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Abstract

Gyrencephalic species develop folds in the cerebral cortex in a
stereotypic manner, but the genetic mechanisms underlying this
patterning process are unknown. We present a large-scale tran-
scriptomic analysis of individual germinal layers in the developing
cortex of the gyrencephalic ferret, comparing between regions
prospective of fold and fissure. We find unique transcriptional
signatures in each germinal compartment, where thousands of
genes are differentially expressed between regions, including
~80% of genes mutated in human cortical malformations. These
regional differences emerge from the existence of discrete domains
of gene expression, which occur at multiple locations across the
developing cortex of ferret and human, but not the lissencephalic
mouse. Complex expression patterns emerge late during develop-
ment and map the eventual location of folds or fissures. Protomaps
of gene expression within germinal layers may contribute to define
cortical folds or functional areas, but our findings demonstrate
that they distinguish the development of gyrencephalic cortices.
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Introduction

The mammalian cerebral cortex is divided into multiple anatomical
and functional areas, and in higher mammals, it is further sub-
divided into folds and fissures. Cortical areas and cortical folds form
during embryonic development from the cortical anlage in highly
stereotyped patterns, suggesting a strong genetic regulation (Borrell
& Reillo, 2012). A limited number of transcription factors have been
identified to control the size, position, and area identities of cortical
subdivisions, including Pax6, Lhx2, Emx2, and Sp8 (Bishop et al,

2000; Yun et al, 2001; Sahara et al, 2007; Mangale et al, 2008; Chou
et al, 2009). Despite the subdivision of the mature cerebral cortex
into discrete structural/functional units, these transcription factors
controlling regional fate are expressed in gradients across such
subdivisions in the embryonic cortical germinal layers, raising the
question of how the latter are implemented.

Small enhancer elements have been recently identified to drive
reporter gene expression in discrete modules, or protodomains, of the
embryonic cerebral cortex (Visel et al, 2013; Pattabiraman et al,
2014). These enhancers integrate broad transcriptional information,
including expression of several of the transcription factors regulating
cortical patterning, to activate gene expression in protodomains (Nord
et al, 2013; Pattabiraman et al, 2014). Variations in such small
enhancer elements may be at the core of cortical patterning during
development and evolution (Bae et al, 2014; Borrell & Gotz, 2014).
However, the delineation of discrete cortical subdivisions must
require that effector genes (i.e., cell cycle regulators, cell fate determi-
nants, neuron terminal selectors; or their interfering RNAs) (Dehay &
Kennedy, 2007; Molyneaux et al, 2007; Hobert, 2011; Bae et al, 2014)
be expressed in protodomains along the embryonic germinal layers.

During cortical development, progenitor cells are organized in
germinal layers, namely the ventricular zone (VZ) and the subven-
tricular zone (SVZ) (Borrell & Gotz, 2014). In gyrencephalic species
(with a folded cerebral cortex), the SVZ is extraordinarily large and
split into inner (ISVZ) and outer subventricular zone (OSVZ)
(Smart et al, 2002). The outstanding diversity of progenitor cell
types in the OSVZ and their amplificative potential is considered
central for cortical expansion and folding (Lui et al, 2011; Betizeau
et al, 2013; Borrell & Gotz, 2014). Previous work has demonstrated
that, in the gyrencephalic ferret, local overexpression in OSVZ of
the cell cycle-promoting genes Cdk4 and CyclinD1 increases cortical
surface area and folding, whereas reduction in cell proliferation in
OSVZ has the opposite effect (Reillo et al, 2011; Nonaka-Kinoshita
et al, 2013). In spite of such robust experimental phenotypes, natu-
rally occurring patterns of gene expression in germinal layers
supporting the stereotyped development of cortical folds, or
discrete cortical areas, have not been reported.

To identify genes whose expression co-varies with the stereotypic
patterning of the cerebral cortex, here we have performed a large-scale
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differential expression screen of germinal layers in the ferret
cortex, distinguishing between a region prospective of fold (sple-
nial gyrus, SG) and its prospective adjacent fissure (lateral sulcus,
LS). Our analysis demonstrates a remarkable genetic heterogeneity
between and within each germinal layer along the ferret cortex,
where our microarray data indicate the differential expression of
thousands of genes between prospective gyrus and sulcus. These
differences emerge from the existence of domains exhibiting signif-
icantly different gene expression levels. Remarkably, these
domains or modules are present in the gyrencephalic ferret and
human but not in the lissencephalic mouse cortex. In ferret,
modules of gene expression are obvious at multiple locations
throughout the developing cortex, systematically mapping the
prospective location of folds or fissures, particularly in the OSVZ.
Importantly, our screen highlights a majority of genes mutated in
human cortical malformations (Barkovich et al, 2012), which also
display modular expression, highlighting the promise of our screen
as an entry point to identifying novel genes potentially mutated in
human malformations of cortical development.

Results
Genetic screen of cortical regions

To investigate the genetic regulation of cortical patterning, including
folding, we focused on the naturally gyrencephalic ferret and analyzed
the transcriptomic content of the three main cortical germinal layers:
VZ, ISVZ, and OSVZ. These zones were individually microdissected
from living brain slices at P2, 1 week prior to the morphological
distinction of these folds, and sampled separately in the prospective
splenial gyrus (SG) and its flanking lateral sulcus (LS) (Fig 1A-E)
(Smart & McSherry, 1986a). Using a ferret-specific microarray (Camp
et al, 2012), we screened for differentially expressed genes (DEGs)
whose expression level varied more than two fold (P < 0.05, fold
change (FC) > 2) between (i) cortical areas along individual germinal
layers, (ii) germinal layers within individual cortical areas, and (iii) in
both axes (Fig 1F-H). To identify the main source of variability in our
microarray data, we performed principal component analysis (PCA)
and analysis of variance distribution across our datasets. PCA
confirmed that the primary source of variability was caused by
differences between germinal layers and cortical areas, with a minor
contribution from biological replicates (Supplementary Fig S1C).

Due to the location of the ISVZ, intercalated between VZ and
OSVZ, we expected to find in this layer the highest experimental
noise and inter-sample variability, and hence the smallest number
of genes with statistically different expression. Whereas our micro-
array data revealed the ISVZ to have the fewest DEGs, sample vari-
ance analyses also demonstrated that this layer actually had overall
the lowest variability, which was similar in SG and LS (Supplemen-
tary Fig S1E). Differences in gene expression levels revealed by our
various microarray data screens were validated and confirmed by
gRT-PCR (24 genes; Supplementary Tables S1, S4 and S5) and
in situ hybridization (ISH; 20 genes), giving us high confidence in
our custom-made ferret-specific microarray. Altogether, this
supported the validity of our experimental design for transcriptomic
profiling of individual germinal layers and prospective cortical areas
in the developing ferret cortex.
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Germinal layers have different transcriptional fingerprints
between SG and LS

To investigate the contribution of cortical progenitor genetics on the
distinction between SG and LS, we searched for transcriptomic
differences between these two areas within each germinal layer
(Fig 1F). Remarkably, although SG and LS are nearly adjacent, we
identified 2,218 DEGs between them, most being differentially
expressed along one of the germinal layers only (Figs 1F, 2A and B
and Supplementary Fig S1A and B). The OSVZ contained the largest
number of DEGs (1,194), where > 90% had higher expression levels
in SG, whereas in VZ, ~60% were more expressed in LS (Fig 2B and
Supplementary Fig S1D). In ISVZ, we found the fewest number of
DEGs (678). Microarray results were validated for a selection of
genes by qRT-PCR using ferret-specific primers, and also by in situ
hybridization (ISH) using ferret-specific probes (Fig 2C and D, and
Supplementary Tables S1 and S2). ISH stains confirmed that expres-
sion levels of individual genes changed significantly between SG
and LS at least in one germinal layer, while frequently showing
similar expression levels in other layers. These results establish that
our ferret-specific microarray can be successfully used to identify
genetic programs regulating regional differences along cortical
germinal layers (Fig 2E). Importantly, DEGs between prospective
SG and LS included genes known to be important in cortical pattern-
ing in mouse, including Nefl and Cdh8, further supporting that
differential gene expression along germinal layers between prospec-
tive SG and LS may contribute to cortical patterning.

Our observation that the largest number of DEGs between SG
and LS was found in the OSVZ is consistent with the notion that
progenitor cells in this layer play central roles in the expansion and
folding of the cerebral cortex (Fietz & Huttner, 2011; Lui et al, 2011;
Reillo et al, 2011; Borrell & Reillo, 2012). To identify the biological
processes in which these DEGs are involved, we performed gene
ontology (GO) analysis. The categories most highly represented
were common to all three germinal layers and included regulation
of transcription, cell adhesion, extracellular matrix, cytoskeleton,
and cell cycle (i.e., Cdk4, CyclinD1I; Fig 2F), all directly related to
regulating the proliferation of the various types of cortical progeni-
tor cells and their lineage relationships (Gotz & Huttner, 2005; Fietz
et al, 2010; Lui et al, 2011; Borrell & Reillo, 2012). Among these,
the Notch, Wnt, MAPK, and Shh signaling pathways are well-known
central regulators of cortical progenitor cells. A targeted search high-
lighted DEGs belonging to these pathways in all germinal layers
(Supplementary Fig S2 and Supplementary Table S3). Importantly,
these DEGs always included the read-out genes of each cascade,
thus confirming the differential activation of the entire pathway.
Taken together, our analyses indicated that the transcriptional regu-
lation of cortical germinal layers and their lineage relationships is
different between the prospective splenial gyrus and lateral sulcus.

Next, we screened for DEGs between germinal layers, while
distinguishing between SG and LS (Figs 1G, 3A and B). The number
of DEGs (542) was much smaller than when comparing between SG
and LS, which was unexpected given the notorious differences in
cytoarchitecture and cell composition between germinal layers, as
opposed to their apparent similarity across SG and LS (Reillo et al,
2011; Reillo & Borrell, 2012). Although LS had a larger number of
DEGs (Fig 1G), the mean FC value was higher or similar in SG than
in LS for all comparisons (Supplementary Fig SIF and I). DEGs in
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Figure 1. Stereotyped cortical folding and sampling strategy.
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A-D Lateral external view (A,B) and Nissl stain of sagittal sections (C,D) of P2 and adult ferret brains showing the location and extent (dashed lines in D) of the fully
developed, or prospective lateral sulcus (LS) and splenial gyrus (SG). Note the absence of cortical folding at P2, where VZ, I1SVZ, and OSVZ are identifiable. CB,
cerebellum; NCx, neocortex; and OB, olfactory bulb. Scale bars, 500 um (A), 1 cm (B), 1L mm (C), and 2 mm (D).

Example of a living brain slice at P2, from where OSVZ, ISVZ, and VZ in LS and SG were microdissected (lines).

F-H Venn diagrams representing the abundance of genes differentially expressed (DEGs: P < 0.05, FC > 2) between the cortical areas SG and SL within each germinal
layer (F), between germinal layers within each cortical area (G) and between cortical areas and germinal layers simultaneously (H). Numbers of genes differentially
expressed in only one of the groups, simultaneously in two or three of them, and total in each group, are indicated. The percentage of genes differentially

expressed with respect to all genes expressed in these tissues is also indicated.

both regions followed two distinct patterns of abundance: for most
DEGs, transcript abundance followed a trend progressively increas-
ing or decreasing from VZ to OSVZ. Increasing from VZ to OSVZ
was typical of SG, whereas decreasing tendency was typical of LS
(Fig 3C-H, Supplementary Table S4). Such differences between
these two regions were further highlighted by the fact that the vast
majority (96.1%) of the 542 DEGs between layers were differentially
expressed in one region but not the other (Fig 1H). For a minority
of genes, differences in expression levels were layer-specific, where
only one of the layers had significantly different expression levels
than the other two. ISVZ-specific genes (similar expression in VZ
and OSVZ, but different in ISVZ) were extremely rare or absent

© 2015 The Authors

(Fig 3E and F). FC values for DEGs in VZ-ISVZ and ISVZ-OSVZ
comparisons were much smaller than for DEGs between VZ and
OSVZ, in both cortical areas (Supplementary Fig S1F, G and I).
Together, this suggested that the ISVZ expresses a transcriptional
signature intermediate between VZ and OSVZ.

Unsupervised hierarchical clustering of DEGs indicated that in
both cortical regions, the OSVZ displayed the most different tran-
scriptional fingerprint (Fig 3C and D). This is in full agreement with
previous reports indicating that progenitor cells in the OSVZ are
likely unique in their playing key roles in cortical development
(Smart et al, 2002; Fietz et al, 2010; Fietz & Huttner, 2011; Lui et al,
2011; Reillo et al, 2011; Borrell & Reillo, 2012). Intriguingly, previous
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Figure 2. Differential gene expression between splenial gyrus and lateral sulcus along germinal layers.

A Experimental paradigm: prospective lateral sulcus (LS) and splenial gyrus (SG) were compared within each germinal layer.

B Heatmap of unsupervised hierarchical clustering of DEGs (P < 0.05, > 2-fold difference) between LS and SG within each germinal layer. Color-coded scale bar
indicates fold level of expression relative to average. Original triplicate data from the selected three gene clusters are shown.

C, D Validation of microarray data by gqRT-PCR and in situ hybridization. Plots are mean + SEM of relative fold level. Student’s t-test, *P < 0.05, **P < 0.01, ***P < 0.001.
Statistical significance is indicated for qRT-PCR (black) and microarray (gray) data. Note that intensity of stains varies in the indicated germinal layer, and that
signal intensity for Cdh8 and Nrxn3 in OSVZ displays a pattern opposite to VZ and SVZ. ISH patterns were observed in 2-3 animals, at least three sections per
animal, for each gene. Scale bars, 500 pm (view); 200 um (detail).

E Summary schema of results: most DEGs had higher expression in SG than in LS, particularly in OSVZ.

F Pie charts of significantly enriched GO terms associated with DEGs between LS and SG in each germinal layer. Terms in legend are common to all layers and
among the most represented.
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transcriptomic analyses of human cortical germinal zones concluded
that VZ is the most different germinal zone, while ISVZ and OSVZ
are relatively similar to each other (Fietz et al, 2012). GO analysis of
DEGs in our microarray dataset revealed that some of the most
highly enriched categories among DEGs between germinal layers
were common to both SG and LS, including regulation of transcrip-
tion, cell adhesion, extracellular matrix, cytoskeleton, and neuron
differentiation, as previously also found in the human embryo corti-
cal germinal zones (Fietz et al, 2012). In contrast, other categories
were specific to only one region. Of these, GO terms in LS were
mostly related to cell cycle and cell junction, whereas intriguingly in
SG, they were mostly related to cell-cell signaling and synapse
function (Fig 31I).

To further understand the distinctions between cortical areas
and germinal zones, we probed our dataset to identify genes differ-
entially expressed simultaneously across both axes (P < 0.05, FC
> 2 between at least two groups). Two-way ANOVA identified 136
DEGs (Figs 1H and 4, Supplementary Table S5), which were then
used to assess the transcriptional similarity between zones. Micro-
array results were validated for a selection of genes by qRT-PCR
using ferret-specific primers, and also by in situ hybridization
(ISH) using ferret-specific probes (Fig 4C and D, and Supplemen-
tary Tables S2 and S5). Unsupervised hierarchical clustering and
Pearson’s correlation matrices revealed that VZ and ISVZ within
each area share the highest similarities, whereas OSVZ of the SG is
by far the most different of the six germinal zones (Fig 4A and B,
and Supplementary Table S5).

Taken together, our analyses indicated that the transcriptional
regulation of cortical progenitor cells, particularly of those genes
most directly implicated in regulating proliferative dynamics and
lineage relationships, is different between the prospective SG and
LS. Our results also supported the notion that the OSVZ plays
uniquely central roles in the development and patterning of cortical
folds (Fietz & Huttner, 2011; Lui et al, 2011; Reillo et al, 2011;
Borrell & Reillo, 2012), seemingly by imprinting regional heteroge-
neity along the cortical anlage.

Cortical progenitor domains in gyrencephalic brains

The above analyses demonstrated that in germinal layers of the
developing gyrencephalic ferret cortex, gene expression levels
change quite dramatically between nearly adjacent regions. This is
reminiscent of the embryonic spinal cord, where gene expression in
the VZ is sharply parcellated to define the types of neurons gener-
ated from individual germinal domains (Jessell, 2000). This

Figure 3. Differential gene expression between germinal layers in SG and LS.
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prompted the idea that in germinal layers of the ferret cortex, gene
expression may occur in modular patterns, where specific cortical
domains are distinguished by significantly different gene expression
levels. To test this notion, we extended our ISH analysis of DEGs
between SG and LS, to span across the cortical region covering these
two areas (Fig 5A). As predicted, for many of the genes analyzed,
changes in expression levels were not softly gradual but quite
abrupt, in steep gradients, delimiting distinct gene expression
domains. For some genes, these domains were obvious in only one
layer, most frequently OSVZ (i.e., Fgfr2, Lhx2, Eomes, Cdk6) but
also VZ (i.e., Cdh8), while in the other layers, the same gene was
expressed homogeneously or in a continuous gradient, which
demonstrated the specificity of these modular gene expression
patterns (Fig 5A). For other genes, short-range changes occurred in
multiple layers, but usually at different locations in each layer (i.e.,
Fgfr3; Fig 5A).

The location and extent of domains in OSVZ correlated remark-
ably well with the location of the prospective SG and LS. Signifi-
cantly, genes expressed in domains included Trnpl, known to
induce gyrification in mice upon experimental reduction in its
expression in VZ locally (Stahl et al, 2013). In agreement with this
notion, endogenous Trnpl expression in ferret was significantly
lower in SG compared to LS along the VZ, while in the other
layers, the change was gradual (Fig 5A). Together, this demon-
strated the specificity of these expression patterns and supported
the notion of their having functional relevance in cerebral cortex
patterning in ferret. This idea was further substantiated by analy-
ses in the developing mouse cortex at equivalent developmental
stages, where the same genes were found expressed homo-
geneously or in long-range shallow gradients (Fig 5B). Therefore,
modular gene expression may be relevant for cortical patterning in
gyrencephalic species.

Since SG and LS are located in visual areas A17 and A19 (Law
et al, 1988; Manger et al, 2002), we next asked whether the domains
of gene expression in OSVZ might map area identity versus folding
(Elsen et al, 2013). Because each cerebral hemisphere has only one
A17 and one A19, but multiple folds and fissures, if domains of
expression for a set of genes occurred only once these might define
the identity of a specific cortical area, but if they occurred multiple
times, they might define cortical folds instead. Examination of
expression patterns for Fgfr3, Cdk6, and Eomes in OSVZ along the
entire rostro-caudal and latero-medial extent of the developing
cortex revealed distinct domains of high and low levels at multiple
locations, outlining complex maps across the early postnatal cerebral
cortex (Fig 6). This seemed largely incompatible with the idea that

A, B Experimental paradigms: the three germinal layers were compared pair-wise within the prospective SG (A) and LS (B) following ANOVA analysis.

C,D
level of expression relative to average.
E F
validated genes are named in red.

Heatmaps of unsupervised hierarchical clustering of DEGs (P < 0.05, > 2 FC) between germinal layers within SG (C) and LS (D). Color-coded scale bars indicate fold

Original triplicate data from a selection of gene clusters with typical tendency patterns (clusters 1 and 2) or layer-specific patterns (clusters 3). Representative

G Validation of microarray data by qRT-PCR and ISH for DEGs in SG (top) and LS (bottom). Plots are mean + SEM of relative fold level. Student’s t-test, *P < 0.05,

**p < 0.01, ***P < 0.001. Scale bar, 200 pm.

H Summary schema of results: in SG, gene expression levels for the majority of DEGs increased dramatically from VZ through OSVZ; in LS, fold differences were

smaller and followed the opposite tendency.

| Pie charts of significantly enriched GO terms associated with DEGs between layers. Terms in legend are common to both areas and are among the most

represented.
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Figure 4. Genes differentially expressed between both SG-LS and germinal layers.

A Heatmap of unsupervised hierarchical clustering of DEGs (P < 0.05, >

expression relative to average.
B Heatmap matrices of pair-wise Pearson correlations between germinal zones, and unsupervised hierarchical clustering, with dendrogram representing similarity
relationships between germinal zones in Euclidian space. OSVZ in SG is the most dissimilar germinal zone, whereas VZ and I1SVZ of like-zone have the greatest

similarity.

C, D Validation of microarray data by gqRT-PCR (C) and ISH (D). ISH patterns were observed in three animals, at least three sections per animal, per gene. Plots are mean

2 FC) between germinal layers and cortical areas. Color-coded scale bar indicates fold level of

+ SEM of relative fold level. Student’s t-test, *P < 0.05, **P < 0.01, ***P < 0.001. Statistical significance is indicated for gRT-PCR (black) and microarray (gray) data.

Scale bar, 500 pum.

these gene expression patterns solely and specifically mapped the
formation of functional areas A17 and A19, but it seemed to better
support a general role on patterning the multiple folds and fissures.

© 2015 The Authors
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In further support that modular expression may be relevant for
the patterning of cortical folds, the above genes were not expressed
in modular patterns in the developing mouse cortex (Fig 5B), where
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changes are graded in VZ and ISVZ while abrupt in OSVZ. In contrast to other genes, Cdh8 and Trnp1 expression is higher in module 1 than in 2, changing abruptly
along VZ, in a softer gradient along ISVZ, and homogeneous along OSVZ. ISH patterns were confirmed in three independent animals, at least three sections per

animal, for each gene. Scale bar, 500 um.

Patterns of mMRNA expression across the rostro-caudal extent of the mouse neocortex at embryonic day E15.5 (left is rostral, right is caudal), as of the Allen Brain Atlas

(www.brain-map.org), and quantifications of ISH stain intensity along the rostro-caudal extent of the neocortex as in (A). Dashed lines are trend-line for the data
plotted. While all genes are specifically expressed in germinal layers, intensity of gene expression is either homogeneous (Eomes, Cdh8) or in a shallow gradient across

the entire rostro-caudal extent of the neocortex (Fgfr2, Fgfr3, Lhx2).

The EMBO journal Vol 34 | No 14 | 2015

© 2015 The Authors


http://www.brain-map.org

Camino de Juan Romero et al ~ Genetic protodomains in gyrencephaly

The EMBO Journal

Al | B|

Cdk6

Fgfr3

Intensity (a.u.)

Intensity (a.u.)

Figure 6. Maps of mRNA expression modules for Fgfr3, Cdk6, and Eomes.

’//} Gyrus
Sulcus M

- [0 High Eomes

Low Eomes

A-C Low magnification images of sagittal sections of the ferret brain at postnatal day PO (A), P2 (B), and P6 (C), showing the pattern of mRNA expression for Fgfr3 (A),
Cdk6 (B), and Eomes (C). Graphs in (A) and (B) plot the stain intensity in OSVZ along the rostro-caudal extent of the neocortex (rostral is left, caudal is right) in each
of the three consecutive latero-medial levels shown, as identified by numbers (1 = lateral, 3 = medial). Horizontal bars are binary representations of expression
level along each section as in the line graph (each identified by a different shade of gray), indicating modules of overall high (gray) and low (white) expression. Plot
n (C) is a map of the rostro-caudal and latero-medial extent of the cortex at P6, built from bar representations of consecutive sections as in (A, B). This map
demonstrates strong spatial correlation between Eomes expression modules (shaded) and prospective gyri (striped pattern), with the only exception of the SSG.
Dashed lines on pictures indicate the estimated border between prospective gyri (G) and sulci (S). The caudal vertex of the cortex, where Eomes expression is very
high, will eventually expand to become the splenial gyrus (SG), flanked rostrally by the lateral sulcus (LS). Modules of high expression are indicated on pictures by
continuous lines. BG, basal ganglia; C, caudal; H, hippocampus; L, lateral; LS, lateral sulcus; M, medial; NCx, neocortex; R, rostral; SG, splenial gyrus; Th, thalamus.

Scale bars, 500 pm.

folds do not form, but multiple functional areas are distinguished
(Sansom & Livesey, 2009; Elsen et al, 2013). Importantly, expres-
sion levels of Eomes in OSVZ correlated accurately with the map of
cortical folding, with multiple high and low expression regions
matching precisely with the emerging prospective folds and fissures
(but not all) (Fig 6C). In contrast, other genes like Fgfr3 or Cdké
only showed good correlation with SG and LS (Fig 6A and B). Taken
together, our observations strongly suggested that modular gene
expression may be a relevant feature underlying the formation of
gyri and sulci, although the specific combination of genes involved
is likely to vary between each gyrus and sulcus. In addition, as gyri

© 2015 The Authors

and sulci frequently coincide with functional cortical areas, differen-
tial gene expression along germinal layers may also contribute to
define prospective functional cortical areas in gyrencephalic species.

Expression of the modular protomap precedes cortical folding

Next, we enquired about the age of emergence and developmental
progression of these modular protomaps. To address this, we
compared the patterns of mRNA expression for Eomes, Fgfr2, Fgfr3,
and Cdké6 at three different developmental stages spanning the
period of cortical neurogenesis in ferret: embryonic day 30 (E30),
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Figure 7. Late protomap formation precedes cortical folding.

Patterns of MRNA expression for Eomes, Fgfr2, Fgfr3, Cdk6, and Pax6 across the rostro-caudal extent of the neocortex at E30, E34, and P2. Lines indicate discrete domains of
high expression in OSVZ. At E30 and E34, all genes tested were homogeneously expressed, and only by P2 modules of high versus low expression were distinguishable.
Patterns were observed in at least three sections per animal, one to three animals per stain. H, hippocampus. Scale bars, 500 pm.

E34 and P2 (Jackson et al, 1989). At E30, gene expression was
homogeneous across the entire rostro-caudal extent of the cortical
primordium except for Fgfr3, which displayed a long-spanning
gradient low rostral-high caudal, similar to the patterns observed in
the lissencephalic mouse embryo (Figs 5B and 7). Importantly, we
found no indication of modular gene expression at this early stage.
At E34, gene expression continued to be completely homogeneous
across the cortical primordium, even for Fgfr3 which did not show
its early gradient anymore. The domains or modules of gene expres-
sion only became distinguishable in early postnatal ferrets, and
particularly in the OSVZ (Fig 7). Interestingly, although these modu-
lar patterns emerged perinatally for all genes examined, the age at
which expression modules or domains were most distinct varied
depending on each gene (Figs 6 and 7). Further highlighting the
potential relevance of Eomes in cortical patterning and folding, this
gene displayed the greatest refinement in expression pattern and
contrast between modules circa P6, the onset age for gyrus forma-
tion (Smart & McSherry, 1986a). Given that Eomes controls the
expression of multiple cortical patterning genes (Sessa et al, 2008;
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Sansom & Livesey, 2009; Elsen et al, 2013), and its mutation in
humans causes severe cortical folding defects (Baala et al, 2007),
this could be an important gene in patterning cortical folds, as it has
been shown to participate in the sequential definition of cortical
patterning in mouse (Elsen et al, 2013).

Human cortical malformation genes are also expressed in
discrete domains

Cross-examination of our microarray data with public databases
(Barkovich et al, 2012) revealed that 81% of genes mutated in
human syndromes of cortical malformation are DEGs between ferret
SG and LS (P < 0.05, FC > 1.25; Supplementary Table S6). Impor-
tantly, many of these human malformations frequently only affect a
discrete region, while sparing the rest of the cerebral cortex, such as
those emerging from mutations in FGFR3, FLNA, or GPR56 (Fox et al,
1998; Piao et al, 2004; Hevner, 2005). We tested whether these genes
causing regional malformations in humans and found differentially
expressed between prospective SG and LS in the ferret cortex, might

© 2015 The Authors
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Figure 8. Modular patterns of gene expression in the developing cortex of human embryos.

A-E” Patterns of mRNA expression for the indicated genes in the developing cerebral cortex of human embryos at 16 gestational weeks (gw). Brackets in (A-E) indicate
the location of details shown in (A'—E"). In detail pictures, arrowheads and arrows indicate points of abrupt change in mRNA levels or distribution, and pairs of
brackets indicate regions with significantly different levels of ISH stain along VZ (&', A", B’ ,C' ,C’ ,D" ,E/, E"). Scale bar, 1 mm.

F—J” Patterns of mMRNA expression for the indicated genes in the developing cerebral cortex of human embryos at 21 gw. Brackets in (F-J) indicate the location of
details shown in (F'—J"). In detail pictures, pairs of brackets indicate regions with significantly different levels along ISVZ (F/, F"; G/, G"; H'; H”; I, 1"; |/, ]”). Changes
in FGFR2 and FGFR3 expression were obvious in VZ at 16 gw, and in ISVZ at 21 gw. NCx, neocortex; GE, ganglionic eminence; H, hippocampus. Scale bar, 2 mm.

be expressed in regional or modular patterns also in the human
cortex at fetal stages. We performed ISH stains on brain sections
from human embryos at 16 and 21 gestational weeks (gw), which
correspond to stages of mid- and late neurogenesis and immediately

© 2015 The Authors

prior to the emergence of the first folds and fissures. Thus, analysis
of these stages should help us define the genetic profile of germinal
layers preceding the appearance of the cortical folds. We found
significant regional variations in expression levels for all genes
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tested. These included the existence of significant changes at short-
range in mRNA expression levels for several genes known to be key
in cortical folding, such as EOMES, TRNP1, and GPR56 (Piao et al,
2004; Baala et al, 2007; Stahl et al, 2013; Bae et al, 2014) locally
within the prospective prefrontal cortex and frontal lobe (Fig 8A-E),
as well as within the ventral temporal lobe (Fig 8F-J).

Discussion

Recent landmark studies using whole-tissue and single-cell RNA
sequencing have identified a reduced number of genes with key
importance in human-specific cortical expansion and progenitor cell
heterogeneity (Lui et al, 2014; Florio et al, 2015; Johnson et al,
2015). But in large-brained mammals like humans, macaques, and
ferrets, the embryonic cerebral cortex is highly regionalized, includ-
ing the formation of folds and fissures (Welker, 1990), and many of
the critical features defining cortical progenitor cells (cell cycle,
amplification, neurogenesis) vary significantly across such regions
(Dehay et al, 1993; Lukaszewicz et al, 2005; Dehay & Kennedy,
2007; Reillo et al, 2011). Here, we have compared for the first time
the transcriptomes of germinal layers between prospective folds and
fissures of the developing cerebral cortex and described the exis-
tence of a novel pattern of gene expression along these germinal
layers. For an identified subset of developmentally relevant genes,
we find that expression levels change abruptly and repeatedly
across the cortex, distinguishing multiple domains or modules with
differential gene expression (differentially expressed genes, DEGs).
Importantly, these multi-modular patterns of expression are found
in the developing cortex of gyrencephalic species (ferret and
human), but not in the lissencephalic cortex of mouse (Sansom &
Livesey, 2009; Elsen et al, 2013).

In agreement with the remarkable size and complexity of the
OSVZ in gyrencephalic species, a majority of DEGs are found along
this layer, and gene expression modules along the OSVZ map faith-
fully the eventual location of cortical folds and fissures. This
supports a role for this layer and some of our identified DEGs on
cortical patterning, including the stereotyped formation of folds
(Kriegstein et al, 2006; Lui et al, 2011; Reillo et al, 2011). Indeed,
many of the genes we found differentially expressed between the
prospective splenial gyrus and lateral sulcus are known to regulate
progenitor proliferation, neurogenesis, or fate specification. These
include key signaling pathways such as Notch, Shh, MAPK, and
Wnt, which directly regulate cortical growth (Lui et al, 2011; Reillo
et al, 2011; Barkovich et al, 2012; Nonaka-Kinoshita et al, 2013;
Rash et al, 2013; Borrell & Gotz, 2014). Taken together, our data fit
with the cortical protomap concept to pattern the cerebral cortex
primordium into prospective anatomical and functional regions
(Rakic, 1988). In the case of cortical folds, modular patterns of
expression for a combination of genes, possibly different depending
on the specific gyrus and sulcus, may impose differential tissue
growth between modules, eventually leading to the evagination of
the cortex and formation of folds (Smart & McSherry, 1986b).

Our findings demonstrate that differential gene expression along
the OSVZ fits well with the patterning of cortical folds. Nevertheless,
folds and fissures in the cerebral cortex frequently coincide with
functional areas. For example, the SG coincides with visual area
A17, and LS coincides with area A19 of the visual cortex. Hence, it
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seems arguable that the modules of gene expression we have
identified may reflect a more complex regulation of cortical maps in
gyrencephalic species, instead of patterning folds. The repeated
variations in gene expression level that germinal layers display
across the ferret and human cortex seem contrary to defining
the identity of a particular area, but better fit with defining a system-
atically repeated feature across the cortex, such as folds and
fissures. This notion is further substantiated by our comparisons
between mouse and ferret cortex: gene expression in mouse
germinal layers is nearly always homogeneous or in very shallow
gradients, including genes which in ferret are expressed in distinct
modular patterns. Given that both mouse and ferret form cortical
areas, but only ferret forms folds, this again supports a role for
genetic modularity in cortical folding, or a much more complex
regulation of cortical area patterning than in mouse (Sansom &
Livesey, 2009; Elsen et al, 2013).

Importantly, previous reports had already demonstrated that
locally manipulating the expression level of some of our DEGs has
a significant impact on the size and shape of cortical folds, but
without altering cortical area identity nor lamination (Reillo et al,
2011; Nonaka-Kinoshita et al, 2013; Stahl et al, 2013; Borrell &
Gotz, 2014). Nevertheless, our current analysis also demonstrates
the existence of DEGs and step-wise expression changes in VZ and
ISVZ of ferret and human, indicating that multiple genetic maps
overlap across cortical germinal layers. Because VZ and ISVZ are
major sites of neurogenesis and neural fate determination in ferret
(Reillo et al, 2011), gene expression patterns in these other layers
may contribute significantly to define functional areas of the
cerebral cortex.

Our dataset of differentially expressed genes between prospective
folds and fissures is a unique resource to investigate the genetic
regulation of cortical folding (Borrell & Gotz, 2014). Importantly,
our screen highlights over 80% of the genes mutated in human
cortical malformations (Barkovich et al, 2012), some of which are
also expressed in modules along germinal layers of the developing
cerebral cortex of both ferret and human fetuses. This highlights the
promise of this screen as an entry point to identify novel genes
mutated in human malformations of cortical development.

Materials and Methods
Animals and tissue processing

Pregnant pigmented ferrets (Mustela putorius furo) were obtained
from Marshall Bioresources (North Rose, NY) and kept on a 1-h 6:8-h
light:dark cycle at the Animal Facilities of the Universidad Miguel
Herndndez. All animals were treated according to Spanish and EU
regulations, and experimental protocols were approved by the
Universidad Miguel Hernandez IACUC. Bromodeoxyuridine (BrdU,
SIGMA) was administered intraperitoneally at 50 mg/kg 1 h prior to
sacrifice. For histological analysis, ferret embryos were obtained by
cesarean section of timed-pregnant females upon deep anesthesia
with sodium pentobarbital and then perfused transcardially with
4% paraformaldehyde (PFA); postnatal ferrets were deeply anesthe-
tized with sodium pentobarbital prior to transcardiac perfusion with
PFA. After perfusion, the brains were extracted, cryoprotected,
frozen, and sectioned.
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Tissue microdissection

For RNA extraction, ferret pups were anesthetized and decapitated;
their brains were dissected and blocked in ice-cold ACSF (140 mM
NaCl, 5 mM KCl, 1 mM MgCl,, 24 mM D-glucose, 10 mM HEPES,
1 mM CaCl,, pH 7.2), and tissue blocks containing the occipital
cortex were vibrotome-cut in 300-um-thick slices. Living cortical
slices were further microdissected with microscalpels in ice-cold
ACSF to isolate the VZ, ISVZ, and OSVZ from the prospective
splenial gyrus and lateral sulcus. We identified the SG as the region
corresponding to the caudal end of the cortex, where it curves back;
LS was identified as the cortical region overlying the hippocampus
at the level of the dentate gyrus. Germinal layers were identified in
living slices under the dissection scope: the VZ was the most
opaque layer, on the apical side of the cortex; the ISVZ was less
opaque than VZ, but with a visibly higher cell density than the
overlying layers. Between the cell-dense ISVZ and CP, there was a
very translucent and thick zone, corresponding to OSVZ+IZ+SP; the
OSVZ was identified as the bottom half of this zone, which usually
had a higher cell density than IZ/SP, particularly at the level of the
SG. Tissue pieces were fresh-frozen in Trizol for RNA extraction,
with a post-mortem interval of < 1 h.

Human tissue

Brain sections of human fetuses from spontaneous abortions were
obtained from the Service of Pathology, Hospital Universitario
“Principe de Asturias”, Alcald de Henares, Spain. Brains were
removed in routine necropsies in accordance with the Spanish law
on clinical autopsies (Boletin Oficial del Estado [BOE] of 27 June
1980 and BOE of 11 September 1982). After removal, brains were
fixed by immersion in buffered 4% paraformaldehyde (PFA) at
room temperature during 2 weeks. Then, coronal blocks across the
entire brain were obtained; these blocks were embedded in toto in
paraffin, and finally sectioned and stained.

RNA isolation, processing, and microarray hybridization

Total RNA was extracted using RNeasy Mini Kit (Quiagen) followed by
treatment with RNase-Free DNase Set (Quiagen). RNA quality was
confirmed using the RNA 6000 Nano kit on the Agilent Bioanalyzer
platform, and then 200 ng of total RNA was labeled using the one-color
labeling kit from Agilent technologies according to the manufacturer’s
protocol. Labeled cRNA was then hybridized for 16 h on a custom-
made microarray containing 43,692 ferret-specific probes covering
17,386 genes (Camp et al, 2012). Microarray slides were scanned on an
Agilent High-Resolution C Scanner, and the raw image files were
processed by the Agilent feature extraction software. Raw data files
were normalized using quantile normalization in Partek Genomics
Suite®. Statistical analysis of microarray data was done in Multiexperi-
ment Viewer (MEV) (Saeed et al, 2003). To identify genes with signifi-
cantly different expression levels, we used ANOVA comparisons
between samples, using P-values based on 500 permutations and
Bonferroni false discovery correction, as in Ayoub et al (2011). Micro-
array comparison of samples between SG and LS revealed that in OSVZ,
the majority of differentially expressed genes (DEGs) were up-regulated
in SG. Although it was intuitive to assume that normalization of mRNA
abundance should have resulted in roughly 50% of DEGs up-regulated
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and 50% down-regulated, DEGs in OSVZ only represented 6.9% of
genes, and their average degree of change was only 2.9-fold. Therefore,
the impact of this difference on the total amount of RNA in the biologi-
cal samples was very likely negligible, particularly when many DEGs
were transcription factors, cell cycle proteins, etc., typically having a
low abundance overall. The microarray data from this publication have
been submitted to the GEO database (http://www.ncbi.nlm.nih.gov/
geo/) and assigned the identifier GSE60687.

Gene ontology analysis

Annotation analysis was performed using the web-based DAVID v6.7
software (http://david.abcc.ncifcrf.gov) (Dennis et al, 2003). When
comparing areas, common terms were selected among the categories
with highest enrichment score. In order to find the functional terms
specific for each layer, annotation terms common with the other layers
were removed from the final output in each case. Functional annotation
clustering for DEGs between layers was done in the same way.

Quantitative real-time PCR

Total RNA from each region of interest was isolated by microdissec-
tion following the same procedures as for microarray analysis, and
primers for ferret gene homologs were designed based on the same
ferret-specific sequences. Template cDNA was generated using
Maxima First Strand cDNA Synthesis Kit for quantitative real-time
PCR (qRT-PCR) (Thermo Fisher). Quantitative RT-PCR was
performed using the Step One Plus sequence detection system and
the SYBR Green method (Applied Biosystems), with each point
examined in triplicate. Transcript levels were calculated using the
comparative C, method normalized using actin. Primers used are
listed in Supplementary Table S2 (actin primers used by Fang and
colleagues) (Fang et al, 2010). Each independent sample was
assayed in duplicate. Data were statistically analyzed with SPSS
software using t-test. Histograms represent mean + SEM.

Cloning of ferret gene homologs

Several DEGs were amplified by PCR using ferret-specific primers,
designed based on the same ferret-specific sequences as in the
microarray, and listed in Supplementary Table S2. PCR was
performed using Go Taq Flexi DNA polymerase (Promega), and the
resulting amplicons were purified with Wizard SV Gel and PCR
Clean-Up System (Promega) and cloned into pGEM-T Easy Vector
System I.

In situ hybridization and immunohistochemistry

Sense and anti-sense cRNA probes were synthesized and labeled
with digoxigenin (DIG; Roche Diagnostics) according to the manu-
facturer’s instructions. In situ hybridization (ISH) was performed
as described elsewhere (Reillo et al, 2011). Briefly, 50-pum-thick
frozen brain sections were hybridized with DIG-labeled cRNA
probes overnight in hybridization solution [50% formamide (Am-
bion), 10% dextran sulfate, 0.2% tRNA (Invitrogen), 1x
Denhardt’s solution (from a 50x stock; SIGMA), 1x salt solution
(containing 0.2 M NaCl, 0.01 M Tris, 5 mM NaH,PO,;, 5 mM
Na,HPO,, 5 mM EDTA, pH 7.5)]. After sections were washed,

The EMBO journal Vol 34| No 14 | 2015

1871


http://www.ncbi.nlm.nih.gov/geo/
http://www.ncbi.nlm.nih.gov/geo/
http://david.abcc.ncifcrf.gov

1872

The EMBO Journal

alkaline phosphatase-coupled anti-digoxigenin Fab fragments were
applied. For visualization of the labeled cRNAs, sections were
incubated in nitroblue tetrazolium (NBT)/5-bromo-4-chloro-3-
indolyl phosphate (BCIP) solution [3.4 pl/ml from NBT stock and
3.5 pl/ml from BCIP stock in reaction buffer (100 mg/ml NBT
stock in 70% dimethylformamide; 50 mg/ml BCIP stock in 100%
dimethylformamide; Roche)]. Ferret-specific ISH probes were
cloned using the primers listed in Supplementary Table S2. The
following plasmids for human ISH were purchased from “Source
BioScience LifeSciences” (http://www.lifesciences.sourcebioscience.
com/), with their respective Clone ID: EOMES (5223017), FGFR2
(5264983), FGFR3 (40122516), FLNA (4800733), GPR56 (3139174),
and TRNP1 (6376829). For immunohistochemistry, brain sections
were incubated with primary antibodies overnight (anti-BrdU,
1:200; anti-Tbr2, 1:250; Abcam), followed by biotinylated secondary
antibodies (1:250, Vector), ABC complex (1:100, Dako) and devel-
oped with nickel-enhanced diaminobenzidine (SIGMA).

Generation of cortical maps

Gene expression patterns were categorized as being modular when
this was observed in three independent animals, at least three
sections per animal, for each gene. To map the distribution of gene
expression levels across the developing cortex, a series of sagittal
sections across the latero-medial extent of the cortex were stained
for ISH. In each section, the apical border of the OSVZ was drawn,
and this line was subdivided marking regions with high or low
intensity of stain, and straightened. The entire set of straight lines
was ordered medio-laterally, aligned to the caudal end, and “high”
or “low” sectors across sections were grouped in two-dimensional
territories following best-likelihood criteria. To map prospective
folds and fissures, we followed the exact same process, but dividing
the apical border of OSVZ from each section into regions prospec-
tive of gyrus or sulcus. The borders between gyrus and sulcus
regions were defined as the points of change in convexity at the
cortical surface, which were then projected perpendicularly onto the
apical border of the OSVZ.

Generation of ISH intensity plots

Quantification of ISH intensity along the OSVZ, ISVZ, or VZ was
performed using ImageJ. Images of ISH stains were converted to
8-bit and contrast-enhanced, and the entire thickness of OSVZ,
ISVZ, or VZ was selected and straightened using the straighten
plugin (http://rsbweb.nih.gov/ij/plugins/straighten.html). This region
of interest was then analyzed for pixel intensity using Plot Profile
along the length of the OSVZ, and raw data across individual points
were smoothed to reveal the intensity trend.

Supplementary information for this article is available online:
http://emboj.embopress.org
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