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Pax6 Controls Radial Glia Differentiation
in the Cerebral Cortex

organization of the developing cortex (e.g., see Pinto-
Lord et al., 1982). Although a variety of molecules have
been shown to be important for neuronal migration
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Federal Republic of Germany oping nervous system.

A first hint that the transcription factor Pax6 might
influence radial glia cells was obtained in our previous
analysis of the boundary between the developing cortexSummary
and ganglionic eminence (GE) formed by radial glia cells.
We observed that the prominent fasciculation of radialRadial glia cells perform a dual function in the devel-

oping nervous system as precursor cells and guides glia cells at this boundary fails to form in the Pax6 mutant
Small eye (Stoykova et al., 1997). In the absence of afor migrating neurons. We show here that during fore-

brain neurogenesis, the transcription factor Pax6 is functional Pax6 protein, several other abnormalities
have been detected in the developing cortex: cytoarchi-specifically localized in radial glia cells of the cortex

but not of the basal telencephalon. In Pax6-deficient tectonic alterations, failure of cell migration, and altered
cell adhesion (Schmahl et al., 1993; Caric et al., 1997;mice, cortical radial glia cells were altered in their

morphology, number, tenascin-C (TN-C) expression, Stoykova et al., 1997). It is not yet known, however,
which of these defects are a direct consequence of theand cell cycle. We show that some of these alterations

are cell-autonomous, whereas others were rescued absence of Pax6 and which are secondary defects.
Here, we present evidence that the Pax6 protein isby coculturing with wild-type cortical cells. Our results

suggest that Pax6 plays an essential role in the differ- localized in a specific class of precursor cells, the radial
glia. These cells are affected in the earliest stages ofentiation of cortical radial glia. Thus, despite their

widespread distribution, radial glia cells are regionally development in Pax6 mutant mice (Small eye [Sey], Hill
et al., 1991; Pax6 2/2, St.-Onge et al., 1997). Radial gliaspecified in the developing CNS.
cells are affected in their morphology, tenascin-C (TN-

Introduction C) synthesis, and cell cycle characteristics. Moreover,
we demonstrate that the morphological alterations of

During neural development, precursor cells located in radial glia cells are cell-autonomous, suggesting an im-
the ventricular and subventricular zone generate the portant role for Pax6 in the differentiation of cortical
distinct cell types of the adult brain. In the mammalian radial glia and thereby establishing regional differences
cerebral cortex, precursor cells are not a homogeneous between radial glia cells of other prospective brain re-
population but consist of distinct subtypes (His, 1889; gions e.g., the adjacent GE.
Gracheva, 1969; Levitt et al., 1981, 1983). More recently,
cell lineage analysis has shown that distinct precursor

Resultspools in the cerebral cortex generate different sets of
descendants in vivo and in vitro (Grove et al., 1993;

Pax6 Protein Is Localized in RC2-Positive SubsetsLuskin et al., 1993; Reid et al., 1995; Williams and Price,
of Cortical Precursor Cells1995).
The Pax6 gene is known to be expressed in the VZ ofDespite the evidence for functional heterogeneity of
the developing cortex (Walther and Gruss, 1991), but itscortical precursor cells, the only subset of precursor
cellular location has not yet been studied. To examinecells described at a cellular level are the radial glia cells.
whether all precursor cells would contain the Pax6 pro-Radial glia is a prominent cell type in many regions of
tein, precursor cells were labeled by a 1 hr bromodeoxy-the vertebrate central nervous system (Ramón y Cajal,
uridine (BrdU) pulse (see Experimental Procedures), and1890; Misson et al., 1988; Edwards et al., 1990). Its cell
sections of cortex at embryonic day 16.5 (E16.5) weresomata reside in the VZ, with characteristic long radial
double stained with a monoclonal antibody against BrdUprocesses that span the entire distance to the pial sur-
and a polyclonal Pax6 antiserum. Since the BrdU pulseface (Schmechel and Rakic, 1979b; Voigt, 1989). In the
labels only cells in S phase, not all precursor cells aredeveloping cortex, radial glia cells perform a dual role
labeled. Interestingly, most but not all BrdU-immunore-as precursor cells (Choi and Lapham, 1978; Levitt et al.,
active nuclei (green) also contained the Pax6 protein1983; Misson et al., 1991) and as migratory substrates
(red) as depicted in Figure 1A. Notably, most of thefor postmitotic neurons (Rakic, 1972; Gadisseux et al.,
double immunopositive cells were situated in the ven-1990; Hatten and Mason, 1990). The correct specifica-
tricular zone (VZ), whereas dividing cells that did nottion of radial glia cells is therefore essential for normal
contain the Pax6 protein were more often localized some
distance from the VZ. This colocalization demonstrates
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Figure 1. Radial Glia Cells from Cortex Are Pax6-Immunoreactive

(A) and (B) depict the ventricular side of a frontal section of an E16.5 cortex stained with Pax6- and BrdU-antiserum (A) or Pax6- and RC2-
antiserum (B). BrdU was injected 1 hr prior to fixation.
(A) BrdU-labeled cells are green- and Pax6-labeled cells red-fluorescent. Examples of double labeled cells (appearing yellow) are indicated
by arrowheads, and some cells labeled only with BrdU are marked by arrows. Note that not all BrdU-positive cells are also Pax6-positive,
indicating that only a subpopulation of cortical precursor cells contains the Pax6 protein.
(B) Pax6-labeled cells appear in green and RC2-labeled processes in red. Note that most cells seem double labeled (yellow).
(C) through (E), (F) through (H), and (I) through (L) show corresponding phase (E, H, and L) and fluorescent (C, D, F, G, I, and K) micrographs
of E13.5 acutely dissociated cells ([C] through [E] from E13.5 ganglionic eminence; [F] through [L] from cortex) stained with Pax6-antiserum
(C, F, and I), the monoclonal antibody RC2 (D and G) and a monoclonal antibody directed against b-III-tubulin (K). Arrows indicate examples
of single labeled cells, arrowheads depict cells that are double positive (F–H).
Note that RC2-immunoreactive cells from the cortex (G) are also Pax6-immunoreactive, whereas those from the ganglionic eminence are not
(D and C). Cortical Pax6-positive cells are not b-III-tubulin-positive but RC2-positive, indicating that Pax6 labels cortical radial glia cells. Scale
bar, 50 mm.
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of precursor cells, we performed double label immuno- et al., 1991) and Pax6 2/2 mice (St.-Onge et al., 1997).
histochemistry using anti-Pax6 and RC2, a monoclonal For all of the aspects described in the following, no
antibody that specifically labels radial glia cells (Ed- differences between Sey/Sey and Pax6 2/2 mutants
wards et al., 1990). As depicted in Figure 1B, most Pax6- were observed (see Experimental Procedures), and we
immunoreactive nuclei (labeled in green) seem closely refer to both of these mutants as Pax6-deficient mice
apposed to RC2-immunoreactive fibers (labeled in red) (Pax6-def).
and thus appear yellow when double stained. Precise First, we labeled radial glia cells with 1,19-dioctadecyl-
cellular colocalization in the sections, however, proved 3,3,39,39-tetramethylindocarbocyanine (DiI) from the pial
difficult, since RC2 immunoreactivity is found in pro- side as described by Voigt (1989). As depicted in Figure
cesses, while Pax6 is localized in nuclei. 2A, radial glia cells in the cortex of E15.5 wild-type mice

To perform a quantitative analysis of the cell types have rather straight processes running toward the pial
containing Pax6, we therefore turned to acutely dis- surface. In contrast, DiI-labeled cortical radial glia cells
sociated cells from E13.5–17.5 cortex and GE. Double in corresponding sections of the cortex of Pax6 mutant
stainings combined the polyclonal Pax6 antiserum with littermates appear wavy in comparison to the wild-type.
the following monoclonal cell-type-specific antibodies: Examples of very sharp turns of the radial glia fibers are
mAb RC2 to label radial glia cells, anti-nestin to label easily detectable in the Pax6 mutant cortex (Figure 2B)
precursor cells, and anti-b-III-tubulin to detect neurons. but not in the wild-type cortex. In addition, Pax6-defi-
Pax6-immunoreactive cells made up 49% (n 5 1036) of cient radial glia exhibits frequent small extrusions and
all acutely dissociated cells from E13.5 cortex but only branches. These morphological differences were ob-
5% (n 5 958) of cells from the GE (Figures 1C–1E), served from the ventricular to the pial surface (Figures
consistent with the absence of Pax6 protein from this 2A and 2B).
region in vivo. Pax6-immunoreactive cells were double Morphological alterations of radial glia cells were also
labeled with anti-nestin (98%, n 5 123) and RC2 (92%, observed after RC2 immunostaining. As depicted in Fig-
n 5 337) (Figures 1F–1H) but rarely with anti-b-III-tubulin ures 2C and 2D, RC2-labeled processes run straight
(7%, n 5 190) (Figures 1I–1L). This is consistent with through the cortical plate in wild type, whereas in the
the staining observed in vivo (Figures 1A and 1B), in Pax6-deficient cortex, plenty of small labeled processes
which Pax6 is restricted to cortical precursor cells. running in parallel to the pial surface could be observed.

In agreement with previous studies (Edwards et al., As described by Caric et al. (1997), we also observed
1990), RC2 also labels a subpopulation of precursor

prominent fasciculation of RC2-positive processes in
cells in acutely dissociated cells; all RC2-positive cells

the intermediate zone in the Pax6 mutant cortex (Figure
are also nestin-positive, but a subset of nestin-positive

2D). Thus, both labeling techniques revealed alterationscells are RC2-negative. This is evident as well from the
in the morphology of radial glia cells in the cortex oflarger proportion of nestin-positive compared with RC2-
Pax6 mutant mice.positive cells of E13.5 cortical cells (see Figure 6). Inter-
In Vitro Analysisestingly, only the proportion of RC2-immunoreactive
The morphological defects of Pax6 mutant cortical radialcells (56%) fits closely to the proportion of Pax6-posi-
glia cells could be a consequence of morphogenetictive cortical cells (49%). Indeed, almost all Pax6-positive
changes, since the cortical plate in the Sey brain iscells were also RC2- (and nestin-) immunoreactive (92%,
smaller and thinner than normal (Schmahl et al., 1993).n 5 337), and only a few Pax6-negative cells were
We therefore analyzed RC2-labeled cells in dissociatedstained with RC2 (17%, n 5 304). In contrast, however,
cell cultures, where morphogenetic differences shouldthere was a considerably higher proportion of Pax6-
play no role. Indeed, we detected prominent morpholog-negative cells that are nestin-positive (45%, n 5 168).
ical differences between RC2-positive cells from E13.5These results demonstrate that Pax6 is localized in a
wild-type and Pax6-deficient cortex in dissociated cellsubpopulation of precursor cells that is mostly RC2-
culture after 2 days in vitro. Whereas many RC2-positive(and nestin-) positive. The precursor cells that do not
cells from wild-type cortex exhibited a bipolar morphol-contain Pax6 are mostly RC2-negative but nestin-pos-
ogy (Figure 3A; see also Culican et al., 1990; Hunteritive.
and Hatten, 1995), most RC2-positive cells from Pax6-The Pax6/RC2-positive subpopulation of the cortical
deficient cortex had short processes and a multipolarprecursors shows an intriguing developmental profile,
morphology (Figure 3C; for quantitation, see Table 1).since we noted a decrease of the overall proportion
Thus, the morphological alterations of Pax6-deficientof RC2-positive cells (E13.5, 56%; E15.5, 24%). This is
cortical radial glia are independent of morphogeneticsurprising in regard to the increased neuronal migration
alterations in vivo.at later stages of neurogenesis. It was also surprising

Interestingly, RC2-positive cells in cultures from wild-to see that RC2-immunoreactive cells made up such a
type GE also exhibited a different morphology than thelarge subpopulation of precursor cells (E13.5, 79%, n 5
one observed in wild-type cortical cultures (Figures 3A1205).
and 3B). This difference is quite prominent, since 66%Taken together, the results from the in vivo and in vitro
of the cortical RC2-positive cells possess processesanalysis show that the expression of the transcription
longer than their soma (n 5 101), while only 31% (n 5factor Pax6 is a prominent characteristic of radial glia
139) of the cells from the wild-type GE have this charac-cells in the developing cortex.
teristic. Thus, RC2-positive cells from distinct domains
of wild-type telencephalon differ in their morphology inRadial Glia Morphology in Pax6 Mutant Cortex
vitro, indicating intrinsic regional differences of radialIn Vivo Analysis
glia cells. Also noteworthy, the morphology of RC2 cellsTo address the function of Pax6 mutants in radial glial,

cells we analyzed the Pax6 mutants Small eye (Sey, Hill from Pax6 mutant cortex apparently resembles the one



Figure 2. Altered Morphology of Radial Glia Cells in Pax6 Mutant Cortex in Vivo

Fluorescent micrographs of corresponding sections from E15.5 (A and B) and E16.5 (C–F) wild-type (A, C, and E) and Pax6 mutant (B, D, and
F) cortex cut frontally. Vibratome sections are 100 mm thick, and several optical sections are shown in (A) and (B) (8) and (E) and (F) (2),
whereas (C) and (D) depict a single opic section. All micrographs are orientated with the pial side up (upper right corner in [A] and [B]; upper
left corner in [C] through [F]).
(A) and (B) show radial glia cells labeled with DiI from the pial surface. Note the sharp bends in radial glia processes in the Pax6 mutant cortex
indicated by arrows in (B) that are not visible in the wild-type.
Sections in (C) through (F) have been double stained with the monoclonal antibody RC2 (red) and polyclonal antiserum against BLBP (green)
to label radial glia cells.
(C) and (D) depict RC2-labeled processes in a single optical section. Note the disorganization of fibers in the Pax6 mutant (D) in comparison
to the wild-type cortex (C).
(E) and (F) show RC2 (red) and BLBP (green) immunoreactivity, and examples of double labeled processes are indicated by an arrowhead.
Some horizontally orientated BLBP-immunoreactive cells are also stained in both the wild-type and the mutant cortex. Note the comparable
BLBP immunoreactivity in the Pax6 mutant (F) and wild-type (E) cortex despite the morphological differences. Scale bar, 25 mm.
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Figure 3. Altered Morphology of Radial Glia
Cells of Pax6 Mutant Cortex in Vitro

Fluorescent micrograph of RC2-immunore-
active cells from E14.5 wild-type cortex (A),
ganglionic eminence (B), Pax6 mutant cortex
(C), and ganglionic eminence (D) after 2 days
in vitro. Note that RC2-positive radial glia
from wild-type cortex exhibit a bipolar mor-
phology distinct from those of Pax6 mutant
cortex. Interestingly, radial glia cells of the
ganglionic eminence have a different mor-
phology than those from the cortex (B and
D). Scale bar, 25 mm.

observed in GE cultures (compare Figure 3C with Fig- other cell populations (Feng et al., 1994; Kurtz et al.,
1994; Shibata et al., 1997). BLBP is of particular interestures 3B and 3D). This strongly suggests that Pax6 is
in this regard, since it is known to be induced by neuronsinvolved in the regional patterning of radial glia in the
attaching to and migrating along radial glia fibers (Fengdeveloping telencephalon.
et al., 1994). Interestingly, BLBP-immunoreactive pro-
cesses were present in Pax6 mutant cortex and alsoExpression of Radial Glia–Specific Markers
colocalized with RC2 labeling as in the wild-type cortexTo exclude the possibility that the RC2-positive cells in
(Figures 2E and 2F). Again, we used acutely dissociatedthe Pax6 mutant assume a different phenotype while
cells to quantitate the number of BLBP-immunoreactiveonly maintaining RC2 expression, we used additional
cells and found no difference between the wild-type andmarkers for radial glia cells. Brain lipid–binding protein
Pax6-deficient cortex (E16.5, wild-type cortex, 26%, n 5(BLBP) and GLAST have been described to be ex-
276; Pax6-def cortex, 25%, n 5 309). This aspect ofpressed by radial glia cells even though they also label
radial glia phenotype therefore seems unaffected in the
Pax6 mutant cortex.

To further analyze the phenotype of radial glia cellsTable 1. Coculture Analysis of Radial Glia Cell Morphology
in the Pax6-deficient mice, we examined the expression

Percentage of RC21 of the extracellular matrix (ECM) molecule TN-C, which
Cells with Long has been previously localized in radial glia cells (Bartsch

Cultured Cells Processes
et al., 1992). In the VZ of telencephalon, TN-C is strongly

E13.5 Pax6 2/2 cortex 100% expressed at E14.5, most prominently at the corticostria-
E13.5 wild-type cortex 204% (6 18%) tal sulcus (Figure 4A and Götz et al., 1997). Interestingly,
E13.5 Pax6 2/2 cortex 100% in Pax6-deficient mice, this expression is lost in the

1 103 Pax6 2/2 cortex
cortical VZ (where Pax6 is normally strongly expressed),E13.5 Pax6 2/2 cortex 93% (6 8%)
while the expression in the neuroepithelium of the GE1 103 wild-type cortex
is still present even though it appears reduced (Figure

Morphological analysis. E13.5 Pax6 2/2 and wild-type cortical cells 4B). At later stages, however, when gliogenesis takes
were cultured for 1–2 days on their own (first two rows from the

over in the cortex (E18.5), scattered TN-C-synthesizingtop), and the proportion of RC2-positive cells with at least one long
cells appeared throughout the Pax6-deficient cortex asprocess (defined as exceeding the cell soma size) was assessed.
in the wild-type cortex (Figures 4D and 4F). Such cellsData were normalized to the proportion observed in Pax6 2/2 cul-

tures. The number of cells analyzed from the top is n 5 336, n 5 have been double stained with glia fibrillary acid protein
341, n 5 65, and n 5 676. Note that the wild-type cortex contains (GFAP) and hence have been identified as astrocyte
more RC2-positive cells with long processes (204%) compared with precursors (Mitrovic et al., 1994). Thus, TN-C synthesis
the Pax6 2/2 cortex. No change in this parameter was achieved is mainly disturbed during neurogenesis in the VZ of
by coculturing with a 103 excess of wild-type cortical cells.

Pax6 mutant cortex.
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Figure 4. Deficit of TN-C Synthesis in Pax6
Mutant Cortex

Sagittal sections of E14.5 (A and B) and coro-
nal sections of E18.5 (C–F) wild-type (A, C,
and D) or Pax6 mutant (B, D, and F) cortex
hybridized with a TN-C anti-sense RNA
probe. (C), (D), (E), and (F) show correspond-
ing phase contrast and dark field micro-
graphs. Note that the TN-C synthesis is
strongly impaired in the VZ of Pax6 mutant
cortex at E14.5 but occurs normally at later
stages in cells scattered through the cortex
(arrowheads in [D] and [F]). Scale bars, 200
mm (A and B); 150 mm (C–F).

Taken together, these results indicate that cortical then move toward it during M phase (Figure 5C, 6 hr
BrdU pulse), a phenomenon called interkinetic nuclearradial glia cells exhibit specific defects in their differenti-

ation program in the absence of functional Pax6, since migration (Sauer, 1935). This differential location was
not detectable in the Pax6 mutant cortex, where BrdUthey express some markers normally but are deficient

in other aspects such as their morphology and TN-C labeled cells appeared scattered at similar positions
after a 1 or 6 hr BrdU pulse (Figures 5B and 5D). Thissynthesis.
finding could either be due to a failure of interkinetic
nuclear migration or to asynchronous cycling of precur-Cell Cycle Deficit in the Pax6 Mutant Cortex

To examine possible alterations in the mitotic cycle of sor cells in the mutant cortex. In addition to alterations
in the position of BrdU-labeled cells in Pax6 mutantthe mutant cortical cells, we performed in vivo BrdU

pulse labeling of wild-type and mutant embryos (see cortex, the number of BrdU-positive nuclei seemed to
be increased in comparison to wild-type littermates (Fig-Experimental Procedures). After an hour, BrdU pulse

cells in S phase are labeled, and after 6 hr, the BrdU ure 5). This difference was observed between E13.5–
16.5 and decreased thereafter until it was not detectableinjection–labeled cells progressed into M phase. During

S phase, most nuclei are located some distance from at E18.5 (data not shown). Thus, the alterations in BrdU
labeling in the Pax6-deficient cortex were restricted tothe ventricular surface (Figure 5A, 1 hr BrdU pulse); they
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Figure 5. BrdU-Labeled Cells in Wild-Type
and Pax6 Mutant Cortex

BrdU pulse–labeled cells after a 1 hr (A and
B) or 6 hr pulse (C and D) in transverse sec-
tions of E16.5 wild-type (A and C) and Pax6
mutant (B and D) cortex. The VZ is delineated
by the white dashed line (ventricular surface
at the bottom). Note the increase in BrdU
pulse–labeled cells in Pax6 mutant cortex. In
addition, the distribution of labeled nuclei dif-
fers between wild-type (A and C) and Pax6
mutant (B and D) cortex. Scale bar, 50 mm (C
and D).

the period of neurogenesis and disappeared when glio- cortex compared with the wild-type cortex (Figure 6A;
p 5 0.0005). Thus, in the Pax6 mutant cortex, at E13.5genesis started.

The increased number of BrdU pulse–labeled cells in all precursor cells are RC2-immunoreactive, and the
nestin-positive/RC2-negative population evident in thethe Pax6 mutant cortex could be explained either by an

increase in the precursor cell population (predicting a wild-type cortex (see above and Figure 6A) is lost in
the absence of Pax6. This difference was not observedhigher number of nestin/proliferating cell nuclear anti-

gen– [PCNA-] positive cells in Pax6 mutant cortex) or in the GE.
Consistent with the BrdU labeling in vivo, we alsoan alteration in cell cycle properties (predicting a higher

labeling index, LI 5 proportion of cycling cells in S observed a significant increase in the number of BrdU
pulse–labeled cells in acutely dissociated preparationsphase). We tested these two possibilities by quantitative

analysis of cell types and the LI again using acutely from wild-type to Pax6 mutant cortex (Figure 6A; p 5
0.001). Thus, the proportion of BrdU pulse–labeled pre-dissociated cell preparation. Figures 6A and 6B depict

the quantitative analysis of cell types and BrdU-labeled cursor cells, the labeling index (LI) differs between cells
from wild-type (30%) and Pax6-deficient cortex (45%).cells in wild-type (gray bars) and Pax6 mutant (white

bars) cortex (A) and GE (B). Interestingly, there is no This difference disappeared when gliogenesis started
(LI E17.5, 32%, wild-type cortex; 39%, Pax6-def cortex).difference in the number of precursor cells (labeled by

nestin or PCNA) between the wild-type and the Pax6 Since the LI gives an indication of cell cycle parameters,
these data show that the cell cycle properties of corticalmutant cortex at E13.5 (p 5 0.07; Figure 6A). This indi-

cates that the total proportion of precursor cells is not cells are affected in the absence of Pax6. These defects
were not apparent in the GE (Figure 6B) and seem toaffected in the Pax6 mutant cortex. However, their com-

position was altered; we observed a significant increase be restricted to the period of neurogenesis in the Pax6
mutant cortex.in the number of RC2-positive cells in the Pax6 mutant
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The increased number of RC2-positive cells in Pax6
mutant cortex, however, might affect the overall LI of
precursor cells. Therefore, we directly compared the LI
of RC2-positive cells in E13.5 wild-type (34%, n 5 260)
and the Pax6-deficient cortex (52%, n 5 215). This differ-
ence indicates that RC2-positive cells in the cortex have
different cell cycle properties in the absence of func-
tional Pax6. Again, this difference was not observed in
the GE, where the LI of RC2-positive cells was similar
between wild-type (45%, n 5 174) and Pax6 mutant
littermates (45%, n 5 177). Thus, in the absence of func-
tional Pax6, the cell cycle kinetics of cortical RC2-posi-
tive cells is altered.

Altered Composition of the Radial Glia Cell Lineage
As described above, we observed a significant increase
in the number of RC2-positive cells in the Pax6 mutant
cortex compared with the wild-type cortex at E13.5. This
persists throughout neurogenesis (percentage of RC2-
positive cells in Pax6 2/2 versus wild-type: at E13.5,
136%; at E15.5, 121%; at E17.5, 160%) even though the
absolute proportion of RC2-labeled cells decreases in
the Pax6 mutant cortex in parallel to the decrease in the
wild-type. Thus, the transformation of the RC2-posi-
tive cells seems to occur normally in the absence of
functional Pax6 despite the increased number of RC2-
labeled cells in the mutant throughout neurogenesis.
This increase could be explained by alterations in either
cell death or cell lineage.

First, we performed a TdT-mediated dUTP nick ending
labeling (TUNEL) staining of E13.5 wild-type and Pax6-
deficient forebrain to evaluate the amount of cell death
in Pax6 mutant versus wild-type cortex. A very similar
picture of apoptotic cells was seen in the wild-type and
Pax6 mutant cortex and GE; double staining with TUNEL
and RC2 immunohistochemistry also revealed no differ-
ences. Thus, the increase in the number of RC2-positive
cells cannot be explained by a reduction in cell death.

In contrast, significant alterations in the composition
of clones containing RC2-positive cells were observed
between wild-type (gray bars) and Pax6 mutant (white
bars) cortical cells (Figure 6C). Cortical cultures were

Figure 6. Quantitative Analysis of Cell Types in the Cortex of E13.5 infected at the day of plating with a low titre of the
Wild-Type and Pax6 Mutant Mice retroviral vector BAG (see Experimental Procedures),
In all histograms, the y-axis depicts the percentage of cells (A and and b-galactosidase/RC2-double staining was performed
B) or the percentage of clones (C). Significant differences (Mann- after 2 days. In wild-type cortical cultures, 33% of all
Whitney U test, p , 0.01) between wild-type and Pax6 mutants are clones (n 5 170) were RC2-positive, in contrast to 45%
indicated by a star.

in Pax6-deficient cortical cultures (n 5 113). Thus, thereThe cells analyzed in (A) and (B) were acutely dissociated (2 hr in
is an overall increase in the precursor cells that generatevitro). The cells in (C) were cultured for 2 days in vitro.

The histogram in (A) depicts the percentage of cell types as indicated radial glia cells, but this difference is not statistically
in the graph from E13.5 wild-type (gray bars) and Pax6 mutant (white significant (Mann-Whitney U test, p 5 0.05). A significant
bars) cortex. BrdU pulse labeling was performed for 2 hr. The number
of cells analyzed are (from left to right) wild-type cortex, n 5 1400,
n 5 602, n 5 1205, n 5 971, n 5 602; and Pax6-def cortex, n 5

1473, n 5 540, n 5 2201, n 5 768, n 5 467. Note the significant type ganglionic eminence, consistent with the absence of Pax6 ex-
increase in the number of BrdU pulse and RC2-labeled cells in Pax6 pression in this region in wild-type animals.
mutants in comparison to wild-type littermates, while the overall The histogram in (C) depicts the clonal analysis of RC2-labeled cells
number of precursor cells (nestin/PCNA-positive) is not altered. in 2-day-old cultures from E13.5 wild-type (gray bars) and Pax6
The histogram in (B) depicts the percentage of cell types as indicated mutant (white bars) cortex. The two left bars depict the percentage
in the graph from E13.5 wild-type (gray bars) and Pax6 mutant (white of clones containing RC2-immunoreactive cells. The two bars in the
bars) ganglionic eminence. The number of cells analyzed are (from center depict the percentage of RC2-positive cells in clones that
left to right) wild-type striatum, n 5 401, n 5 216, n 5 475, n 5 contain RC2-positive cells. The two right bars depict the percentage
1513, n 5 716; and Pax6-def striatum, n 5 1236, n 5 485, n 5 628, of RC2-positive clones that contain only RC2-positive cells i.e., pure
n 5 1332, n 5 795. No significant differences in the frequency of RC2 clones. Note the significant increase in the number of RC2-
any cell type could be detected between Pax6 mutant and wild- positive cells per clone in the Pax6 mutant cortex.
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difference was found, however, when we analyzed the Table 2. Coculture Analysis of the Proportion of Radial Glia Cells
number of RC2-positive cells per clone. As described

Cultured Cells Percentage of RC21 Cellsabove, all RC2-positive cells in a clone were also nestin-
E13.5 Pax6 2/2 cortex 100%positive, but in cultures from wild-type cortex, some
E13.5 wild-type cortex 61% (65%)nestin-positive cells were RC2-negative. In addition,
E13.5 Pax6 2/2 cortex 1 103 100%48% of the clones of RC2-cells also contained tubulin-

Pax6 2/2 cortexpositive (RC2-negative) cells. Thus, in cultures from
E13.5 Pax6 2/2 cortex 1 103 65% (68%)

wild-type cortex, most clones containing RC2-positive wild-type cortex
cells also contained other cell types, and only 25% of E13.5 Pax6 2/2 cortex 1 103 100%

Pax6 2/2 cortex on filterthese clones were composed exclusively of RC2-posi-
E13.5 Pax6 2/2 cortex 1 103 68% (65%)tive cells i.e., “pure” clones. Similar results have been

wild-type cortex on filterobtained in vivo for the mammalian GE and chick tectum
(Gray and Sanes, 1992; Halliday and Cepko, 1992). In Frequency analysis. E13.5 Pax6 2/2 and wild-type cortical cells

were cultured for 1–2 days on their own (first two rows from thecontrast, in cortical cultures of Pax6 mutant littermates,
top), and the proportion of RC2-positive cells of all phase bright55% of the clones containing RC2-positive cells were
cells was analyzed and normalized to the proportion observed inpure. This is a significant difference (Mann-Whitney U
Pax6 2/2 cultures. The number of cells analyzed from the top is

test, p 5 0.006) that is also reflected in a significant n 5 1574, n 5 1492, n 5 229, n 5 237, n 5 704, and n 5 1676. Note
increase in the overall percentage of RC2-labeled cells that there are fewer (61%) RC2-positive cells in wild-type cortical
in the RC2-positive clones (53% in wild-type, 77% in cultures. The relatively high proportion of RC2-labeled cells in Pax6

2/2 cortical cultures was significantly reduced (Mann-WhitneyPax6 mutant cortex, p 5 0.003). These results show that
U-test, p , 0.01) when cocultured with a 5–103 excess of wild-typeindividual precursor cells generate more radial glia cells
cortical cells but not with Pax6 2/2 cells. Note that this reductionin the absence of functional Pax6.
in the number of RC2-positive cells in Pax6 2/2 cortex achieves

In contrast to the number of RC2-positive cells gener- almost the level observed in the wild-type cortex. The same effect
ated, the size of the clones was not affected. The mean was observed when wild-type cells were cultured on a filter mem-
size of all clones is 2.5 (n 5 335) for the wild-type cortex brane (pore size, 3 mm).
and 2.6 (n 5 244) for the Pax6-deficient cortex. Interest-
ingly, the size of the clones that contain RC2-positive
cells is larger, but is still the same for the wild-type (3.8,

cells from wild-type cortex (Table 1). These resultsn 5 170) and the Pax6-deficient cortex (3.8, n 5 113).
strongly suggest that the morphological alterations ofThe mean clonal sizes of 2.5 and 3.8, respectively, sug-
radial glia cells in the mutant cortex are cell-autono-gest that most cells undergo only 1–2 cell cycles during
mous, since they cannot be rescued by coculturing withthe 2 days in vitro (log22.5 5 1.3; log23.8 5 1.9). This
wild-type tissue.number of cell divisions is most likely too small to detect

In contrast, the number of RC2-positive cells was in-alterations in cell cycle length that should build up
fluenced in cocultures with 103 wild-type cortical cells.through several cell cycles to achieve changes in the
In single cultures of E13.5 wild-type cortical cells, thenumber of cells generated. It should be possible, how-
proportion of RC2-positive cells was 39% lower than inever, to detect alterations in the number of symmetric
Pax6-deficient cortical cultures (Table 2). Pax6-deficientand asymmetric cell divisions. We therefore think that
cortical cells cocultured with the 103 wild-type cortexthe mode of division is not altered in the Pax6 mutant
reduced the proportion of RC2-immunoreactive cells bycortex, since the clonal size is not changed.
35% compared with cocultures with 103 Pax6 mutant
cortical cells (Table 2). Thus, the difference in the number
of RC2-positive cells between Pax6 mutant and wild-Diffusible Factor Regulates the Number but Not the
type was almost abolished when Pax6 mutant cells wereMorphological Phenotype of Cortical Radial Glia
cocultured with the wild-type cortex. To determineTwo changes were observed in the cortex of the Pax6
whether this effect requires direct cell–cell contacts, wemutant: defects in the phenotype of RC2-positive cells
cultured the wild-type cells on filter membranes (3 mmand their higher number. Whereas the first is consistent
pore size). Even under these conditions, cocultures withwith the specific localization of Pax6 in the radial glial
5 or 103 wild-type cortical cells lead to a significantcells and could suggest a direct influence of Pax6 on
decrease in the number of RC2-positive cells (Table 2;radial glia differentiation, the second finding is some-
p 5 0.002). Thus, a diffusible factor regulates the numberwhat surprising and could be explained by indirect
of RC2-positive cells, consistent with previous observa-mechanisms involving cell–cell signaling. To directly test
tions by Hunter and Hatten (1995). This factor seems tothe latter hypothesis, we cocultured E13.5 Pax6-defi-
be absent in the Pax6 mutant cortex.cient cortical cells with a 103 excess of fluorescently

labeled cells from the wild-type cortex (and for control
with 103 Pax6-deficient cortical cells). We analyzed Discussion
both the morphology and the number of RC2-positive
cells in cocultures after 1–2 days in vitro. In this study, we have shown that Pax6 is specifically

localized in RC2-positive cortical cells during neurogen-The proportion of RC2-positive cells with processes
longer than the cell soma was twice as high in cultures esis, and several aspects of these cells are affected in

the absence of Pax6 function. Most of the observedfrom wild-type cortex compared with Pax6 mutant cor-
tex (Table 1). This parameter was not affected when the defects were restricted to the cortex and did not occur

in the adjacent GE of Pax6 mutants, an area where Pax6Pax6-deficient cortical cells were cocultured with 103
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is not expressed. Thus, Pax6 plays an important role in been observed in the cortex of Sey mutant mice
(Schmahl et al., 1993). Evidence from BrdU labeling ex-the differentiation of cortical radial glia cells and thereby

seems to generate differences between radial glia cells periments revealed defects in neuronal migration (Caric
et al., 1997; M. G., A. S., and P. G., unpublished data).located in the cortex and the adjacent GE.
These defects were mostly detected during later stages
of neurogenesis, when migration depends upon radialValidity of Markers
glia cells, and were less obvious during earlier stages,Radial glia cells exhibit ultrastructural criteria similar to
when neurons migrate without radial glia guides (seeglial cells such as bundles of filaments and glycogen
also Stoykova et al., 1997). These observations are con-accumulation (Rakic, 1972). Radial glia cells contain
sistent with the notion that the defects in radial glianestin as other precursor cells (Hockfield and McKay,
cells might be primarily responsible for the migrational1985) and express some glial markers e.g., GFAP (only
aberrations in Pax6 mutant cortex.in primates) (Bignami and Dahl, 1974; Levitt et al., 1981),

Since, however, glia-guided migration requires an es-vimentin (Pixley and DeVellis, 1984), or the astrocyte-
pecially tight interplay between radial glia and migratingspecific glutamate transporter GLAST (Shibata et al.,
neurons, it is difficult to assess whether neuronal defects1997). Moreover, at the end of neurogenesis and neu-
might also contribute to the failure of migration in theronal migration, radial glia cells seem to transform into
Pax6 mutants. Transplantation experiments demon-astrocytes in some CNS regions e.g., the cerebral cortex
strated that neurons derived from Pax6 mutant precur-but not in others e.g., the cerebellum (Pixley and De-
sor cells migrate normally in a wild-type environmentVellis, 1984; Voigt, 1989).
(Caric et al., 1997). This indicates that cortical neuronsRadial glia cells and astrocytes are stained by the
of Pax6 mutant mice are either normal in this aspect orRC1 antibody (Edwards et al., 1990). In contrast, RC2
that their defects can be rescued in a wild-type environ-immunoreactivity is found to be restricted to the radial
ment. Normal neuron-to-glia signaling in the absence ofglia cells; it stains a subpopulation of precursor cells,
Pax6 is demonstrated by the normal expression ofand after neuronal migration, it disappears when radial
BLBP. BLBP is induced in radial glia cells by neuronsglia transforms into astrocytes or more mature cell types
attaching or migrating along them (Feng et al., 1994;such as Bergmann glia (Misson et al., 1988). BLBP labels
Feng and Heintz, 1995). Thus, despite altered migrationonly a subpopulation of radial glia cells as well as some
in the Pax6 mutant cortex, these neurons induce BLBPneurons (Kurtz et al., 1994). Therefore, RC2 has been
in Pax6 mutant radial glia cells.widely accepted as the best radial glia marker (Hunter

BLBP was also shown to mediate the elongation ofand Hatten, 1995; Soriano et al., 1997).
radial glia cells induced by the release of glial growthIt is not yet clear, however, to what extent the different
factors (GGFs) by the cortical migrating neurons (Antonantigens present on radial glia cells (RC2/GLAST/BLBP)
et al., 1997). This elongated morphology of radial gliacolocalize. In our double staining with BLBP- and RC2-
cells, however, is severly distorted in Pax6 mutant radialantibody, we observed both double labeled as well as
glia cells despite the presence of BLBP. Thus, BLBP issingle labeled processes, suggesting that there might
necessary (Anton et al., 1997) but not sufficient (presentbe more heterogeneity in the radial glia population than
study) for cortical radial glia to assume their proper mor-previously assumed (E. Hartfuss and M. G., unpublished
phology. This might well be due to defects downstreamdata). In light of the decrease in RC2-positive cells during
of BLBP in the intracellular signaling in Pax6-deficientthe neurogenesis observed in this study, it will be impor-
radial glia cells.tant to analyze the developmental profile of these differ-

Our coculture experiments further suggest that Pax6ent markers. It is conceivable that radial glia cells change
influences radial glia cells in a cell-autonomous fashionthe expression of some of these markers during differen-
as well as by involving cell–cell signaling. The morpho-tiation.
logical defects were not rescued in a coculture with 103
excess of cells from the wild-type cortex, supporting

Pax6 and Radial Glia Cell Differentiation the notion that these defects are cell-autonomous and
The combination of different markers in this analysis that Pax6 acts directly on the morphology of cortical
(such as the morphology by DiI labeling and BLBP, radial glia cells. In contrast, however, radial glia cell
GLAST, RC2, and nestin immunoreactivity) ensures that number was influenced by diffusible molecules. The in-
the cell types that express Pax6 and exhibit the defects crease of the radial glia cell number in Pax6 loss-of-
in Pax6 loss-of-function are radial glia cells. In the ab- function suggests that the normal, Pax6-specified radial
sence of functional Pax6, cortical radial glia cells exhibit glia prevent other precursors from differentiating into
an alteration in their morphology, number, and cell cycle radial glia cells. This scenario is strongly supported by
kinetic. They are deficient in TN-C expression but still the reduction in the number of RC2-positive mutant cor-
express BLBP, GLAST, and nestin. The restriction of tical cells to almost normal levels when cocultured with
these defects to the region of formerly normal Pax6 an excess of wild-type cells. Since this signaling also
expression supports the conclusion that it is the ab- works through a filter membrane, diffusible molecules
sence of functional Pax6 protein that distorts some as- have to be the mediators. Indeed, diffusible molecules
pects of the differentiation of cortical radial glia cells. have been shown to induce RC2-expression in cerebel-

This phenotype might explain the previously reported lar radial glia cells (Soriano et al., 1997). Taken together,
defects in neuronal migration in the Pax6 mutant cortex. the number of radial glia cells seems to be regulated by
An enlarged ventricular/subventricular zone of the cor- a different mechanism than their phenotype; however,

both require the function of Pax6.tex, cortical heterotopias, and a thin cortical plate have
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There is thus far indirect evidence that radial glia de- hint for a role of Pax6 and cell cycle regulation. Downreg-
ulation of proliferation might be particularly importantfects might also account for phenotypic defects ob-

served in other regions of the brain of Pax6 mutant for radial glia cells, since dividing cells usually retract
their processes in the M phase of the mitotic cycle, amice e.g., in the diencephalon. As reported previously,

progenitors generated in the VZ of the third ventricle behavior not compatible with the guidance of migrating
neurons. In fact, there is some evidence that radial gliapopulate correctly the distinct diencephalic compart-

ment in Small eye mice (Stoykova et al., 1996; Grindley cells tightly regulate proliferation (Schmechel and Rakic,
1979a). Thus, a decrease in proliferation would help toet al., 1997; Warren and Price, 1997). Later, however, the

progenitors in the ventral thalamus fail to differentiate in support the guidance of migrating neurons along radial
glia cell processes. This downregulation of cell divisionthe mutant brain into nuclei and structures with proper

locations and distinct expression of transcription factors is disturbed in the absence of Pax6 in the developing
cortex and might also contribute to the migrational aber-Pax6 and Dlx1 (Stoykova et al., 1996). The processes

of radial glia cells are properly orientated to serve as rations.
migratory substrates for these differentiating neurons
to find their proper locations (see Edwards et al., 1990), Radial Glia Cells and Patterning
suggesting that radial glia abnormalities might contrib- of the Developing Brain
ute to the diencephalic phenotype of the mutant brain. If Pax6 specifies the phenotype of cortical radial glia,
Similarly, the neuronal defects discovered in spinal cord they should be different in some aspects from radial glia
of Small eye mutant mice (Ericson et al., 1997) might at of regions devoid of Pax6 such as the GE. We have
least partially be due to alterations in the radial glia cells. shown here that radial glia cells from the cortex or GE
It will be interesting to examine the radial glia cells in exhibit different morphology in vitro. Taken together with
the spinal cord of Pax6 mutants. the evidence that the influence of Pax6 on radial glia

A similarity between spinal cord and cortical precursor morphology seems to be cell-autonomous, this is one
cells seems to be that the precursor cells generate differ- of the first experimental hints for an intrinsic regional
ent cell types in the absence of functional Pax6, altered diversity of radial glia cells. Further indications of re-
types of neurons in the spinal cord, and altered radial gional diversity of radial glia cells are their distinct ways
glia cells in cortex. Whether these alterations in cortical of maturation. In some regions such as the cerebral cortex,
radial glia that are also precursor cells translates into they transform into multipolar astrocytes, whereas in
cell fate alterations of their descendents, as in the spinal other regions such as the cerebellum, they remain elon-
cord, remains to be determined. The transition of radial gated and subsequently express molecules characteris-
glial cells to astrocytes at the end of neurogenesis (Voigt, tic for mature astrocytes.
1989) seems to occur normally in the cortex of Pax6- In the developing brain, different kinds of transient
deficient mice as evidenced by the disappearance of borders are established, and glial cells and glycoconju-
the RC2 immunoreactivity at later developmental stages gates are their major cellular element (Steindler et al.,
and the cessation of defects in cell cycle and TN-C 1990). Boundary cells delineating adjacent brain regions
expression. These observations suggest that at least assume a specific phenotype. For example, radial glia
some aspects of gliogenesis occur normally in the ab- fascicles have been found in rhombomere and forebrain
sence of Pax6. If radial glia cells, however, give rise to boundaries, including the cortico-striatal border (Ed-
other cell types at early stages of neurogenesis (see wards et al., 1990; Heyman et al., 1995; Stoykova et al.,
Gray and Sanes, 1992), it will be interesting to determine 1997). As mentioned above, radial glia boundary cells
whether these descendents e.g., neurons, would be af- between rhombomeres in the hindbrain exhibit a slower
fected in their phenotype in the Pax6 mutant cortex. Also cell cycle and distinct molecular characteristics, includ-
noteworthy, the Pax6 loss-of-function in the pancreas ing a specific increase in Pax6 expression (Heyman et
results in a failure of generation of the glucagon-produc- al., 1995). Moreover, boundaries at several locations are
ing a cells, which normally express Pax6 (St.-Onge et affected in the absence of functional Pax6 (Mastick et
al., 1997). A unifying hypothesis might therefore be that al., 1996; Stoykova et al., 1996, 1997; Grindley at al.,
Pax6 controls early and important steps in differentiation 1997). This correlation prompts the suggestion that Pax6
programs of different cell-type precursors. might contribute to the instruction of the specific pheno-

type of radial glia at boundaries in the developing brain.
Taken together, the role of Pax6 in the differentiation

Pax6 and Cell Cycle of radial glia cells in certain regions of the developing
A major feature of precursor cells is their cell cycle. We brain provides evidence that this ubiquitous cell type is
have shown here that cortical radial glia cells exhibit a specified in a patterned manner in the developing brain.
higher labeling index in the absence of Pax6 function
i.e., more precursor cells are labeled by a BrdU pulse. Experimental Procedures
The increased labeling index in the mutant cortex might
be due to a prolongation in S phase or a shortening in Animals

For this study, we used two strains of Pax6 mutant mice: Small eyecell cycle length. Since most of the regulatory events in
(Sey allele on a C57BL/6J 3 DBA/2J background), in which a pointthe cell cycle take place in G1, the second scenario
mutation in the Pax6 results in the generation of truncated nonfunc-seems more likely.
tional protein (Hill et al., 1991); and Pax6 2/2 null mutants (on NMRI

The radial glia cells forming the hindbrain rhombo- and C57BL/6J 3 DBA/2J backgrounds) produced by homologous
mere boundaries upregulate Pax6 correlated to a de- recombination as described in St.-Onge et al. (1997). For all experi-

ments, only littermates of homozygous and wild-type embryo brainscrease in proliferation (Heyman et al., 1995), a further
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were compared. The day of vaginal plug was considered as E0.5. DiI Labeling of Radial Glia Cells
The lipophilic dye DiI (Molecular probes) was applied on the pialThe phenotypes of the different mutants were carefully compared

with regard to the aspects of the present work, and no significant surface of fixed brains as described previously (Voigt, 1989). DiI
solution was applied onto the pial surface, where small crystalsdifferences could be detected. For example, the proportion of RC2-

immunoreactive cells in acutely dissociated cells from E13.5 Sey/ precipitated. Nonadherent crystals were washed away and the
brains stored for 15 days at room temperature to allow diffusion ofSey was 77% (n 5 422) and from Pax6 2/2 was 73% (n 5 370).

For most experiments, both mutants were used in parallel. the dye. Brains were then embedded in 2% agar in PBS and cut
frontally at a thickness of 100 mm with a vibratome. Sections were
then mounted in gycerol-based mounting medium (Citifluor) andAcutely Dissociated Cells and Cultures
analyzed using a Zeiss Axiophot or a Biorad confocal microscope.The lateral and medial ganglionic eminence and the cerebral cortex

were isolated and prepared as described previously (Götz et al.,
1996). Cells were plated at 1 3 106 per ml (0.5 ml/well) in 24-well In Situ Hybridization
plates onto poly-D-lysine-coated glass coverslips and cultured in Sectioning, in situ hybridization, washing, and emulsion autoradiog-
defined SATO-medium (Götz et al., 1995). For some experiments, raphy were performed as previously described (Stoykova and Gruss,
BrdU was added to the culture medium to a final concentration of 10 1994). 35S-labeled sense and anti-sense RNA probes were synthe-
mM. Cells were fixed with 4% paraformaldehyde (PFA) in phosphate- sized in the presence of two radioactive nucleotides according to
buffered saline (PBS) (pH 7.4) for 15 min at room temperature. the supplier’s instructions (Promega) from linearized plasmid tem-

In the coculture experiments, one cell population was labeled with plates of TN-C (Götz et al., 1997). Two independent in situ analyses
the blue cell tracker dye (A2110, Molecular Probes) prior to plating were performed for each stage on sagittal and transverse sections
as described previously (Götz et al., 1996). Unlabeled cells were from wild-type and Pax6 mutant littermate embryos. Signals were
plated at 0.45 3 106 per well, and 0.05 3 106–labeled cells were compared at corresponding levels in wild-type and Pax6 mutant
added. When cells were cultured on a filter insert (Millipore, 3 mm brains processed in the same in situ hybridization experiment.
pore size), different cell densities were used that gave comparable
results: 0.05 3 106 on the coverslip plus 0.45 3 106 on the filter
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Schwarz and M. Öcalan and the photographic work of R. Altschäffelreduces the probability of superimposition of two clones to 0.5%
and J. Chalcroft. We thank C. Gleed and G. Goudreau for correctingas discussed and described previously (Götz et al., 1995). For RC2
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