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Abstract

During development of the mammalian cerebral cortex, radial glial cells (RGCs) generate layer-
specific subtypes of excitatory neurons in a defined temporal sequence, in which lower layer
neurons are formed before upper layer neurons. It has been proposed that neuronal subtype fate is
determined by birthdate via progressive restriction of the neurogenic potential of a common RGC
progenitor. We now demonstrate that the murine cerebral cortex contains RGC sublineages with
distinct fate potentials. Using in vivo genetic fate mapping and in vitro clonal analysis, we identify
an RGC lineage that is intrinsically specified to generate only upper layer neurons, independently
of niche and birthdate. Since upper cortical layers were expanded during primate evolution,
amplification of this RGC pool may have facilitated human brain evolution.

The mammalian cerebral cortex consists of six major layers that each contain specific
subtypes of neurons characterized by distinct projection patterns and gene expression
profiles (1). These layer-specific classes of cortical excitatory neurons are derived from
radial glial cells (RGCs) in sequential order, with neurons destined for lower layers being
generated first, followed by upper layer neurons and, finally, cortical astrocytes (1). This
relationship between birthdate and laminar fate of neurons in the cerebral cortex has been
documented for over 50 years, although it has remained unclear whether cell fate is
determined directly by birthdate (2) or if the two are linked more indirectly rather than
causally (3).

RGCs divide asymmetrically in the cortical ventricular zone to self-renew and generate
neurons directly or, more commonly, indirectly via intermediate progenitor cells that divide
symmetrically in the ventricular and subventricular zones (4). The transcription factor Cux2
is expressed specifically in upper layer 11-1V neurons in the mature cortex (Fig. 1, A), but
also in intermediate progenitors in the developing subventricular zone (5, 6), suggesting that
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upper vs. lower layer fate might be determined before neuronal differentiation. We found
that Cux2 mRNA is also expressed in the ventricular zone in a salt-and-pepper fashion (Fig.
1, B and fig. S1, A-D), indicating that some RGCs may be committed to generate upper
layer neurons. To establish the identity of ventricular zone Cux2* cells and to determine
their lineage potential, we employed genetic fate mapping using a mouse strain expressing
Cre recombinase from the Cux2 locus (7). Crossing the Cux2-Cre driver line to reporter
mouse lines led to recombination primarily in upper layer neurons in the mature cortex, with
76% of recombined cells occupying layers 11-1V (Fig. 1, C and fig. S1, E-H). Only 17% and
7% of recombined cells were found in lower layers V and VI, respectively (Fig. 1, C and fig.
S1, E-H), and most of these were Sath2* excitatory neurons (74%, fig. S1, 1-J), which form
callosal projections similar to layer 11-111 neurons (8, 9). The remainder were Gad65/67*
interneurons (26%) (fig. S1, 1-J) derived from the ganglionic eminences, in agreement with
previous observations (6). Furthermore, in the developing cortex we identified clonal
columns of recombined cells in the ventricular zone (Fig. 1, D), resembling the pattern of
endogenous Cux2 mRNA expression. The majority of recombined cells in the ventricular
zone expressed the RGC markers Pax6 (Fig. 1, E) and nestin (Fig. 1, F), but not the
intermediate progenitor marker Thr2 (Fig. 1, G). Recombined cells divided at the ventricular
surface (Fig. 1, H and 1), maintained apical and basal processes and underwent interkinetic
nuclear migration (Fig. 1, 1), all hallmarks of ventricular zone RGCs. These results suggest
that a subset of RGCs are restricted in their lineage potential.

To further analyze the relationship between Cux2* RGCs and their offspring, we introduced
a Cre reporter plasmid into RGCs in Cux2-Cre embryos by in utero electroporation. In this
FLEX technology based reporter plasmid (10), Cre recombination switches expression from
tdTomato to GFP, thereby permitting differential fluorescent labeling of Cux2* and Cux2~
RGCs and their offspring (Fig. 2, A). Electroporation of the reporter at embryonic day (E)
12.5 and analysis at E13.5 demonstrated that a subset of electroporated RGCs had
recombined the reporter and turned on GFP (Fig. 2, B), even though at this early time point
the tdTomato signal remained because of protein perdurance. At postnatal day 10, 83% of
neurons with recombined reporters (GFP*) had settled in upper layers 11-1V (Fig. 2, C and
D), whereas only 7% of the neurons with non-recombined reporters (tdTom*GFP~) were
located in upper layers (Fig. 2, C and D). These results suggest that the Cux2* progenitors
constitute a lineage largely fated to become upper-layer neurons with a small contribution to
lower layers, whereas the Cux2™ lineage primarily generates lower layer neurons.

To facilitate temporal fate-mapping of the Cux2* lineage, we generated a mouse line in
which the tamoxifen-inducible CreERT2 (11) gene is knocked into the endogenous Cux2
locus (fig. S2, A-C). By crossing Cux2-CreERT2 mice to a Cre-reporter strain and inducing
recombination with a single injection of tamoxifen (Fig. 2, E), we can label the Cux2*
lineage within a narrow ~24 hour window (12, 13). Because most cortical cells are RGCs at
E10.5, we injected tamoxifen at this time point to permanently label Cux2* RGCs between
E10.5 and E11.5, but not before or afterward. We performed the same experiments with
Nestin-CreERT2 mice (14), which express tamoxifen-inducible Cre in all RGCs (fig. S2, D
and E). While the Nestin-CreERT2 line labeled neurons that contributed to all cortical layers
(Fig. 2, F and H), as well as astrocytes and oligodendrocytes (fig. S2, F and G), the Cux2-
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CreERT2 line labeled predominantly neurons in upper layers (Fig. 2, G and H; fig. S2, E).
Thus, Cux2* RGCs are fated to generate upper layer neurons even at the earliest stages of
cortical neurogenesis. Cux2™ RGCs are likely the proposed bipotent neuro-glial progenitors
(15), or are perhaps further subdivided into lineage-restricted subtypes.

Lower layer neurons are largely born before upper layer neurons, although there is some
degree of overlap in the birthdates of different neuronal subtypes (16). Since Cux2* upper
layer progenitors and Cux2~ lower layer progenitors co-exist at the earliest stages of cortical
development (fig. S3, A), we reasoned that during lower layer neurogenesis Cux2* RGCs
might show a greater propensity to proliferate to expand the RGC pool, while Cux2™ RGCs
may preferentially generate neurons. In support of this idea, the percentage of Cux2* RGCs
increased over time, whereas the percentage of Cux2™ RGCs decreased (fig. S3, A). This
suggests that the fraction of RGCs leaving the cell cycle at early stages of corticogenesis is
lower for Cux2* RGCs than for Cux2™ progenitors. To test this hypothesis, we analyzed cell
cycle exit in Cux2-Cre;Ai9 mice using a BrdU pulse to label S-phase cells at E12.5,
followed by Ki67 staining at E13.5 to label cells that remained in the cell cycle (Fig. 3, B).
As expected, the fraction of Cux2* progenitors exiting the cell cycle was less than 50% that
of Cux2™ progenitors (Fig. 3, C).

Since environmental cues such as notch-delta signaling control RGC self-renewal (17, 18),
we hypothesized that notch signaling may be preferentially active in Cux2* RGCs.
However, notch signaling was not differentially regulated in Cux2* vs. Cux2~ RGCs (fig.
S3, B-E), and activation of the pathway affected the two populations similarly (fig. S3, F-
H). Rather, the proliferative behaviors of the two RGC subtypes appear to be at least
partially intrinsic, since these differences were maintained outside their normal niche. When
cells from E13.5 Cux2- Cre;Ai9 embryos were cultured in vitro at clonal density (Fig. 3, C),
the majority of Cux2* progenitors divided symmetrically to generate pairs of RGCs,
whereas Cux2™ progenitors preferentially underwent neurogenic divisions (Fig. 3, D). We
conclude that at early stages of corticogenesis, Cux2* RGCs fated to generate upper layer
neurons preferentially proliferate to enlarge the precursor pool, while Cux2™ RGCs already
generate lower layer neurons.

We next asked whether the generation of distinct neuronal subtypes is an intrinsic property
of the two different progenitor types. Dissociated cortical cells from Cux2-Cre;Ai9 embryos
were cultured until they differentiated and were stained with layer specific markers (Fig. 4,
A and C). The in vivo situation was recapitulated in vitro, with ~80% of the Cux2*
progenitors generating neurons with upper layer identity (Fig. 4, B) and the majority of the
Cux2~ progenitors producing neurons with lower layer identity (Fig. 4, D). Thus, the
neurogenic differences between the two progenitor populations are maintained outside their
normal developmental niche, indicating an intrinsic aspect to their divergent fate
specification. This result also suggests that birthdate may not be causative to cell fate. To
test this hypothesis, we electroporated dominant-negative TCF4 into Cux2* RGCs to force
their premature cell cycle exit (19), so that they generated neurons at the expense of self
renewal (fig. S4). These prematurely generated Cux2* neurons still preferentially occupied
upper layers (Fig. 4, E and F) and expressed upper layer, but not lower layer, markers (Fig.
4, G-1), indicating that their fate was not altered by the change in birthdate. Thus, Cux2*
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RGCs are intrinsically specified to generate upper layer neurons, independent of niche or
birthdate.

Our data show that a subset of RGCs are specified to generate upper layer neurons
regardless of birthdate, but these progenitors are intrinsically programmed to generate
neurons predominantly later than their lower layer counterparts. Thus, contrary to the
prevailing model (2), our study indicates that molecular fate specification ensures proper
birth order, rather than vice versa. Our data also suggest that the minor fraction of callosal
projection neurons found in lower layers are derived from the same RGC pool as the major
population of callosal neurons in upper layers, demonstrating a common lineage for these
functionally similar neurons, irrespective of cortical layer position. Although this model
applies to the broad RGC subclasses that generate intracortical vs. subcortical/subcerebral
projections neurons, it remains possible that the potential of Cux2* and Cux2~ progenitors is
subsequently progressively restricted to further specify neuronal subtypes within the two
lineages.

Upper cortical layers are expanded in primates and are required for high-level associative
connectivity. Defects in their function are implicated in the etiology of cognitive syndromes
such as schizophrenia and autism. The subventricular zone of primates, and especially in
humans, is enlarged compared to other species and contains outer subventricular RGCs that
are thought to generate increased numbers of upper layer cortical neurons in the primate
brain (20). Our findings suggest that an equally important evolutionary advance was the
subdivision of labor amongst RGCs in the ventricular zone to generate lower and upper
layer neurons.
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Fig. 1. Expression of Cux2 in a subset of RGCs suggests multiple progenitor types
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Cux2-Crex Ai9 Reporter
P1OJY,

tdTomato DAPI

(A and B) In situ hybridization shows Cux2 mRNA at P7 (A) and E14.5 (B). Arrows
indicate expression in a subset of ventricular zone cells. (C and D) Cumulative fate mapping
of the Cux2 lineage in Cux2-Cre;Ai9 mice at P10 (C) and E14.5 (D). Arrows indicate
recombination in a subset of ventricular zone cells. (E and F) Recombination in Pax6* (E)
and nestin* (F) RGCs. (G) Recombination in Tbr2* intermediate progenitors (arrowheads)
and Thr2™ RGCs (arrows) in the ventricular zone. (H) Recombined mitotic cells dividing at
the ventricular surface. (1) Live imaging of a slice culture from a Cux2-Cre;Ai9 embryo
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showing a recombined RGC (arrow) undergoing interkinetic nuclear migration and dividing
at the ventricular surface (dotted line). Arrowheads, apical and basal radial processes. LV,
lateral ventricle; SVZ, subventricular zone; VVZ, ventricular zone. Scale bars, 100 pm (C and
D) and 10 um (E-H).
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Fig. 2. RGCs of the Cux2 lineage are fated to generate upper layer neurons
(A) Temporal fate mapping by in utero electroporation. Upon in utero electroporation into

Cux2-Cre embryos, CBA-FLEX drives differential expression of tdTomato and eGFP in
Cux2™ and Cux2* cells, respectively. (B) Electroporation of CBA-FLEX at E12.5, analysis at
E13.5. Arrows identify cells in the ventricular zone that have recombined the plasmid. (C)
Electroporation at E12.5, analysis at P10. (D) Percentage (+ SEM) of electroporated GFP*
and tdTomato™ neurons in upper vs. lower layers at P10. *, P < 5E-4. (E) Temporal fate
mapping by tamoxifen induction. Cux2- CreERT2 mice allow temporary activation of
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CreERT2 in the Cux2™ lineage within 6-24 hr after tamoxifen injection. CreERT2 activates
the Ai9 reporter to allow permanent tdTomato labeling during this window, but not before or
after. (F) E10.5 induction, P10 analysis of a Nestin- CreERT2 line, which drives
recombination in Cux2* and Cux2~ RGCs. Dotted lines frame Cux1 expression in upper
layers. (G) E10.5 induction, P10 analysis of the Cux2-CreERT2 line. (H) Percentage (+
SEM) of recombined neurons in upper vs. lower layers for each driver. *, P < 1E-10. CP,
cortical plate. Scale bars, 100 pm.
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Fig. 3. During early neurogenesis, Cux2* progenitors are mainly proliferative, while Cux2™
progenitors are neurogenic
(A) Cux2-Cre;Ai9 embryos injected with BrdU to label S-phase cells at E12.5, then

immunostained at E13.5 for BrdU and the proliferation marker Ki67. High magnifications of
boxed areas at right show cells that exit (BrdU*Ki67~) or re-enter (BrdU*Ki67*) the cell
cycle within 24 hours. tdTomato absence (dotted outline) and presence (solid outline)
identifies Cux2~ and Cux2* cells, respectively. 1Z, intermediate zone. (B) Percentage (+
SEM) of Cux2~ vs. Cux2* progenitors that exit the cell cycle (BrdU*Ki677). *, P < 0.01.
(C) Cortical cells from E13.5 Cux2-Cre;Ai9 embryos cultured at single-cell density for 24
hrs. Pairs of 2 nestin® RGCs indicate proliferative divisions; neurogenic divisions produce 1
or 2 Tuj1* neurons. Cux2~ and Cux2* cells were identified by absence/presence of
tdTomato (not shown). (D) Percentage (= SEM) of proliferative and neurogenic divisions in
Cux2~ vs. Cux2* cell pairs. **, P < 1E-6. Scale bars, 10 pm.
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Fig. 4. Cux2* progenitors are intrinsically specified to generate upper layer neurons,
independently of niche or birthdate

(A-D) E13.5 Cux2-Cre;Ai9 cortical cells cultured in vitro for 72 hrs and stained for Cux1
(A) or Ctip2 (C). tdTomato absence/presence identified Cux2~/ Cux2™ cells. Quantification
is percentage (= SEM) of Cux2~ vs. Cux2* cells expressing Cux1 (B) or Ctip2 (D). **, P <
0.0001. Scale bars, 10 um. (E-I) Cux2-Cre;Ai9 embryos electroporated at E13.5, analyzed at
E18.5 for laminar position and molecular identity. (E) Example image shown on left;
example schematic representation on right. UL, upper layers; LL, lower layers. Scale bar, 50
pum. (F) Cell position quantified by dividing the cortical plate into 10 equal-size bins. Graph
shows percentage (+ SEM) of electroporated Cux2~ vs. Cux2* cells in each hin. Upper layer
bins are shaded. (G and H) Immunostaining for Cux1 (G) and Thrl (H). High
magnifications of boxed areas shown at right. tdTomato absence (dotted outline) and
presence (solid outline) identified Cux2~ and Cux2* cells, respectively. Scale bars, 10 pm.
() Percentage (+ SEM) of Cux2~ vs. Cux2* cells expressing Cux1 or Tbrl. *, P < 0.02; **,
P < 0.005.
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