 
the same clone some lacZ-positive cells had stained processes 
while others did not. Nonetheless, at the ultrastructural level, 
in nearly every cluster of lacZ-positive cells there was a corre- 
lation between the cell type and staining pattern. Most signifi- 
cantly, we found that cells fulfilling the ultrastructural criteria 
for oligodendrocytes and nonpyramidal cells usually displayed 
an electron-dense nucleus laden with reaction product whereas 
pyramidal cells and astrocytes generally did not. 

In addition to the interclonal similarities of the cell-type- 
specific staining properties revealed in this study, we also took 
advantage of the finding that clonal cohorts, in a given clone, 
exhibit qualitative similarities in their staining intensity (intra- 
clonal similarities). For instance, all the lacZ-positive cells were 
heavily stained in some clones, while in others all of the clonal 
cohorts were lightly stained, regardless of cell type. For example, 
compare the light staining of all the clonally related pyramidal 
cells in Figure 9 to the much more substantial staining of all 
the pyramidal cells in Figure 7, though still lighter than the 
staining occurring in nonpyramidal neurons (e.g., Figs. 8, 10). 
It is quite conceivable that the similarities in staining within a 
cluster of lacZ-positive cells are the consequence of all descen- 
dants of an infected cell regulating /3-galactosidase expression 
comparably due to each cell possessing the same inherited in- 
tegration site for the retroviral genome (Nolan et al., 1988). 

Types of progenitor cells in the developing mammalian 
telencephalon 
The major aim of this study was to determine whether there 
are different kinds of progenitor cells in the ventricular zone of 
the developing rat telencephalon by the onset of cortical neu- 
rogenesis. Here we have taken advantage of retrovirally medi- 
ated gene transfer to investigate specifically whether there are 
separate progenitor cells for the major subtypes of neurons and 
glia in the cerebral cortex: the astrocytes, oligodendrocytes, py- 
ramidal neurons, and nonpyramidal neurons. Furthermore, this 
was the first study to use unequivocal criteria, which relied on 
the ultrastructural characteristics of lacZ-positive cells, to dis- 
tinguish definitively the phenotypes of clonally related cells. 

The observed homogeneity ofcell types occurring within prac- 
tically all clones examined at the ultrastructural level suggests 
that there are separate progenitor cells for each of the major 
subtypes of cells in the cerebral cortex. Furthermore, the dif- 
ferent cell types in the two mixed neuronal-glial clones en- 
countered occupied nonoverlapping locations within the cluster. 
We reasoned that this arrangement could arise either by (1) the 
retrovirus infecting a multipotential or bipotential progenitor 
cell, resulting in a heterogeneous clone, or (2) the infection of 
different progenitor cells originally situated close to one another 
in the ventricular zone, whose individual progeny take up po- 
sitions in the cerebral cortex relatively close to one another. We 
favor the second alternative because the two different cell types 
occurring in the same cluster were not intermingled with each 
other. However, the results do not preclude the occurrence of 
either possibility. To distinguish between these possibilities, we 
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would need to know the integration site of the 1acZ gene in all 
of the lacZ-positive cells comprising each mixed clone. Unfor- 
tunately, the methods for ascertaining integration sites are not 
presently compatible with the electron microscopic analysis un- 
dertaken. 

Although still not settled, other in vivo and in vitro studies 
analyzing glial lineage relationships in the forebrain have also 
concluded that there are distinct lineages for astrocytes and 
oligodendrocytes (for review, see Skoff and Knapp, 199 1; Cam- 
eron and Rakic, 199 1). Recently, Vaysse and Goldman (1990) 
have demonstrated that, when retroviral lineage tracing is com- 
bined with cell-type-specific markers in order to identify the 
phenotype of cells in vitro, lineages for astrocytes and oligoden- 
drocytes have diverged in the rat striatum by the time of birth 
(E22). This result agrees with our findings from earlier in vitro 
studies from the developing telencephalon of the mouse, where 
we also used retroviral lineage tracing in conjunction with cell- 
type-specific markers (Luskin et al., 1988). We suggested that 
by the onset of neurogenesis (E 13 in the mouse), there are sep- 
arate lineages for astrocytes and oligodendrocytes, as well as 
neurons. In the study described here, approximately 40% of the 
clones were composed exclusively of glial cells (nine clones). 
Presently there is no way to determine whether this matches 
the proportion of glial progenitor cells in the ventricular zone, 
or whether there are fewer glial progenitor cells than neuronal 
progenitor cells at the onset of neurogenesis. 

Several morphological and immunohistochemical studies have 
reported that the embryonic brain contains very few glial cells 
other than the radial glial variety (see Cameron and Rakic, 
199 1). The low number of glial cells in immature brains, taken 
together with the compact cell packing density of lacZ-positive 
cells within the glial clones examined in this study, suggests that 
mitosis of glial cells is taking place locally in the cerebral cortex, 
once a glial progenitor cell has migrated to a location in the 
gray or white matter. Interestingly, an analysis of the compo- 
sition of glial clones resulting from neonatal injections of the 
subventricular zone provided additional evidence that the lin- 
eages for astrocytes and oligodendrocytes are distinct in the 
cerebral cortex (McDermott et al., 1991). 

However, other attempts to uncover how cell diversity arises 
in the mammalian CNS using cultured cells have provided ev- 
idence for a bipotential glial precursor cell, the 02A-progenitor 
cell, for astrocytes and oligodendrocytes in the rat optic nerve 
(for review, see Raff, 1989) and for a common precursor cell 
for neurons and glia in the developing septal region (Temple, 
1989), although only a small proportion of the dividing cells 
were bipotential. In addition, in another tissue culture study 
using retroviral lineage tracers combined with cell-type-specific 
markers, Williams et al. (199 1) revealed the existence of a small 
population of precursor cells in the embryonic telencephalon 
that produce neurons and oligodendrocytes. One possible ex- 
planation for the low percentage of bipotential cells (< 5%) is 
that the infections of the lineage tracer were made around the 
time that the population of progenitor cells were undergoing a 
transition from being multi- or bipotential, to having their po- 
tentials more restricted. In fact, this is suggested by the apparent 
absence of bipotential cells in the ventricular zone at El 8, which 
is well into the period of neurogenesis (E 16 was the last day a 
bipotential cell was reported between El 2 and El 8). Altema- 
tively, there may be a resident population of bipotential cells 
that constitute an exceedingly small fraction of the remaining 
progenitor cells. Hall and Landis (199 1) have also shown, using 
retroviral mediated gene transfer, that the neuronal and non- 

neuronal cells of the rat superior cervical ganglion are derived 
from separate precursors. Therefore, lineage restrictions occur 
in the PNS as well as in the CNS. 

Presumably, there must be a large population of multipoten- 
tial precursor cells in the developing telencephalon in vivo as 
well, but at an earlier developmental stage than that studied so 
far in our lineage tracing experiments. Accordingly, if the phe- 
notype of the progeny of progenitor cells becomes progressively 
more limited from one generation to the next, then genetic 
factors may be invoked, and influence the outcome of the fate 
adopted by cells in subsequent generations. Experiments in which 
retroviral lineage tracers are administered at younger ages should 
reveal when the lineage restrictions revealed for the cells of the 
cerebral cortex are first manifested. Nevertheless, our results 
suggest that the cerebral cortex may have devised a strategy for 
the generation of cell diversity that differs from the schemes 
elucidated elsewhere in the CNS. Our results raise the intriguing 
possibility that there may be a greater variety of progenitor cells 
in the ventricular zone of the telencephalon than previously 
anticipated. This may be the way that the developing cerebral 
cortex has chosen to regulate the production of the necessary 
types and numbers of cells. 

The possibility of a still greater variety of progenitor cells in 
the developing telencephalon than appreciated already raises 
the question of just how many kinds of stem cells there are in 
the ventricular zone at the onset of neurogenesis. To a first 
approximation, the composition of the clones examined may 
be a reflection of the range of progenitor cell types. Hence, our 
work suggests that there are not less than four types ofprogenitor 
cells, one each for astrocytes, oligodendrocytes, pyramidal neu- 
rons, and nonpyramidal neurons. However, it does not rule out 
the possibility that there may be even more types of restricted 
or specialized progenitor cells. Neither do our results rule out 
the existence of a multipotential progenitor cell for neurons and 
glia or the different subclasses of neurons, such that some pro- 
genitor cells give rise to multiple cell classes whereas others have 
a more restricted phenotype. However, our study would suggest 
that the number of multipotential progenitor cells is small by 
the onset of neurogenesis. 

By virtue of the fact that many of the larger neuronal clones 
encountered in our study span the upper and lower layers of the 
cerebral cortex, we have no compelling evidence to support 
directly the idea that cells of the supragranular layers are derived 
from different sets of progenitor cells than those of the infra- 
granular layers, as suggested previously (Price and Thurlow, 
1988). Moreover, since pyramidal and nonpyramidal cells occur 
in both the upper and lower layers of the rodent cerebral cortex, 
as do astrocytes and oligodendrocytes, there is no obvious rea- 
son to think that separate progenitor cells are needed to populate 
the cells of specific layers. Nonetheless, evidence from the trans- 
plantation studies has shown that the laminar fate of a cortical 
neuron is determined during or just following its final mitosis 
in the ventricular zone (McConnell and Kaznowski, 1991). 
Therefore, in the cerebral cortex, it appears that decisions about 
cell phenotype, which are made before the onset of cortical 
neurogenesis, are made before a neuron’s laminar fate is slated. 
In general, though, cells in different layers can be of the same 
general class and from the same progenitor cell. 

Characteristics of cell-type-specific clones 

A major difference between neuronal and glial clones is that 
clones composed of astrocytes and oligodendrocytes generally 
contain a greater number of cells (range, 2-32 cells per clone; 
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mean, 11.1 cells) than clones composed of neurons (range, 2-9 
cells per clone; mean, 4.3 cells). This may reflect the fact that 
glial cells continue to be generated postnatally whereas cortical 
neurogenesis in the rat is restricted to the interval between ap- 
proximately El 5 and E2 1. If  the retrovirus is administered at 
El 5 or E 16, assuming a cell cycle length of approximately 24 
hr, this will allow for the generation of only a limited number 
of neurons. The difference in the size of clones may also be 
related to whether the progenitor cells of neurons and glia un- 
dergo predominantly symmetrical or asymmetrical divisions. 
However, due to the inside-out pattern of neurogenesis in the 
cerebral cortex, neuronal progenitor cells are most likely to di- 
vide asymmetrically in order to generate cells destined for all 
cortical layers, whereas glial progenitor cells are more likely to 
divide symmetrically. The difference in the size of clones may 
also be related to the amount of cell death occurring, although 
no studies have specifically addressed the contribution, if any, 
of cell death to clonal size. 

On average, despite the cell size differences between neuronal 
and glial clones, the dimensions of neuronal clones tended to 
be larger than the dimensions of glial clones, although some 
glial clones were spread out across a relatively large area. A 
rough approximation would be that, for both clusters of lacZ- 
positive neurons and glia, the dimensions of a clone become 
larger as the number of cells in the clone increase. In addition, 
although the distance separating a clone from the nearest un- 
related lacZ-positive cell was equivalent for neuronal and glial 
clones occurring in different cortical areas (see Tables 1,2), cells 
composing astrocyte and oligodendrocyte clones were more 
closely spaced than cells within neuronal clones. The maximum 
distance between any two cells within a neuronal clone ranged 
from 85 pm to 450 pm, with an average of 250 pm (Table 2), 
whereas the majority of cells within glial clones were quite close- 
ly spaced (< 50 Mm). This suggests that some of the lacZ-positive 
glial cells may have been the offspring of precursor cells that 
divided in situ after migrating away from the ventricular zone. 
The studies of Levine and Goldman (1988) suggest that this 
migration occurs postnatally, although it has not yet been de- 
termined when the lacZ-positive glial progenitor cell or its off- 
spring migrate away from the proliferative zone lining the ven- 
tricles. 

The neuronal clones examined spanned various combinations 
of layers, and in some instances the same clone was composed 
of cells from both the infragranular and supragranular layers. 
On average, the El5 injections tended to span more cortical 
layers than the El 6 injections, consistent with the overall pattern 
of neurogenesis. Even though some layer 6 neurons are gener- 
ated at El 5 and El6 (Raedler and Raedler, 1978), which was 
when we injected the retroviral lineage tracer, lacZ-positive neu- 
rons very rarely occurred in layer 6. The absence of lacZ-positive 
cells in layer 6 may be due to the retroviral lineage tracer not 
being histochemically detected until the infected progenitor cell 
had divided. In contrast, tritiated thymidine labels cells under- 
going their last cycle of division. The outcome of these differ- 
ences is that the lineage tracer would appear in daughters of the 
infected cells, resulting in lacZ-positive neurons residing more 
superficially in the cortex than radiolabeled cells following tri- 
tiated thymidine injections at the corresponding ages. 
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