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Summary

Recent findings support a model for neocortical area
formation in which neocortical progenitor cells become
patterned by extracellular signals to generate a protomap
of progenitor cell areas that in turn generate area-specific
neurons. The protomap is thought to be underpinned by
spatial differences in progenitor cell identity that are
reflected at the transcriptional level. We systematically
investigated the nature and composition of the protomap
by genomic analyses of spatial and temporal neocortical
progenitor cell gene expression. We did not find gene
expression evidence for progenitor cell organisation into
domains or compartments, instead finding rostrocaudal
gradients of gene expression across the entire neocortex.
Given the role of Fgf signalling in rostrocaudal neocortical
patterning, we carried out an in vivo global analysis of

cortical gene expression in Fgfr] mutant mice, identifying
consistent alterations in the expression of candidate
protomap elements. One such gene, Mest, was predicted by
those studies to be a direct target of Fgf8 signalling and to
be involved in setting up, rather than implementing, the
progenitor cell protomap. In support of this, we confirmed
Mest as a direct transcriptional target of Fgf8-regulated
signalling in vitro. Functional studies demonstrated that
this gene has a role in establishing patterned gene
expression in the developing neocortex, potentially by
acting as a negative regulator of the Fgf8-controlled
patterning system.
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Introduction

Composed of six cellular layers, the neocortex is a modular
structure, with anatomically distinct areas devoted to different
functions (Mountcastle, 1998). Two distinct models have been
proposed for the formation of neocortical areas. The protomap
hypothesis proposes that cortical progenitor cells are
intrinsically specified early in development to contribute to a
given region, and their radially arranged neural progeny inherit
this spatial information (Rakic, 1988). An alternative
protocortex model proposes that areal identity is conferred by
signals extrinsic to the neocortex, including incoming
thalamocortical axons, with the developing cortex effectively
being a naive structure (O’Leary, 1989). Data from several
studies suggest that the protomap hypothesis may describe
early neocortical patterning, and that innervation is an
important regulator of neocortical maturation and the
maintenance of areal identity (for a review, see Grove and
Fukuchi-Shimogori, 2003).

The early formation of cortical areas, as assessed by gene
expression, occurs normally in the absence of thalamocortical
innervation, suggesting that arealisation is a process intrinsic
to the neocortex (Miyashita-Lin et al., 1999; Nakagawa et al.,

1999). Two homeobox transcription factors, Pax6 and Emx2,
are expressed in opposing rostrocaudal gradients in the
developing neocortex (Bishop et al., 2000; Mallamaci et al.,
2000). Mice carrying mutations in either Pax6 or Emx2 have
reductions in the relative sizes of the cortical areas in which
those genes are normally highly expressed, and expansions of
parts of the neocortex in which they are expressed at low levels
(Bishop et al., 2000; Mallamaci et al., 2000; Muzio et al.,
2002). A similar finding has been made in the case of another
trancription factor, COUP-TFI (Nr2fl — Mouse Genome
Informatics), which is expressed in a high caudal to low rostral
gradient (Liu et al., 2000; Zhou et al., 2001). Recent data
indicate that altering the absolute levels of Emx2 in the
developing neocortex is sufficient to alter rostrocaudal
patterning, such that caudal areas are expanded at the expense
of rostral areas (Hamasaki et al., 2004). These opposing
gradients of transcription factor expression are reminiscent of
transcription factor expression in progenitor cells in the spinal
cord and the retina (Jessell, 2000; Koshiba-Takeuchi et al.,
2000). In the developing spinal cord, combinatorial expression
of a set of transcription factors divides progenitor cells into
several discrete domains along the dorsoventral axis of the
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neural tube, with the progenitor cells in each domain giving
rise to a particular class of neuron (Briscoe et al., 2000).

Areal identity is conferred, at least in part, by extracellular
signals. Heterotopic transplantation of presumptive cortical
areas early in development results in the transplanted cortices
assuming the identity of their destination (Cohen-Tannoudji
et al.,, 1994). However, mouse neocortical tissue becomes
intrinsically specified with respect to spatial identity by
embryonic day 13, two days after the initiation of
neurogenesis, at which point it becomes refractory to
transplantation (Gitton et al., 1999). Similar findings have been
reported in the developing rat cortex (Gaillard et al., 2003). It
has been proposed that there are three potential signalling
centres around the margins of the neocortex: the anterior neural
ridge, the cortical hem and the cortical-subcortical boundary
region (Grove and Fukuchi-Shimogori, 2003; O’Leary and
Nakagawa, 2002; Ragsdale and Grove, 2001). Several BMP
family members are produced at the cortical hem, dorsal
midline and caudal cortex (Furuta et al., 1997), and there is
evidence for a role for these proteins in mediating mediolateral
patterning of the neocortex (Monuki et al., 2001), although
studies of Bmp receptor mutants suggest that the primary role
of Bmp signalling is local patterning around the dorsal midline
(Hebert et al., 2003a; Hebert et al., 2002).

Fgf8 appears to be a primary regulator of rostral areal
identity in the neocortex. Expressed initially in the anterior
neural ridge and then by progenitor cells in the rostral pole of
each cerebral hemisphere (Crossley and Martin, 1995), Fgf8 is
necessary for patterning the rostral neocortex and is capable of
repressing caudal and inducing rostral neocortical identities
(Fukuchi-Shimogori and Grove, 2001). These findings have
been confirmed in an analysis of hypomorphic FgfS mutants,
in which there is both a relative reduction in the domains of
progenitor cells expressing rostral markers and a proportional
increase in the domains of progenitor cells expressing caudal
markers, as well as a loss of the most rostral cortical structure,
the olfactory bulbs (Garel et al., 2003). Fgf8 has been proposed
to regulate area formation by repressing progenitor cell
expression of the transcription factor Emx2, which is expressed
in a high caudal to low rostral gradient (Fukuchi-Shimogori
and Grove, 2003).

Therefore, a current model for cortical area formation
proposes that signalling centres co-ordinately determine the
spatial or areal identity of a neocortical progenitor cell, which
is read out as spatially specific gene expression (O’Leary and
Nakagawa, 2002). By analogy with spinal cord development
(Jessell, 2000), neocortical progenitor cells then produce area-
specific neurons based on their positional identity. However,
little is known of the components or the nature of the proposed
progenitor cell protomap. We report the results of a genomics-
based strategy for characterising the nature and composition
of the protomap, in which we identified known and novel
rostrocaudal gradients of neocortical progenitor cell gene
expression.

Given the role of Fgf8 signalling in rostrocaudal patterning
in the neocortex, we proposed that protomap components
would alter their expression in response to changes in Fgf
signalling. Therefore, we studied the transcriptional
consequences of forebrain-specific loss of Fgf receptor 1
(Fgfrl) function during the period of Fgf8-regulated patterning
in the neocortex, as the abnormalities in cortical development

Research article

in these animals are very similar to those occurring in Fgf8
hypomorphic mutants (Garel et al., 2003; Hebert et al., 2003b).
In Fgfrl mutant mice, a subset of the proposed protomap genes
change in expression in a manner consistent with their positive
and negative regulation by Fgf§8-mediated signalling. One
gene, Mest (also known as Pegl), was identified by those
analyses as a strong neocortical patterning candidate gene, as
in addition to its rostral expression and Fgf regulation in vivo,
we found that Mest expression is directly induced by Fgf8
signalling in neocortical explant cultures. Anatomical and
genomic analysis of mice mutant for Mest/Pegl identified
significant alterations in patterned gene expression in the
developing neocortex. Therefore, we propose that the early
neocortical protomap is composed, at least in part, of gradients,
rather than domains, of gene expression along the rostrocaudal
axis that are regulated by an Fgf signalling system.

Materials and methods

Expression profiling

Neocortices were dissected from the forebrains of embryos at
embryonic day (E) 11.5 or E13.5. All animal handling was carried out
within UK Home Office guidelines. Tissues were pooled from groups
of embryos and RNA extracted by the guanidinium-acid phenol
method [Trizol, Invitrogen (Chomczynski and Sacchi, 1987)]. This
RNA was used to make double-stranded cDNA and was amplified
with the SMART method (Matz et al., 1999) (Clontech). The resulting
cDNA was used to synthesise fluorescently labelled microarray
probes and to probe microarrays as described (Livesey et al., 2000).
Microarrays were constructed using a library of 22,000 65-mer 5’
amino-linked oligonucleotides (Sigma-Genosys/Compugen Mouse
Oligolibrary), printed on Codelink slides (Amersham) using a QArray
microarraying system (Genetix, UK).

Microarray data analysis

Hybridised microarrays were scanned on a GenePix 4000B
microarray scanner (Axon Instruments) and the resulting images were
analysed with GenePix 5 array analysis software. Image data were
archived and analysed in the Acuity system (Axon Instruments).
Individual arrays were lowess normalised by individual printing block
to correct for both intensity and position-dependent variations in
expression measurements. Data from each hybridisation were filtered
to remove array features that were not detectable significantly above
local background. To identify reproducible rostrocaudal differences in
gene expression, all hybridisations were carried out as dye-swapped
technical replicates. For statistical analysis, data from these technical
replicates were inverted and the average value of each pair of
hybridisations was used in subsequent analyses. The significance
analysis of microarrays (SAM) algorithm was used to identify
significant rostracaudal differences in expression, using a false
discovery rate (FDR) cutoff of 5% (Tusher et al., 2001). Statistical
analysis of expression data from the rostral/middle/caudal screen and
the Fgfrl and Mest mutant cortices was carried out using the -test
algorithm implemented in Acuity. Data from each analysis were
stored in Acuity and subsequently analysed by hierarchical and k-
means cluster analysis. Gene ontology annotation was assigned to
gene sets using the online FatiGO tool (http://www.fatigo.org/) (Al-
Shahrour et al., 2004). The complete microarray datasets were
deposited in the NCBI Gene Expression Omnibus (GEO) data
repository (http://www.ncbi.nlm.nih.gov/projects/geo/index.cgi), with
accession numbers: GSE2854-GSE2858.

Analysis of gene expression in mutant mice

The dorsal telencephalon was dissected from subcortical structures
from single embryos of a litter of E12.5 Fgfr] conditional mutant
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mice (Hebert et al., 2003b), RNA was extracted, and cDNA
synthesised and amplified using the SMART system. To control for
differences in gene expression due to the presence of the modified
Fgfrl allele and Foxgl heterozygosity, gene expression was compared
among single embryos of two key genotypes, Foxgl*C"¢; Fgfr1*/" and
Foxgl*/C: FgfrI™#; that is, heterozygous and homozygous Fgfrl
mutants. A total of nine different pair-wise hybridisations was carried
out, four of which were dye-reversed relative to the other five. For the
Pegl1/Mest analysis, cortices were dissected from null and wild-type
littermate embryos at E12.5, and cDNA synthesised and amplified
from tissues from single embryos using the SMART system. As Mest
is a paternally imprinted gene, gene expression was compared
between functional null and wild-type tissues.

In situ hybridisation

Non-isotopic in situ hybridisation to whole-mount embryos and
parasagittal embryo sections was carried out as described (Brent et
al., 2003). Probes were prepared from cDNA clones for the genes
studied, selected from a Brain Molecular Anatomy Project clone set
(kind gift of Dr Bento Soares, University of Iowa). All clones were
sequenced and compared to GenBank sequences using BLAST to
confirm clone identity. For genes not represented in that set, PCR
primers were designed to amplify approximately 1 kb in the 3’ region
of the corresponding RefSeq cDNA, the amplicons were cloned into
TA cloning vectors (Invitrogen) and the inserts sequenced. Whole-
mount in situ hybridisation was carried out as described using the
same probes as were used for sections (Bao and Cepko, 1997).
Fluorescent in situ hybridisation was carried out using Tyramide
Signal Amplification (TSA; Perkin Elmer) according to the
manufacturer’s instructions with minor modifications. Cy3- and Cy5-
labelled hybridisation probes were visualised using the Axon 4000B
microarray scanner.

Neocortical explant culture and real-time PCR

Explants of the middle third of the E11.5 neocortex were dissected
free of surrounding tissues and placed on polycarbonate filters floating
on serum-free medium consisting of DMEM/F-12 and the
supplements B-27 and N2 (Invitrogen), to which poly-L-glutamine
and heparin were added. At least two explants were cultured on each
filter. Recombinant mouse Fgf8b (R&D Systems) was added to a
concentration of 10 ng/ml. Explants were harvested 4 hours after Fgf8
addition, RNA extracted (Trizol, Invitrogen) and cDNA synthesised
by oligo-dT priming. Real-time PCR was carried out on a Roche
LightCycler according to the manufacturer’s instructions. Expression
of each gene was calculated relative to that of the mRNA for the
abundant ribosomal protein rpS17 in the same sample and in three
independent experiments.

Bioinformatics

Mest homologues were identified by BLAST comparison of the
mouse and human Mest protein sequences to the predicted proteins
encoded by the other genomes shown (see text and figures), using
Ensembl and the public Caenorhabditis elegans and Drosophila
melanogaster genome databases (FlyBase and WormBase). The best-
scoring hits were compared by BLAST back against the mouse
genome to confirm the true homologue of Mest in each organism.
Multiple sequence cluster analysis was carried out by ClustalW on the
EBI server.

Results

A genomics strategy for identifying components of
the neocortical protomap

Little is known about spatial differences in gene expression
across the field of neocortical progenitor cells. The majority of
the few known spatial differences have been described along
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the rostrocaudal (anteroposterior, or long) axis of the
neocortex, and include genes encoding the transcription factors
Pax6, Emx2, Lhx2 and COUP-TFI (Bishop et al., 2000;
Donoghue and Rakic, 1999b; Liu et al., 2000; Mallamaci et al.,
2000; Monuki et al., 2001; Zhou et al., 2001). Similarly, the
majority of described spatial gene expression patterns in the
adult neocortex are organised along the rostrocaudal axis, such
as those for Cadherin8 and EphrinAS (Mackarehtschian et al.,
1999; Nakagawa et al., 1999), reflecting the anatomical
organisation of the primary motor, sensory and visual areas in
a rostrocaudal series. Therefore, we designed a screening
strategy to identify genes with differential expression along the
rostrocaudal axis of the neocortex (Fig. 1). As many of the
genes involved in patterning progenitor cell populations in the
neocortex and other parts of the nervous system are expressed
in domains that include one boundary or edge of the tissue, we
designed the initial screen to compare gene expression at the
rostral and caudal poles of the neocortex.

To identify genes with spatial differences in expression in
the developing neocortex, we used oligonucleotide microarrays
representing over 22,000 of the genes expressed from the
mouse genome. We analysed differences in rostrocaudal
neocortical gene expression prior to the arrival of the
thalamocortical afferents to the cortex, and at the onset and in
the early phases of neurogenesis (Molnar et al., 1998;
Takahashi et al., 1999). In order to systematically characterise
rostrocaudal differences in gene expression, we performed a
detailed comparison of rostral and caudal pools of E11 and E13
neocortex, applying the strategy illustrated in Fig. 1. Two
different strains of mice, one inbred (C57Bl/6), the other
outbred (MF1), were used to control for strain-dependent
variations in patterns of gene expression (Pavlidis and Noble,
2001; Sandberg et al., 2000). For each strain at each timepoint,
three sets of pooled rostral and caudal tissue were collected
from single litters. Gene expression screens were carried out
within single litters to match embryos by developmental age
as closely as possible. Individual pools contained material from
the left and right cortices of at least two embryos, to correct
for variation among dissections. Given the limited amount of
RNA available when using such a screening strategy, the
corresponding cDNA was amplified using the SMART system
to generate enough material for synthesising array probes
(Matz et al., 1999), as has been used successfully for our
previous studies (Livesey et al., 2000; Livesey et al., 2004).

To assess the efficacy of the screening strategy, we
investigated the expression of a set of known differentially
expressed genes in our dataset: Pax6, Emx2, Lhx2, COUP-TFI
and Sfrpl. All five genes are represented on the array, and four
were reliably detected by the arrays, with all four (Pax6, Lhx2,
Sfrpl and COUP-TFI) demonstrating the predicted expression
patterns (Fig. 1B). Emx2 was detected in a subset of four
arrays, and was detected as caudally expressed in all four (data
not shown). Thus, the array strategy accurately identified the
majority of known protomap components. Statistical analysis
of the array data, both within and across timepoints, identified
marked rostrocaudal differences in gene expression at each
age, including temporally stable differences in gene expression
between the rostral and caudal neocortex (Fig. 2).

Given the three rostrocaudal domains of gene expression
observed in the adult neocortex within neurons (Bishop et al.,
2000; Garel et al., 2003; Nakagawa et al., 1999), one
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possibility is that the progenitor cells that generate those
neurons are themselves organised into the three rostrocaudal
domains reflected in their gene expression. In order to look for
genes differentially expressed between the rostral, middle and
caudal neocortex, we carried out a further expression screen at
E13.5, dissecting the neocortex into thirds along the
rostrocaudal axis (Fig. 2), and collecting three pools of rostral,
middle and caudal tissue. Each pool contained tissue from four
different embryos. Gene expression was compared between
each pair of groups (rostral versus middle; middle versus
caudal; rostral versus caudal) in a set of 18 independent
hybridisations. Although we found many genes to be
differentially expressed in rank order between the rostral,
middle and caudal thirds, consistent with graded expression
along the rostrocaudal axis, we did not find any genes with
significant peaks or troughs of expression in the middle of the
neocortex.

Differential expression between the rostral and caudal thirds
of the neocortex could occur for a number of reasons, including
as a result of genes with spatial differences in the expression

A

Fig. 1. A genomics-based investigation
into the nature and composition of a
neocortical protomap successfully
identified genes with described spatial
differences in expression. (A) Strategy
for a genomics-based identification of
protomap components. Rostral and
caudal thirds of the neocortex were
dissected from mouse embryos at two
ages (E11.5 and E13.5) in both inbred
and outbred strains. Comparison of
gene expression between rostral and
caudal tissue was carried out within
single litters of embryos to reduce
variability in the developmental stages
of embryos. In addition to spatial gene
expression, the same samples were also
used to analyse temporal changes in
gene expression. (B) Screen efficacy
was demonstrated by the successful

Spatial expression:
Compare rostral and
caudal tissue
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in progenitor cells or neurons, the developmental gradient
across the neocortex and the differing ratio of neurons to
progenitor cells along the rostrocaudal axis (related to the
developmental gradient). An analysis of temporal changes in
gene expression in the neocortex over the period studied here
demonstrated some overlap between spatially and temporally
expressed transcripts, as had been expected (data not shown).

Genes expressed differentially between the rostral
and caudal neocortex are expressed in gradients
across the neocortex

A secondary in situ hybridisation screen was carried out to
confirm differential expression along the rostrocaudal axis, to
assign expression to cell types (progenitor cells, newly born
neurons, differentiated neurons) and to assess the nature of the
rostrocaudal expression pattern (graded expression or discrete
domain of expression). Thirty-eight genes were selected for
this secondary expression screen according to two criteria: the
rank g-value of differential expression in the combined
E11.5/E13.5 dataset, as calculated by SAM (qg-values

-
-

Collect rostral and caudal thirds
of neocortex
- at two ages (E11 and E13)

- ininbred and outbred strains

Temporal expression:
Compare tissue
across timepoints

Analyse and select candidates for

secondary in situ hybridisation screen

identification of almost all of the genes
that have been previously described as
having differential rostrocaudal
expression, including COUP-TFI, Lhx2,
Sfrpl and Pax6. Plots of gene
expression ratios (expressed in base 2)
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approximate to false discovery rates), and functional factors and signalling pathway components were prioritised for
annotation. In the case of functional annotation, a thorough the secondary screen.

bioinformatics annotation of all of the differentially expressed Of the set of 38 genes selected by these criteria, including
genes was carried out (data not shown). For putative protomap those encoding the transcription factors Klif3, COUP-TFIL
components, by analogy with other systems, transcription (Nr2f2 — Mouse Genome Informatics), Heyl, Tcf4 and Fez-

€57 MF1
—
= Genes include:
= Mest, KIf3, Tweety,
= FGF15,05F1, Sfip1,
= Ephrin B2
& Genes include:
COUP TFI, EphA3, 1db3,
5 Pecanex, Cbx3,Bmp4

C57

Fig. 2. Comprehensive identification of genes A
demonstrating differences in expression along

the rostrocaudal axis of the developing Caydally enriched trapsc
neocortex. (A) Rostrocaudal gene expression 5 2
differences in the neocortex at E11.5. Scatter
plot of observed gene expression ratios against
expected ratios, as calculated using the
significance analysis of microarrays algorithm
(SAM, see text for details). (B) Clustering of R s
genes from A with rostrocaudal expression

differences at E11.5 passing a 5% false 5
discovery rate cutoff in SAM. Each column C Brpacted
represents a single microarray and each row
expression data for a single gene. Alternate
microarrays are dye-swaps (technical replicate)
of the preceeding microarray, the ratios of
which have been reversed. The 10 microarrays
shown here represent five dye-swapped pairs,
and the analysis of five separate samples of
rostral and caudal neocortical tissue. The
numbers of rostral and caudal genes identified
are indicated in brackets. By convention, Elbected

positive differences in expression E ® F
(upregulation) are represented in red, and ’
negative differences (downregulation) in green, E
with the colour intensity reflecting the
magnitude of the underlying expression ratio.
(C) Rostrocaudal gene expression differences at
E13.5. Scatter plot of observed gene expression 5
ratios against expected ratios, as calculated
using the significance analysis of microarrays
algorithm (SAM, see text for details). E11&E13
(D) Clustering of genes from C with Expacted

rostrocaudal expression differences at E13.5

passing a 5% false discovery rate cutoff in G
SAM. (E) Combined analysis of E11.5 and

E13.5 data. Scatter plot of observed gene

expression ratios against expected ratios, as

calculated using the significance analysis of
microarrays algorithm (SAM, see text for

details). (F) Clustering of genes passing 5%

false discovery rate cutoff in SAM from E.
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like, spatial differences in expression were confirmed for 23
genes, of which 10 were expressed rostrally and 13 caudally
(Fig. 3; Table 1). All of these genes were expressed in clear
rostrocaudal gradients across the field of progenitor cells (Fig.
3). The transcription factor KIf3 is expressed in a rostrocaudal
gradient extending throughout the neocortex before the onset
of neurogenesis, in a pattern consistent with that of a gene
encoding positional information in neocortical progenitor
cells. By contrast, Mest/Pegl is expressed in a rostrocaudal
gradient at E11 that has retracted by E13, which is suggestive
of a gene encoding a protein in a pathway for setting up the
initial domains of gene expression in the rostral neocortex.
Conversely, the transcription factors Hey1, Fez-like and Tcf4
are all expressed in high caudal to low rostral gradients.

We also studied the expression of three genes whose
expression we predicted to reflect the neurogenetic gradient,
based on their temporal and spatial expression: Fabp7, GLAST
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(Slcla3 — Mouse Genome Informatics) and pleiotrophin. All
three of these genes are expressed in rostrocaudal gradients at
both E11.5 and E13.5, with the expression gradient expanded
at E13.5 relative to E11.5 to extend along the entire
rostrocaudal length of the neocortex (Fig. 3). This pattern of
expression is consistent with the neurogenetic gradient and
contrasts with that of KIf3, which is expressed in a temporally
stable high rostral to low caudal gradient that extends
throughout the neocortex at E11.

We did not find compelling evidence for discrete spatial
groups of progenitor cells (based on their shared combinatorial
expression of genes with restricted domains of expression), as
seen in the developing spinal cord (Briscoe et al., 2000). To
investigate this directly, we carried out two-colour, fluorescent
in situ hybridisation for pairs of caudally expressed genes at
both E11.5 and E13.5 (data not shown). As suggested from the
initial in situ hybridisation screen, there was little evidence for

A Rostral genes

Rostral — Caudal

Fig. 3. Spatial gene expression
across the field of neocortical
progenitor cells is in gradients,
rather than discrete domains.
(A) Expression of rostrally
enriched transcripts in
neocortical progenitor cells at
E11.5 and E13.5. In situ
hybridisation on 14-pwm
parasagittal sections at each

Rostral — Caudal

B Caudal genes

Rostral — Caudal

Rostral +—— Caudal

Fez-like

age. Rostrocaudal orientation Tweety w
and gene identifiers are as
indicated. (B) Expression of
caudally enriched transcripts at c
E11.5 and E13.5.
E11.5

(C) Expression of genes
predicted from array analyses
as temporally regulated and ( )
correlating with the i o
neurogenetic gradient. Both \-ﬂ*v J i
genes are expressed rostrally FZ\BF’?'W P
initially (E11.5) and

Rostral ¢ Caudal

E13.5

Rostral 4= Caudal

Neurogenesis genes
E11.5

Rostral 4= Caudal

E13.5

Rostral = Caudal

subsequently (E13.5)

expression spreads caudally.
(D) Whole-mount in situ
hybridisation for caudally
enriched transcripts. With the
exception of the EphA3 whole-
mount, which was carried out
at E12, the embryos are all
E11.5. Genes are as labelled in
each panel. Arrow indicates
rostral forebrain expression.
Scale bars: 0.5 mm.

Fez-like




-
=
o)
=
o

=
©
=
o

A

domains or compartments of neocortical progenitor cells, as
defined by gene expression.

Many transcription factors and signalling proteins
are differentially expressed along the rostrocaudal
axis during early neocortical development

The set of differentially expressed genes appears to be
functionally diverse, as it includes genes encoding
transcription factors, cell surface proteins and signalling
molecules, as well as many unannotated genes. At each
timepoint, over half of the differentially expressed transcripts
encode unannotated genes that encode mRNAs for which there
are considerable expressed sequence tag (EST) or full-length
cDNA data, underlining the importance of previously
unstudied genes in cortical development. To analyse the
functional breakdown of the known genes in more detail, we
assigned Gene Ontology (GO) annotation to all genes for
which it is currently available (data not shown). Notably, genes
involved in transcriptional regulation and neurogenesis are
highly represented.
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Particularly noteworthy is the considerable number of
differentially expressed transcription factors. A large set of
transcription factors are expressed in high caudal to low rostral
gradients, with Lhx2, Emx2, COUP-TFI, COUP-TFII, Heyl,
Tcf4 and Fez-like all showing this expression pattern.
Conversely, there are several transcription factors expressed in
a high rostral to low caudal gradient, including Klf3, Pax6,
Irx1, Etv5 (ERM) and Etvl (ERF/ER81). All of the rostral and
caudal transcription factors studied are expressed in neocortical
progenitor cells in gradients that extend the entire length of the
neocortex.

In addition to transcription factors, there is a marked
enrichment of extracellular signalling molecules and key
components of their intracellular signalling pathways in both
rostral and caudal neocortex. Caudal neocortex shows high
expression of two bone morphogenetic proteins, Bmp2 and
Bmp4, as well as Tgf33 and a key transcriptional regulator in
the Bmp pathway, Smad5. Furthermore, there is high caudal
expression of both Lefl and Tcf4, key factors in the Wnt
pathway that also integrate signals from different pathways. In

Table 1. Genes identified by the genomics screens and confirmed as being differentially expressed

Expression  g-value
Accession Unigene Name ratio (%) Stage Reference
Rostral genes
NM_007666 Mm.57048 Cadherin 6 1.17 0.30 Ell and E13 Bishop et al., 2000; Bishop et al., 2002
NM_010024 Mm.19987 Dopachrome tautomerase 1.62 0.30 Ell and E13 Guyonneau et al., 2002; Steel et al., 1992
AY036118 - Ewl (ErflIERSI) 1.22 1.62 El3 Fukuchi-Shimogori and Grove, 2003
AY004174 Mm.155708 Etv5 (ERM) 1.39 0.30 Ell and E13 Fukuchi-Shimogori and Grove, 2003
NM_008003 Mm.3904 Fgfl5 1.66 0.63 Ell McWhirter et al., 1997
NM_010329 Mm.2976 Glycoprotein 38 1.45 0.63 Ell +
NM_008453 Mm.221757 Kruppel-like factor 3 (KIf3) 1.29 245 Ell +
NM_008590 Mm.335639 Mest 1.73 0.30 Ell and E13 +
NM_009717 Mm.5106 Math2 1.15 5.04 El3 Schwab et al., 2000
NM_013627 Mm.3608 Pax6 1.18 1.76 Ell and E13 +; Bishop et al., 2000
NM_008901 Mm.56946 Pou3f4/Brn4 1.25 0.63 Ell Heydemann et al., 2001
NM_009052 Mm.336245 Reduced expression 3 1.23 1.76 Ell and E13 +
NM_020599 Mm.41653 Retinaldehyde binding 1 1.78 0.28 El3 +
NM_013834 Mm.281691 Sfrpl 2.10 0.30 Ell and E13 Leimeister et al., 1998
NM_011897 Mm.89982 Sprouty homolog 2 1.35 0.28 El13 +; Minowada et al., 1999
NM_021324 Mm.29729 Tweety homolog 1 1.32 0.30 Ell and E13 +
Caudal genes
NM_007585 Mm.238343 Annexin A2 1.38 0.90 Ell and E13 +
NM_007553 Mm.235230 Bmp?2 1.11 0.74 Ell and E13 Furuta et al., 1997
NM_007554 Mm.6813 Bmp4 1.09 2.80 Ell and E13 Furuta et al., 1997
NM_009866 Mm.1571 Cadherin 11 1.18 5.04 El13 Nakagawa et al., 1999
NM_007624 Mm.280968 Chromobox homolog 3 1.26 0.63 Ell +
M68513 Mm.1977 Eph receptor A3 1.57 0.30 Ell and E13 +
NM_007936 Mm.3249 Eph receptor A4 1.21 0.30 Ell and E13 +
AB042399 Mm.34644 Fez-like 1.18 0.54 Ell and E13 +; Matsuo-Takasaki et al., 2000
M23362 Mm. 16340 Fgfr2 1.41 3.40 Ell and E13 Hebert et al., 2003b
NM_010423 Mm.29581 Heyl 1.32 - Ell and E13 +
NM_010496 Mm.34871 1db2 1.15 0.30 Ell and E13 Jen et al., 1997
NM_008321 Mm.110 1db3 1.48 0.30 Ell and E13 +; Jen et al., 1997
NM_010710 Mm. 142856 Lhx2 1.33 0.30 Ell and E13 Nakagawa et al., 1999
AJ296304 - Lmol/Rhombotin 1 1.63 0.28 E13 Rabbitts and Boehm, 1990; Bulchand et al., 2003
U28068 Mm.4636 Neurodl 1.34 0.30 Ell and E13 +
NM_010151 Mm. 14297 Nr2fl1 (COUPTFI) 1.81 0.28 El3 Garel et al., 2003
NM_009697 Mm.270109 Nr2f2 (COUPTFII) 2.81 0.30 Ell and E13 +
NM_011856 Mm.40599 0dd Oz/ten-m homolog 2 1.68 0.30 Ell and E13 Zhou et al., 2003
D87034 Mm.254610 0Odd Oz/ten-m homolog 4 1.33 0.30 Ell and E13 Zhou et al., 2003
NM_026211 Mm.45233 RIKEN 2400003B06 gene 1.27 0.63 Ell +
NM_018804 Mm.259316 Synaptotagmin 11 1.24 0.74 Ell and E13 +
NM_013685 Mm.4269 Tcf4 1.25 0.30 Ell and E13 +
NM_011594 Mm.206505 Timp2 1.26 0.30 Ell and E13 +

+, denotes in situ hybridisation confirmation carried out for this report.
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rostral neocortex, Fgfl5 and the Wnt antagonist Sfrpl are
highly expressed. Notably, sprouty 2 and Spredl, negative-
feedback regulators of Fgf signalling, are also highly expressed
at the rostral pole of the neocortex. The presence of Fgfl5,
Sprouty2 and Spredl, along with the Ets transcription factors
Etv5 and Etvl, is indicative of the active Fgf signalling taking
place around the rostral midline of the neocortex at this time
in development (Fukuchi-Shimogori and Grove, 2001;
Fukuchi-Shimogori and Grove, 2003; Storm et al., 2003).

The expression of putative protomap components is
regulated by Fgf signalling in the developing
neocortex in vivo

Fgf8 signalling has a central role in controlling neocortical
pattern formation, as it is capable of both inducing rostral and
repressing caudal neocortical identities (Fukuchi-Shimogori
and Grove, 2001; Fukuchi-Shimogori and Grove, 2003; Grove
and Fukuchi-Shimogori, 2003; Ragsdale and Grove, 2001). In
agreement with this, the expression gradients of caudally
expressed genes are shifted rostrally in the neocortex of Fgf8
hypomorphic mutants (Garel et al., 2003). Genes encoding
protomap components that are regulated by Fgf signalling
should change their expression pattern in predictable ways
upon altering cortical Fgf signalling, and this would serve to
confirm their involvement in neocortical patterning. To
investigate this, we took an unbiased approach to identify gene
expression changes in the neocortex in response to altered Fgf
signalling. Fgfrl mutant mice have a very similar phenotype
to that of the Fgf8 hypomorphic mutant, most notably the loss
of the olfactory bulbs (Garel et al., 2003; Hebert et al., 2003b).
Therefore, we carried out a global analysis of changes in gene

Fig. 4. Candidate protomap genes
are up- and downregulated in Fgfrl
mutant cortices in a manner
consistent with their predicted
regulation. (A) Cluster of genes up-
and downregulated in the

FGFR1 null/het

Research article

expression in the dorsal telencephalon of forebrain-specific
Fgfrl mutant mice. Gene expression was compared between
the dorsal telencephalons of single E12.5 embryos of two key
genotypes: Fgfrl heterozygous and homozygous mutants that
were both heterozygous for the Foxgl transcription factor, as
Cre recombinase expression is driven off the endogenous
Foxgl locus in these animals (Hebert et al., 2003b; Hebert and
McConnell, 2000). Comparing FoxgI heterozygous null tissues
controlled for possible changes in cortical gene expression due
to Foxgl heterozygosity. Comparisons were carried out at
E12.5, as this developmental stage is early in the neurogenetic
period, precedes the arrival of incoming thalamocortical axons
and falls between the two stages at which we carried out the
spatial expression screen.

Statistically significant differences in expression between
the two genotypes were identified, including both up- and
downregulated transcripts (Fig. 4). Notably, among the genes
whose expressions were altered in the homozygous null
mutants were three Ets-domain transcription factors, Etvl,
EtvS and ELF2A2, found rostrally expressed in the array
screen (Fig. 4). Two of these, Etvl and Etv5, have been shown
to be regulated by Fgf8 in vivo (Fukuchi-Shimogori and Grove,
2003). In addition, several other rostrally expressed candidate
protomap genes, including Mest/Pegl and Tweety, were
downregulated in the Fgfrl mutant cortex. Conversely,
caudally expressed proposed patterning genes, most notably
the transcription factors COUP-TF1 and Tcf4, were
upregulated in the Fgfrl mutant cortex (Fig. 4).

A striking additional finding in the Fgfrl/ E12.5 mutant
cortex was the significant upregulation of expression of a set
of neurogenic genes, including many normally expressed in
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conditional Fgfr! mutant dorsal
telencephalon at E12.5. Nine
independent comparisons of gene
expression between single
homozygous and heterozygous null
mutant embryos were carried out
and the data analysed by #-test to
identify reproducible differences in
expression between those two
genotypes. (B) Examples of the
expression in the Fgfr/ mutant
cortex of genes normally expressed
caudally (green) and rostrally (red)
in the E13 neocortex. Caudal genes
are upregulated, whereas rostral
genes are downregulated in the
Fgfrl E12.5 mutant cortex. Average
log base 2 (mean from nine
independent hybridisations) gene
expression values are shown. Gene
names are as indicated: Osrl, odd-
skipped related 1; Dct, dopachrome tautomerase. (C) Neurogenic genes and genes expressed in differentiating neurons are upregulated in the
Fgfrl mutant E12.5 neocortex. Genes shown include a neurogenic gene expressed in progenitor cells (neurogenin 2), transcription factor genes
expressed in differentiating neurons (Neurod, Mytll, Tbrl, Tbr2, Lmol) and genes expressed in differentiated neurons (Epha3, alpha-synuclein,
chromogranin B, Snap25).
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differentiating neurons (Fig. 4). These genes include several
transcription factor genes, such as Neurodl (Schwab et al.,
1998), Mytl-like (S. Rahman and FJ.L., unpublished) and
Tbr2 (Bulfone et al., 1999), that are all expressed in newly
born, differentiating neurons. The coherent upregulation of this
set of genes suggests that, in addition to the changes in spatial
gene expression, there is an increase in neurogenesis and neural
differentiation in the E12.5 Fgfrl mutant cortex.

Expression of Mest, a candidate protomap
component gene, is directly regulated by Fgf8
signalling
Given the effects of loss of Fgfrl function in the developing
cortex (see above) (see also Hebert et al., 2003b), Fgf
signalling may indirectly regulate neocortical pattern
formation by regulating progenitor cell proliferation or neural
differentiation. Alternatively, Fgf8 regulation of progenitor cell
gene expression may involve an intermediary signal or cell
type, such as the cortical hem (Shimogori et al., 2004). To
address these questions, we used an in vitro explant culture
system to investigate whether neocortical progenitor cell
expression of a candidate gene for formation of the protomap,
Mest/Pegl, as well as that of several other previously described
protomap genes, is directly regulated by Fgf8 (Fig. 5).
Expression of a set of six genes, including known (COUP-
TF1, Emx2, Pax6) and novel potential protomap components
(Mest, KIf3, Heyl), was studied following brief (4 hour) Fgf8
treatment of neocortical explants in defined media in vitro.
Real-time PCR analysis of the expression levels of the three
rostrally expressed genes, Etv5/ERM, Mest and Pax6, found
an Fgf8-induced upregulation of expression of all of these
genes within 4 hours. Conversely, of the three caudally
expressed genes examined, COUP-TF1, Heyl and Emx2, only
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COUP-TFI expression was significantly repressed in
neocortical progenitor cells within four hours of Fgf8
exposure. At this developmental stage, the overwhelming
majority of neocortical cells are progenitor cells with a cell
cycle length of approximately 10 hours (Takahashi et al.,
1996). Together with the short time period over which these
changes occur, we conclude that Fgf8 directly regulates the
expression of Mest within neocortical progenitor cells.

In vivo loss of function of Mest results in abnormal
neocortical development, including changes in
cortical patterning

To validate the approach taken to identify protomap
components, we analysed neocortical development in mice
mutant for one of the strongest candidate neocortical patterning
genes, Mest/Pegl. Mest/Pegl mRNA 1is expressed in a
rostrocaudal gradient in neocortical progenitor cells at E11, a
gradient that has substantially retracted rostrally by E13 to
leave a relatively small region of the extreme rostral neocortex
in which progenitor cells express Mest. The rostral expression
of this gene is dependent on Fgf8 signalling, as it is
significantly downregulated in Fgfr/ mutant cortices in vivo,
and is upregulated in neocortical progenitor cells by Fgf8
treatment in vitro. Notably, adult Mest mutant mice have a
behavioural phenotype in which Mest mutant females fail to
nurture newborns (Lefebvre et al., 1998). Furthermore, there is
an unexplained increase in perinatal mortality in Mest/Pegl
mutant newborns (Lefebvre et al., 1998).

A cellular function for Mest is not suggested by homology
searches. Mest encodes a protein composed almost completely
of a hydrolase-like domain, with an amino-terminal
hydrophobic region that is predicted to act as either a signal
peptide or a transmembrane domain (Fig. 6). Such a

composition indicates that Mest is an enzyme,
but it does not indicate a subcellular
localisation or any possible substrates, as this

A Rostral
Explant Explants
« | Pol
| Polycarbonate
=t membrane
< Serdu_m-free
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Caudal
B
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. Experiment 1
. Experiment 2
. Experiment 3

Mest

COUP TFI

FGF8-induced change in expression level (log base 2)
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hydrolase fold is very common in prokaryotic
and eukaryotic proteins. However, although
the cellular function of Mest/Pegl is unknown,
this protein is highly conserved throughout its
length in vertebrates (Fig. 6). Notably, an

Fig. 5. Neocortical progenitor cell expression of
Mest is directly regulated by Fgf8 signalling.

(A) Explants of the middle third of the E11.5
neocortex were cultured on polycarbonate
membranes in defined, serum-free medium, as
shown. Two explants were used for each single
treatment. (B) Four hours of Fgf8 exposure
strongly induced the expression of Mest, Etv5 and
Pax6 and strongly repressed expression of COUP-
TF1. No significant changes in the expression of
Heyl and Emx2 were seen. Histograms of the
expression levels of all six genes relative to the
average expression level of each gene from four
control, non-Fgf8-treated experiments are shown.
Results from three independent experiments are
shown, with each experiment containing two
neocortical explants. Expression levels within each
sample were normalised to that of the abundant
transcript encoding the ribosomal protein rpS17,
whose expression does not change in this system.
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! C.elegans® conserved, vertebrate-specific
Eﬁiﬁ’éﬁgﬁh hydrolytic enzyme. (A) Phylogram of
Xenopus tropicalis the multiple sequence alignment of the
Dog predicted protein sequences for Mest
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orthologous protein cannot be found in the Drosophila or C.
elegans genomes (Fig. 6), suggesting that this particular
protein is vertebrate specific.

To analyse the effects of loss of Mest function in vivo in an
unbiased manner, we carried out a microarray analysis of gene
expression in Mest mutant cortices from single embryos
compared with single wild-type littermates at E12.5 (Fig. 7).
As Mest is an imprinted gene that is only expressed from the
paternal allele, mutants were generated by crossing males
carrying a lacZ-targeted allele in which exons 3-8 were
removed to wild-type females, as described (Lefebvre et al.,
1998). Statistically significant changes in gene expression in
the Mest mutant cortex were detected at this age (E12.5),
including the expected reduction in Mest transcript levels (Fig.
7).

To characterise the nature of the changes in expression in the
Mest mutant, we carried out an analysis of the intersection
between genes identified as showing spatial expression at E13
and those genes showing changes in expression in the Mest
mutant cortex (Fig. 7). Of the 118 rostrally expressed genes
that show altered expression in the Mest mutant cortex, 97 are
downregulated and 21 are upregulated (Fig. 7). However, the
21 upregulated genes contain many candidate rostral patterning
genes, including the Ets genes Etvi and Etv5, KIf3 and Fgfl5,
as well as other rostrally expressed genes such ephrin B2 and
ephrin AS. Section in situ hybridisation for the rostrally
expressed gene KIf3 confirmed its elevated expression in the
rostral region of the Mest mutant cortex relative to that of a
wild-type littermate (Fig. 7).

Conversely, of the 84 caudally expressed genes that show
altered expression in the Mest mutant cortex, 16 are
downregulated and 68 upregulated. However, as for the rostral
genes, the smaller set of downregulated genes includes the
candidate patterning genes Heyl, Tcf4 and Emx2 (Fig. 7). Two
conclusions can be drawn from this analysis: that there appear
to be two distinct neocortical phenotypes in Mest mutant

is not Mest but is instead a hydrolase
lacking the hydrophobic N terminus.
(B) Multiple sequence alignment of the
vertebrate Mest protein sequences
demonstrate a very high level of
conservation among the different
organisms.

embryos, one of which is an alteration in progenitor cell
patterning; and that the patterning phenotype consists of an
upregulation of rostrally expressed genes accompanied by a
downregulation of caudally expressed genes.

Array analysis indicates that Mest may act as a
negative regulator of Fgf-regulated neocortical
patterning

The genomics screen for protomap components and the
subsequent functional experiments on the Fgf regulation of
neocortical gene expression indicate that the neocortex is
patterned by Fgf-regulated gradients of gene expression.
Furthermore, analysis of neocortical gene expression in
Mest/Pegl mutant E12.5 embryos suggested that Mest/Peg1 is
a potential negative regulator of the Fgf8-controlled cortical
patterning pathway. To test this formally, we carried out a
combined analysis of the gene expression data from both the
Fgfrl and Mest mutant cortices (Fig. 8).

Statistical testing (z-test) for significant changes in gene
expression common to both genotypes found no such changes
above those expected by chance (data not shown). However,
testing for significant (P<0.05) differences in gene expression
changes between the genotypes identified 703 such genes (Fig.
8). A hierarchical cluster of those genes shows that there are
over 300 genes upregulated in the Mest mutant that are
downregulated in the Fgfr/ mutant, and conversely over 300
genes that show the opposite behaviour (Fig. 8).

The genes showing opposite behaviours in the two mutant
genotypes include several candidate rostral and caudal
patterning genes (Fig. 8). Notably, the rostral patterning genes
show a marked reversal in their expression change in the two
mutants, such that genes in this category were upregulated in
the Mest mutant and downregulated in the Fgfr/ mutant cortex.
These genes include several readouts of Fgf signalling,
including Ets genes and sprouty 2, suggesting that there is
increased Fgf signalling in the Mest mutant cortex.
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A Mest mutant/wild-type
cortex

Fig. 7. Functional analysis of a
candidate protomap component,
Mest/Pegl, reveals a role in Fgf8-
mediated patterning of rostral
cortex. (A) Gene expression changes
in the E12.5 Mest mutant neocortex.
A hierarchical cluster analysis of the
set of genes showing statistically
significant differences in gene
expression between E12.5 Mest
mutant and wild-type cortices.

(B) Changes in the expression of
genes showing higher rostral and
caudal expression in the E13
microarray screen in the Mest
mutant cortex. Note that
approximately 20% of such rostral

genes are upregulated in the Mest C s C;E
mutant and a similar percentage of 3
caudal genes are downregulated. 05 NS m
. -0. T
(C) Caudal patterning genes (red) © % ]
are downregulated and rostral 1 o F

patterning genes are upregulated 0.4

(green) in the Mest mutant E12.5
cortex. The average gene expression
change (n=6 hybridisations) for each
gene is shown. (D,E) A comparison
of KIf3 expression in E12.5 wild-
type and Mest mutant neocortex
shows marked changes in both the
level of expression and the extent of
the rostrocaudal gradient, with a
caudal shift of the gradient in the
mutant cortex. Fluorescent in situ
hybridisation on parasagittal
sections from mutant (E) and wild-
type (D) E12.5 embryos is shown,
with rostral to the left. Arrowheads
indicate the rostral region of KlIf3
expression in each section.
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Discussion

Genomics screens enable the characterisation of
the nature and composition of a neocortical
progenitor cell protomap

The existence of a protomap of neocortical progenitor cells was
first proposed over a decade ago (Rakic, 1988). Gradients of
gene expression across the field of neocortical progenitor cells
have been reported (for reviews, see Grove and Fukuchi-
Shimogori, 2003; O’Leary and Nakagawa, 2002), but a
comprehensive analysis of the spatial organisation of neocortical
progenitor cells, as reflected in gene expression, has been
lacking. To address this, we systematically investigated the
nature and composition of the cortical protomap at the
transcriptional level. By analogy with patterning in other parts
of the nervous system, we proposed that the identification of
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genes that show spatial expression in neocortical progenitor cells
would enable the definition of the nature and topography of
the cortical protomap, in addition to identifying protomap
components. We took a genomics approach to identify
comprehensively the genes demonstrating rostrocaudal
differences in gene expression in the early developing neocortex,
before the arrival of ingrowing thalamocortical axons.

The efficacy of this screen was underlined by the
identification of almost every known rostrocaudal gene
expression difference in the neocortex, including the
transcription factors Emx2, Pax6, COUP-TFI and Lhx2
(Bishop et al., 2000; Liu et al., 2000; Mallamaci et al., 2000;
Monuki et al., 2001; Nakagawa et al., 1999; Zhou et al., 2001).
Our criteria for protomap components were spatial expression
in neocortical progenitor cells that was not related to the



Development

3958 Development 132 (17)

Fig. 8. Mest is a potential
negative regulator of an Fgf-
regulated neocortical
patterning pathway. (A) Genes
upregulated in the Fgfrl
mutant E12.5 cortex are
downregulated in the E12.5
Mest mutant cortex.
Hierarchical cluster of the set
of genes showing significantly
different changes in gene
expression between the Fgfrl
and Mest mutant cortices
(P<0.05). (B) Candidate
caudal neocortical patterning
genes (as labelled) are
downregulated in the Mest
mutant cortex but upregulated
in the Fgfrl mutant cortex.
Average fold changes (log
base 2) from multiple
independent hybridisations are
shown (Mest, n=6; Fgfrl,
n=9). (C) Candidate rostral
neocortical patterning genes
(as labelled) are upregulated
in the Mest mutant cortex but
downregulated in the Fgfrl
mutant cortex.

in Mest -/-
cortex;
up-regulated
in FGFR1 -/-
cortex

Up-regulated
in Mest -/-
cortex;

in FGFR1 -/-
cortex

developmental gradient across this structure, and this identified
many candidate transcripts. These included a set of
transcription factor genes with graded rostrocaudal expression
across the field of neocortical progenitor cells, such as KIf3,
Heyl and Fez-like, which are novel candidates for genes
encoding progenitor cell positional identity.

Consistent with a subset of those genes being elements of a
neocortical protomap, we found that many of these genes,
including the transcription factor genes, change their
expressions in a predictable manner in the neocortex following
changes in Fgf signalling. Functional analysis of one such
gene, Mest/Pegl, that is a candidate for a gene involved in
setting up the protomap, demonstrated that this rostrally
expressed gene is required for the establishment of normal
patterned gene expression in the neocortex. Overall, we find
evidence for a cortical protomap that is composed of gradients
of gene expression across the field of neocortical progenitor
cells, rather than spatially discrete populations of progenitor
cells defined by combinatorial gene expression.

Gene expression gradients and compartments in the
developing neocortex

At least two alternative systems for conferring spatial identities
on neural progenitor cells have been described in other
systems. Dorsoventral gradients of expression of transcription
factors have been found in retinal progenitor cells (Barbieri et
al., 1999; Koshiba-Takeuchi et al., 2000; Ohsaki et al., 1999;
Schulte et al., 1999), which are required for the graded
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expression of the ephrins and eph receptors in ganglion cell
neurons. This in turn is the basis for the retinotopic mapping
of spatial information from retinal ganglion cells onto the
tectum (McLaughlin et al., 2003). Within the developing spinal
cord, progenitor populations are defined by the combinatorial
expression of several transcription factors along the
dorsoventral axis of the neural tube, with each population
giving rise to defined classes of neurons (Briscoe et al., 2000;
Jessell, 2000).

It has been proposed that a similar system of
transcriptionally encoded positional information is likely to
operate in neocortical progenitor cells (Grove and Fukuchi-
Shimogori, 2003). Opposing gradients of expression of Pax6
and Emx2 have been found in the neocortex, and loss of
function of either gene results in shifts in the relative sizes of
neocortical areas (Bishop et al., 2000; Mallamaci et al., 2000).
Alterations in the absolute levels of Emx2 result in shifts in
neocortical areas, leading to the recently proposed cooperative-
concentration model for neocortical patterning, in which it is
proposed the spatial identity of a neocortical progenitor cell is
encoded by the absolute levels of expression of the patterning
transcription factors (Hamasaki et al., 2004).

Consistent with this, we found little evidence for discrete
domains of gene expression across the field of neocortical
progenitor cells, as described in the developing spinal cord
(Briscoe et al., 2000). The initial genomics screens and the in
situ hybridisation studies together demonstrate that the
characteristic patterns of gene expression across the field of
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neocortical progenitor cells are gradient based. We did not find
any clear boundaries of gene expression within the neocortex
at these stages. This is in contrast with the sharp gene
expression boundaries between the developing hippocampus, a
cortical structure, and subcortical structures and the neocortex.
This is illustrated by the expression of the transcription factors
Fez-like and COUP-TFII: at embryonic day E13.5, both of
these genes have sharp caudal boundaries of expression,
whereas they are expressed in gradients across the neocortex.
Given the comprehensive, unbiased array design used for the
screens reported here, the accuracy of which were confirmed
by in situ hybridisation data for the majority of the top
protomap candidate genes, we conclude that few genes are
expressed in discrete domains in the field of neocortical
progenitor cells in the first half of the neuronogenetic interval.
It is possible that a small number of genes that encode spatial
identity are expressed in domains and were not detected by this
screen. However, the screens reported here identified almost all
of the known genes that show differential expression along the
rostrocaudal axis, and the arrays represent over 22,000 genes
expressed from the mouse genome, suggesting that gradients
are the dominant pattern of gene expression along the
rostrocaudal axis of the neocortex at the stages examined.

Fgf8 signalling and the formation of the neocortical
protomap

A central tenet of our strategy for identifying protomap
components is that regionally expressed genes have roles
in setting up or encoding the protomap, and that a subset of
these genes will be regulated directly or indirectly by Fgf8
signalling. Several of the genes identified in our screen have
been shown to have roles in neocortical area formation, most
notably Pax6, Emx2 and COUP-TFI (Bishop et al., 2000;
Mallamaci et al., 2000; Zhou et al., 2001). By expression
profiling of the neocortices of Fgfrl mutant mice, we found
that many genes showing patterned gene expression in the
neocortex (some of which encode proposed protomap
components) are regulated by Fgf signalling in vivo. However,
we also found a marked change in the expression of neurogenic
and neural differentiation genes, suggesting that there are
alterations in progenitor cell proliferation or neurogenesis, or
both, in this mutant. Such a phenotype is similar to that
observed in the neocortex of Fgf2 mutant mice, in which
neocortical progenitors generate too many neurons at the
expense of the progenitor cell pool early in neocortical
neurogenesis (Korada et al., 2002), resulting in a reduction in
total numbers of glutamatergic neurons in the mature frontal
cortex. Similarly, overexpression of a dominant-negative Fgfrl
in the early developing cortex results in an overall reduction of
pyramidal neurons in the adult frontal cortex (Shin et al.,
2004).

Those findings raised the possibility that Fgf signalling may
indirectly regulate cortical patterning by controlling the
relative growth of the frontal cortex. We therefore tested
whether Fgf8 could directly regulate neocortical progenitor
cell expression of known and proposed neocortical patterning
genes, finding that Fgf8 could induce or repress expression of
a subset of such genes by as much as twofold within 4 hours.
Together with the in vivo analysis of Fgf-regulated gene
expression, we conclude that Fgf8 can directly regulate the
graded expression of protomap components.
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Mest/Peg1, an Fgf8-regulated gene, is a part of the
rostral neocortex patterning system

To wvalidate the strategy taken to identify protomap
components, we carried out a functional in vivo analysis of a
leading candidate for a gene involved in protomap formation,
Mest/Pegl. This gene is rostrally expressed normally, is
induced almost twofold by Fgf8 treatment for 4 hours in vitro
and is downregulated in the Fgfr/ mutant. Mest loss of
function results in striking changes in neocortical patterning
during development: a set of rostrally expressed genes,
downregulated in the Fgfrl mutant, is upregulated, whereas
caudally expressed genes are downregulated.

Of the rostrally expressed genes upregulated in the Mest
mutant, several are well-characterised targets genes for Fgf
signalling, including the Ets transcription factor genes Etv/ and
Ew5 and the Fgf-induced negative regulator sprouty 2. By
contrast, all of these genes are downregulated in the Fgfrl
mutant neocortex. These opposite phenotypes are consistent
with Mest being part of a pathway that negatively regulates
Fgf-mediated rostral patterning in the neocortex. However, the
cellular function of Mest is not clear from the nature of the
Mest protein. The predicted signal peptide/transmembrane
domain indicates that Mest may act in an intracellular
compartment or may act extracellularly. Future experiments
will clarify the cellular localisation and possible function of
Mest as a negative regulator of Fgf signalling.

Rostrocaudal gradients and the nature of the
neocortical protomap

The gradient-based system identified here is consistent with
previous gene expression analyses in primates (Donoghue
and Rakic, 1999a; Donoghue and Rakic, 1999b). In situ
hybridisation studies of a set of genes identified the
characteristic spatial expression pattern across the field of
neocortical progenitor cells as being gradient based, although
there was strong evidence for domains of gene expression in
developing neurons (Donoghue and Rakic, 1999a; Sestan et al.,
2001), as also seen in rodents (Miyashita-Lin et al., 1999;
Nakagawa et al., 1999), corresponding to anatomical and
functional neocortical areas.

Further support for a gradient-based system for positional
information comes from in vivo manipulation of Fgf8 levels in
the developing neocortex, which alters the position of
neocortical areas along the rostrocaudal axis (Fukuchi-
Shimogori and Grove, 2001). Detailed analyses of the
morphology of one major component of the somatosensory
cortex, the whisker barrels, revealed that this manipulation
does not simply shift areas, but also alters their relative
proportions. In the case of the whisker barrels, the individual
whisker barrels are expanded or compressed with the reduction
or augmentation of the endogenous Fgf8 source (Fukuchi-
Shimogori and Grove, 2001), leading to the suggestion that
progenitor cell spatial identity may be gradient based (Grove
and Fukuchi-Shimogori, 2003).

Patterning of developing structures by gradients of
extracellular factors and morphogens is a common theme in
many developmental systems, including the neural tube and
developing limb (Echelard et al., 1993; Pearse and Tabin, 1998;
Placzek et al., 1991; Riddle et al., 1993; Roelink et al., 1994).
However, a classical question in developmental biology is how
such graded signals generate cells with discrete positional
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identities, as reflected in the spatial expression of Hox genes
in the developing limb (Johnson et al., 1994). This is distinct
from the findings on neocortical progenitor cell spatial identity,
which suggest that these cells are not organised into discrete
spatial populations based on graded extracellular signals.
Rather, it appears that each progenitor has a unique spatial
identity, based on the gradient of gene expression across the
field of neocortical progenitor cells. Recent data have clearly
demonstrated that altering the nature of the gradient of
expression of the protomap gene Emx2, rather than removing
its expression completely, leads to shifts in both the position
and morphology of neocortical areas (Hamasaki et al., 2004).
In this case, it appears that the absolute level of Emx2
expression at any point along the gradient is a key regulator of
neocortical pattern formation (Hamasaki et al., 2004).

In conclusion, from the combined genomic and genetic
analysis presented here, we propose that the protomap is
composed of transcription factors with gradients of expression
across the field of neocortical progenitor cells. Furthermore,
we conclude that a key element in the nature of the protomap
is gradient-based positional information within neocortical
progenitor cells, the encoding of which is controlled via an
Fgf8-regulated pathway of which Mest is a potential negative
regulator.

The authors thank Sheila Barton for assistance with the Pegl/Mest
mice, Jim Smith for critical reading of the manuscript and members
of the Livesey laboratory for ongoing support. This work was
supported by grants from the Wellcome Trust.

References

Al-Shahrour, F., Diaz-Uriarte, R. and Dopazo, J. (2004). FatiGO: a web tool
for finding significant associations of Gene Ontology terms with groups of
genes. Bioinformatics 20, 578-580.

Bao, Z. Z. and Cepko, C. L. (1997). The expression and function of Notch
pathway genes in the developing rat eye. J. Neurosci. 17, 1425-1434.

Barbieri, A. M., Lupo, G., Bulfone, A., Andreazzoli, M., Mariani, M.,
Fougerousse, F., Consalez, G. G., Borsani, G., Beckmann, J. S.,
Barsacchi, G. et al. (1999). A homeobox gene, vax2, controls the patterning
of the eye dorsoventral axis. Proc. Natl. Acad. Sci. USA 96, 10729-10734.

Bishop, K. M., Goudreau, G. and O’Leary, D. D. (2000). Regulation of area
identity in the mammalian neocortex by Emx2 and Pax6. Science 288, 344-
349.

Bishop, K. M., Rubenstein, J. L. and O’Leary, D. D. (2002). Distinct actions
of Emx1, Emx2, and Pax6 in regulating the specification of areas in the
developing neocortex. J. Neurosci. 22, 7627-7638.

Brent, A. E., Schweitzer, R. and Tabin, C. J. (2003). A somitic compartment
of tendon progenitors. Cell 113, 235-248.

Briscoe, J., Pierani, A., Jessell, T. M. and Ericson, J. (2000). A
homeodomain protein code specifies progenitor cell identity and neuronal
fate in the ventral neural tube. Cell 101, 435-445.

Bulchand, S., Subramanian, L. and Tole, S. (2003). Dynamic spatiotemporal
expression of LIM genes and cofactors in the embryonic and postnatal
cerebral cortex. Dev. Dyn. 226, 460-469.

Bulfone, A., Martinez, S., Marigo, V., Campanella, M., Basile, A., Quaderi,
N., Gattuso, C., Rubenstein, J. L. and Ballabio, A. (1999). Expression
pattern of the Tbr2 (Eomesodermin) gene during mouse and chick brain
development. Mech. Dev. 84, 133-138.

Chomczynski, P. and Sacchi, N. (1987). Single-step method of RNA isolation
by acid guanidinium triocyanate-phenol-chloroform extraction. Anal.
Biochem. 162, 156-159.

Cohen-Tannoudji, M., Babinet, C. and Wassef, M. (1994). Early
determination of a mouse somatosensory cortex marker. Nature 368, 460-
463.

Crossley, P. H. and Martin, G. R. (1995). The mouse Fgf8 gene encodes a
family of polypeptides and is expressed in regions that direct outgrowth and
patterning in the developing embryo. Development 121, 439-451.

Research article

Donoghue, M. J. and Rakic, P. (1999a). Molecular evidence for the early
specification of presumptive functional domains in the embryonic primate
cerebral cortex. J. Neurosci. 19, 5967-5979.

Donoghue, M. J. and Rakic, P. (1999b). Molecular gradients and
compartments in the embryonic primate cerebral cortex. Cereb. Cortex 9,
586-600.

Echelard, Y., Epstein, D. J., St-Jacques, B., Shen, L., Mohler, J.,
McMahon, J. A. and McMahon, A. P. (1993). Sonic hedgehog, a member
of a family of putative signaling molecules, is implicated in the regulation
of CNS polarity. Cell 75, 1417-1430.

Fukuchi-Shimogori, T. and Grove, E. A. (2001). Neocortex patterning by
the secreted signaling molecule FGF8. Science 294, 1071-1074.

Fukuchi-Shimogori, T. and Grove, E. A. (2003). Emx2 patterns the
neocortex by regulating FGF positional signaling. Nat Neurosci. 6, 825-831.

Furuta, Y., Piston, D. W. and Hogan, B. L. (1997). Bone morphogenetic
proteins (BMPs) as regulators of dorsal forebrain development.
Development 124, 2203-2212.

Gaillard, A., Nasarre, C. and Roger, M. (2003). Early (E12) cortical
progenitors can change their fate upon heterotopic transplantation. Eur J.
Neurosci. 17, 1375-1383.

Garel, S., Huffman, K. J. and Rubenstein, J. L. (2003). Molecular
regionalization of the neocortex is disrupted in Fgf8 hypomorphic mutants.
Development 130, 1903-1914.

Gitton, Y., Cohen-Tannoudji, M. and Wassef, M. (1999). Specification of
somatosensory area identity in cortical explants. J. Neurosci. 19, 4889-4898.

Grove, E. A. and Fukuchi-Shimogori, T. (2003). Generating the cerebral
cortical area map. Annu. Rev. Neurosci. 26, 355-380.

Guyonneau, L., Rossier, A., Richard, C., Hummler, E. and Beermann, F.
(2002). Expression of Cre recombinase in pigment cells. Pigment Cell Res.
15, 305-309.

Hamasaki, T., Leingartner, A., Ringstedt, T. and O’Leary, D. D. (2004).
EMX2 regulates sizes and positioning of the primary sensory and motor
areas in neocortex by direct specification of cortical progenitors. Neuron 43,
359-372.

Hebert, J. M. and McConnell, S. K. (2000). Targeting of cre to the Foxgl
(BF-1) locus mediates loxP recombination in the telencephalon and other
developing head structures. Dev. Biol. 222, 296-306.

Hebert, J. M., Mishina, Y. and McConnell, S. K. (2002). BMP signaling is
required locally to pattern the dorsal telencephalic midline. Neuron 35,
1029-1041.

Hebert, J. M., Hayhurst, M., Marks, M. E., Kulessa, H., Hogan, B. L. and
McConnell, S. K. (2003a). BMP ligands act redundantly to pattern the
dorsal telencephalic midline. Genesis 35, 214-219.

Hebert, J. M., Lin, M., Partanen, J., Rossant, J. and McConnell, S. K.
(2003b). FGF signaling through FGFR1 is required for olfactory bulb
morphogenesis. Development 130, 1101-1111.

Heydemann, A., Nguyen, L. C. and Crenshaw, E. B., 3rd (2001). Regulatory
regions from the Brn4 promoter direct LACZ expression to the developing
forebrain and neural tube. Dev. Brain Res. 128, 83-90.

Jen, Y., Manova, K. and Benezra, R. (1997). Each member of the Id gene
family exhibits a unique expression pattern in mouse gastrulation and
neurogenesis. Dev. Dyn. 208, 92-106.

Jessell, T. M. (2000). Neuronal specification in the spinal cord: inductive
signals and transcriptional codes. Nat. Rev. Genet. 1, 20-29.

Johnson, R. L., Riddle, R. D. and Tabin, C. J. (1994). Mechanisms of limb
patterning. Curr. Opin. Genet. Dev. 4, 535-542.

Korada, S., Zheng, W., Basilico, C., Schwartz, M. L. and Vaccarino, F. M.
(2002). Fibroblast growth factor 2 is necessary for the growth of glutamate
projection neurons in the anterior neocortex. J. Neurosci. 22, 863-875.

Koshiba-Takeuchi, K., Takeuchi, J. K., Matsumoto, K., Momose, T., Uno,
K., Hoepker, V., Ogura, K., Takahashi, N., Nakamura, H., Yasuda, K.
et al. (2000). Tbx5 and the retinotectum projection. Science 287, 134-137.

Lefebvre, L., Viville, S., Barton, S. C., Ishino, F., Keverne, E. B. and
Surani, M. A. (1998). Abnormal maternal behaviour and growth
retardation associated with loss of the imprinted gene Mest. Nat. Genet. 20,
163-169.

Leimeister, C., Bach, A. and Gessler, M. (1998). Developmental expression
patterns of mouse sFRP genes encoding members of the secreted frizzled
related protein family. Mech. Dev. 75, 29-42.

Liu, Q., Dwyer, N. D. and O’Leary, D. D. (2000). Differential expression of
COUP-TFI, CHLI, and two novel genes in developing neocortex identified
by differential display PCR. J. Neurosci. 20, 7682-7690.

Livesey, F. J., Furukawa, T., Steffen, M. A., Church, G. M. and Cepko, C.



Development

L. (2000). Microarray analysis of the transcriptional network controlled by
the photoreceptor homeobox gene Crx. Curr. Biol. 10, 301-310.

Livesey, F. J., Young, T. L. and Cepko, C. L. (2004). An analysis of the gene
expression program of mammalian neural progenitor cells. Proc. Natl. Acad.
Sci. USA 101, 1374-1379.

Mackarehtschian, K., Lau, C. K., Caras, I. and McConnell, S. K. (1999).
Regional differences in the developing cerebral cortex revealed by ephrin-
AS expression. Cereb. Cortex 9, 601-610.

Mallamaci, A., Muzio, L., Chan, C. H., Parnavelas, J. and Boncinelli, E.
(2000). Area identity shifts in the early cerebral cortex of Emx2—/— mutant
mice [see comments]. Nat. Neurosci. 3, 679-686.

Matsuo-Takasaki, M., Lim, J. H., Beanan, M. J., Sato, S. M. and Sargent,
T. D. (2000). Cloning and expression of a novel zinc finger gene, Fez,
transcribed in the forebrain of Xenopus and mouse embryos. Mech. Dev. 93,
201-204.

Matz, M., Shagin, D., Bogdanova, E., Britanova, O., Lukyanov, S.,
Diatchenko, L. and Chenchik, A. (1999). Amplification of cDNA ends
based on template-switching effect and step-out PCR. Nucleic Acids Res.
27, 1558-1560.

McLaughlin, T., Hindges, R. and O’Leary, D. D. (2003). Regulation of axial
patterning of the retina and its topographic mapping in the brain. Curr. Opin.
Neurobiol. 13, 57-69.

McWhirter, J. R., Goulding, M., Weiner, J. A., Chun, J. and Murre, C.
(1997). A novel fibroblast growth factor gene expressed in the developing
nervous system is a downstream target of the chimeric homeodomain
oncoprotein E2A-Pbx 1. Development 124, 3221-3232.

Minowada, G., Jarvis, L. A., Chi, C. L., Neubuser, A., Sun, X., Hacohen,
N., Krasnow, M. A. and Martin, G. R. (1999). Vertebrate Sprouty genes
are induced by FGF signaling and can cause chondrodysplasia when
overexpressed. Development 126, 4465-4475.

Miyashita-Lin, E. M., Hevner, R., Wassarman, K. M., Martinez, S. and
Rubenstein, J. L. (1999). Early neocortical regionalization in the absence
of thalamic innervation. Science 285, 906-909.

Molnar, Z., Adams, R. and Blakemore, C. (1998). Mechanisms underlying
the early establishment of thalamocortical connections in the rat. J.
Neurosci. 18, 5723-5745.

Monuki, E. S., Porter, F. D. and Walsh, C. A. (2001). Patterning of the dorsal
telencephalon and cerebral cortex by a roof plate-Lhx2 pathway. Neuron 32,
591-604.

Mountcastle, V. B. (1998). The Cerebral Cortex. Cambridge, Mass.: Harvard
University Press.

Muzio, L., DiBenedetto, B., Stoykova, A., Boncinelli, E., Gruss, P. and
Mallamaci, A. (2002). Emx2 and Pax6 control regionalization of the pre-
neuronogenic cortical primordium. Cereb. Cortex 12, 129-139.

Nakagawa, Y., Johnson, J. E. and O’Leary, D. D. (1999). Graded and areal
expression patterns of regulatory genes and cadherins in embryonic
neocortex independent of thalamocortical input. J. Neurosci. 19, 10877-
10885.

O’Leary, D. D. (1989). Do cortical areas emerge from a protocortex? Trends
Neurosci. 12, 400-406.

O’Leary, D. D. and Nakagawa, Y. (2002). Patterning centers, regulatory
genes and extrinsic mechanisms controlling arealization of the neocortex.
Curr. Opin. Neurobiol. 12, 14-25.

Ohsaki, K., Morimitsu, T., Ishida, Y., Kominami, R. and Takahashi, N.
(1999). Expression of the vax family homeobox genes suggests multiple
roles in eye development. Genes Cells 4, 267-276.

Pavlidis, P. and Noble, W. S. (2001). Analysis of strain and regional variation
in gene expression in mouse brain. Genome Biol. 2, RESEARCHO0042.

Pearse, R. V., 2nd and Tabin, C. J. (1998). The molecular ZPA. J. Exp. Zool.
282, 677-690.

Placzek, M., Yamada, T., Tessier-Lavigne, M., Jessell, T. and Dodd, J.
(1991). Control of dorsoventral pattern in vertebrate neural development:
induction and polarizing properties of the floor plate. Development Suppl.
2, 105-122.

Rabbitts, T. H. and Boehm, T. (1990). LIM domains. Nature 346, 418.

Ragsdale, C. W. and Grove, E. A. (2001). Patterning the mammalian cerebral
cortex. Curr. Opin. Neurobiol. 11, 50-58.

Rakic, P. (1988). Specification of cerebral cortical areas. Science 241, 170-
176.

Riddle, R. D., Johnson, R. L., Laufer, E. and Tabin, C. (1993). Sonic
hedgehog mediates the polarizing activity of the ZPA. Cell 75, 1401-1416.

Roelink, H., Augsburger, A., Heemskerk, J., Korzh, V., Norlin, S., Ruiz i
Altaba, A., Tanabe, Y., Placzek, M., Edlund, T., Jessell, T. M. et al.

Analysis of a neocortical protomap 3961

(1994). Floor plate and motor neuron induction by vhh-1, a vertebrate
homolog of hedgehog expressed by the notochord. Cell 76, 761-775.

Sandberg, R., Yasuda, R., Pankratz, D. G., Carter, T. A., Del Rio, J. A.,
Wodicka, L., Mayford, M., Lockhart, D. J. and Barlow, C. (2000).
Regional and strain-specific gene expression mapping in the adult mouse
brain. Proc. Natl. Acad. Sci. USA 97, 11038-11043.

Schulte, D., Furukawa, T., Peters, M. A., Kozak, C. A. and Cepko, C. L.
(1999). Misexpression of the Emx-related homeobox genes cVax and
mVax2 ventralizes the retina and perturbs the retinotectal map. Neuron 24,
541-553.

Schwab, M. H., Bartholomae, A., Heimrich, B., Feldmeyer, D., Druffel-
Augustin, S., Goebbels, S., Naya, F. J., Zhao, S., Frotscher, M., Tsai, M.
J. et al. (2000). Neuronal basic helix-loop-helix proteins (NEX and
BETA2/Neuro D) regulate terminal granule cell differentiation in the
hippocampus. J. Neurosci. 20, 3714-3724.

Schwab, M. H., Druffel-Augustin, S., Gass, P., Jung, M., Klugmann, M.,
Bartholomae, A., Rossner, M. J. and Nave, K. A. (1998). Neuronal basic
helix-loop-helix proteins (NEX, neuroD, NDRF): spatiotemporal expression
and targeted disruption of the NEX gene in transgenic mice. J. Neurosci.
18, 1408-1418.

Sestan, N., Rakic, P. and Donoghue, M. J. (2001). Independent parcellation
of the embryonic visual cortex and thalamus revealed by combinatorial
Eph/ephrin gene expression. Curr. Biol. 11, 39-43.

Shimogori, T., Banuchi, V., Ng, H. Y., Strauss, J. B. and Grove, E. A.
(2004). Embryonic signaling centers expressing BMP, WNT and FGF
proteins interact to pattern the cerebral cortex. Development 131, 5639-
5647.

Shin, D. M., Korada, S., Raballo, R., Shashikant, C. S., Simeone, A.,
Taylor, J. R. and Vaccarino, F. (2004). Loss of glutamatergic pyramidal
neurons in frontal and temporal cortex resulting from attenuation of FGFR1
signaling is associated with spontaneous hyperactivity in mice. J. Neurosci.
24, 2247-2258.

Steel, K. P., Davidson, D. R. and Jackson, L. J. (1992). TRP-2/DT, a new
early melanoblast marker, shows that steel growth factor (c-kit ligand) is a
survival factor. Development 115, 1111-1119.

Storm, E. E., Rubenstein, J. L. and Martin, G. R. (2003). Dosage of Fgf8
determines whether cell survival is positively or negatively regulated in the
developing forebrain. Proc. Natl. Acad. Sci. USA 100, 1757-1762.

Takahashi, T., Nowakowski, R. S. and Caviness, V. S., Jr (1996). The
leaving or Q fraction of the murine cerebral proliferative epithelium: a
general model of neocortical neuronogenesis. J. Neurosci. 16, 6183-6196.

Takahashi, T., Goto, T., Miyama, S., Nowakowski, R. S. and Caviness, V.
S., Jr (1999). Sequence of neuron origin and neocortical laminar fate:
relation to cell cycle of origin in the developing murine cerebral wall. J.
Neurosci. 19, 10357-10371.

Tusher, V. G., Tibshirani, R. and Chu, G. (2001). Significance analysis of
microarrays applied to the ionizing radiation response. Proc. Natl. Acad. Sci.
USA 98, 5116-5121.

Zhou, C., Tsai, S. Y. and Tsai, M. J. (2001). COUP-TFI: an intrinsic factor
for early regionalization of the neocortex. Genes Dev. 15, 2054-2059.

Zhou, X. H., Brandau, O., Feng, K., Oohashi, T., Ninomiya, Y., Rauch, U.
and Fassler, R. (2003). The murine Ten-m/Odz genes show distinct but
overlapping expression patterns during development and in adult brain.
Gene Expr. Patt. 3, 397-405.



