












In diapsids
Compared with mammals, much less is known about cortical
neurogenesis in diapsids (Goffinet, 1983; Goffinet et al., 1986;
Medina and Abellán, 2009; Montiel and Molnár, 2013; Montiel
et al., 2016; Rakic, 2009). As in mammals, NEs and, later, aRGs are
the predominant neural progenitor cells, but their number is much
lower. In birds, germinative layers in some telencephalic areas are
thick and a SVZ is present (Cheung et al., 2007; Montiel and
Aboitiz, 2015). A study of the distribution of T-box brain gene 1
(Tbr1)- and Tbr2-expressing cells in the chick shows that Tbr1
labels early neurons and that Tbr2-positive, possibly IP, cells are
present in that species (Bulfone et al., 1999). Neurogenesis was
recently studied in the gecko and results conform with predictions
from data in mammals (Nomura et al., 2013). Specifically, NE cells

initially divide symmetrically, with a longer cell cycle than in
mammalian NPCs (around 50 h versus 8-18 h in mammals), and then
asymmetrically to give rise to neurons. No IP cells were detected
directly outside of theVZ. A few Tbr2-positive cells could be detected
outside the VZ, but were not labeled by a BrdU pulse; conversely,
clonal analysis yielded a few clones with two neurons, indicating that
some IP cells were present that had committed to the neuronal lineage
(Nomura et al., 2013). Tbr2-positive cells that have delaminated from
the VZ have been observed in the dorsal telencephalon in reptiles
and birds (Cheung et al., 2007; Martínez-Cerdeño et al., 2016). It
should be recognized, however, that Tbr2 might not specifically
label IP cells in marsupials (Puzzolo and Mallamaci, 2010), and
might be even less specific to IP cells in diapsids. Thus, although
several key cellular features of neurogenesis are conserved between
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Fig. 4. Reelin expressing cells in
embryonic telencephalon. Reelin
mRNA expression was assessed
using species-specific 33P-labeled
riboprobes to provide a semi-
quantitative comparison of its
expression levels. Micrographs and
schematics reproduced and adapted,
with permission, from Bar et al. (2000)
(A), Bernier et al. (1999) (B), Goffinet
et al. (1999) (C) and Bernier et al.
(2000) (D). Schematics adapted with
permission from Bar et al. (2000).
(A,A�) In mouse embryonic dorsal
telencephalon at E14.5, C-R cells
strongly expressing reelin (arrows in
A, ovals in A�) cover the subpial
cortical MZ (MZ in A�). Reelin
expression is very high in mouse C-R
cells relative to expression levels in
B-D. A similar exposure time was
used for (A-D) to allow reelin mRNA
levels to be compared across species.
(B,B�) In turtle embryos (Emys
orbicularis, Carnegie equivalent stage
21), reelin mRNA-expressing cells
that might be homologous to C-R cells
are seen in the MZ (arrows), and there
is modest reelin expression in the
cortical ribbon and in scattered cells in
the anterior dorsal ventricular ridge
(ADVR) (hatched areas in B�).
Arrowheads indicate unrelated dark-
field signal in pial melanophores.
Arrows indicate Cajal-Retzius cells.
(C,C�) In lizard embryos (Lacerta
viridis, Carnegie equivalent stage 21)
a few C-R-like cells express reelin in
the MZ in medial (MC) and dorsal
cortex (DC) (arrows). There is also a
zone of weaker expression in
subcortical cells and in the dorsal part
of lateral cortex (LC) (hatched in C�).
(D,D�) In chick embryos (Carnegie
equivalent stage 21), a few C-R-like
cells in theMZ express reelin (arrows),
which is also expressed in a more-
diffuse pattern in the lateral cortex
(hatched area in LC in D�). CP, cortical
plate; V, lateral ventricle. Scale bar:
200 µm.
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synapsids and diapsids, both lineages differ quantitatively and
massively in the numbers of NPC, and probably quantitatively by
the presence of a mammalian specific IP amplification mechanism.
Contrary to embryonic cortical neurogenesis, adult neurogenesis

is more active in diapsids than in mammals. With the exception
of the olfactory bulb and dentate gyrus, few if any neurons are
produced in telencephalic areas in adult mammals, at least under
physiological conditions (reviewed by Ming and Song, 2011). In
contrast, forebrain neurons are generated continuously in adult
diapsids, such as crocodiles or lizards, the bodies of which grow
during their whole life (Garcia-Verdugo et al., 2002), and also
periodically in birds (Alvarez-Buylla and Kirn, 1997).

NPC proliferation and cortical folding
The importance of NPC proliferation for cortical development is
underpinned by the identification of genes that are implicated in
human hereditary primary microcephaly (MCPH) and related
disorders (see Table 1 and references therein). MCPH is
characterized by a small, yet reasonably well formed and folded,
cortex, as if built to scale. Several causal genes for MCPH have been
identified and the number is regularly increasing. Of particular
relevance are the genes that code for the centromeric proteins that
regulate chromosome attachment to the mitotic spindle, as well as
those that encode centrosomal proteins important for the integrity
and function of centrosomes and cilia, and proteins implicated in
spindle formation and cell division. Presumably, mutations that
impair NPC proliferation and that favor the premature formation of
neurons, lead to a reduction in the NPC pool and thus to cortical
atrophy. The relative preservation of cortical folding (discussed
further below) in MCPH suggests that mutant apical progenitors are
still able to produce basal progenitors (bRGs or IP cells, or both) in
nearly normal proportion, so that the ratio between apical and basal
progenitors remains unaffected, enabling cortical folding to
proceed. Human samples of microcephaly are rarely examined
pathologically, and studies of mature brains can only yield indirect
information about development. If the model above is correct, the
inactivation of microcephaly genes in a species with a foliated
cortex, such as the ferret or macaque, should mimic the human
condition and allow us to understand the contribution of the
different NPC types to shaping the pattern and extent of cortical
folding. Gene editing technologies such as TALEN and especially
CRISPR/Cas have already been applied successfully in ferret (Kou
et al., 2015) and monkey (Niu et al., 2014), and should make this
possible.
Differential regulation of cortical neurogenesis in synapsids

versus diapsids represents only one mechanism that can help to
account for the changes in cortical structure across evolution. Next, I
address the development of early postmitotic neurons, focusing on
neuronal migration, especially radial migration, and on reelin
signaling.

Neuronal migration and reelin
In all amniotes where it has been studied, glutamatergic excitatory
neurons are generated in cortical ventricular and subventricular
zones and migrate radially along the expansions of aRGs to form
the cortical plate (Goffinet, 1983; Rakic, 2009). In contrast,
GABAergic neurons formed in the ganglionic eminences (LGE
and MGE; see Fig. 2A) in the basal telencephalon reach the cortex
by tangential migration (Anderson et al., 1997; Cobos et al., 2001;
Medina and Abellán, 2009; Métin et al., 2007; Tuorto et al., 2003).
There is therefore a likely conservation of mechanisms that regulate
migration in all amniotes. Neuronal migration is orchestrated by

intrinsic (cell-autonomous), as well as by extrinsic, cues provided by
diffusible signals or extracellular matrix molecules (Lambert de
Rouvroit and Goffinet, 2001;Manzini andWalsh, 2011;Métin et al.,
2006). A detailed account of the cellular and molecular mechanisms
of neuronal migration lies beyond the scope of this Review (I refer
the reader instead to Tan and Shi, 2013), but I discuss below some
key insights that would have been difficult to gain from in vitro cell
biological investigations alone and have emerged from studies of
human genetic disorders and mutant mouse models.

Like axonal growth cones, the leading process of migrating
neurons progresses mainly by actin treadmilling. This is coupled to
microtubule dynamics that regulate the progression of the nucleus
in the leading process (‘nucleokinesis’). Retraction of the trailing
edge at the rear of migrating neurons requires actomyosin
contractility, which implicates myosin 2 (reviewed by Vallee
et al., 2009).

When actin microfilament dynamics are perturbed, neuronal
migration is drastically impaired, sometimes barely initiated, as best
exemplified by the presence of periventricular heterotopias (see
Glossary, Box 1) in females heterozygous for mutations in the
X-linked gene encoding filamin A (Fox et al., 1998) and by the
presence of large subcortical band heterotopia (SBH) in mice with
inactivation of the small GTPase Rho, an actin regulator (Cappello
et al., 2012). Similarly, individuals with Baraitser-Winter
syndromes, which are caused by heterozygous mutation in actin
genes (Table 1), feature pachygyria (see Glossary, Box 1),
lissencephaly or heterotopias. The scarcity of pathogenic
mutations in humans of genes implicated in actin dynamics could
be due to gene redundancy and/or to the aggressive resulting
phenotypes, many of which might be lethal.

Most of the genes implicated in human and in mouse neuronal
migration disorders are linked to microtubule organization and
function, as shown by studies of congenital lissencephaly and
pachygyria. Lissencephaly type 1 is characterized by a near
complete absence of cortical folds, with thickened cortical ribbon
and poorly defined lamination (Reiner et al., 1993). A breakthrough
in the field came with the realization that some of the genes that
cause lissencephaly are orthologous to nuclear distribution (NUD)
genes that encode microtubule-interacting proteins required for the
regular distribution of nuclei in the syncytium in filamentous fungi
(Xiang et al., 1995). Inactivation of the mammalian orthologs of
NUD genes in mice preferentially impacts nucleokinesis, the
progression of the nucleus in the leading process (Morris et al.,
1998; Walsh and Goffinet, 2000). Nucleokinesis is defective in
children and/or mice with mutations in genes encoding tubulin α1,
the adaptor Nde1, the kinase Cdk5, and its co-factors p25 and p35,
the microtubule-associated proteins lissencephaly Lis1 and
doublecortin, the microtubule-severing kinesin Kif2a, and the
nuclear envelope proteins SYNE and others (see Table 1 for a more
complete list and references). Given that the genes mutated in
lissencephaly encode proteins that influence microtubule dynamics,
it is not surprising that these proteins regulate NPC division and
spindle organization as well as nucleokinesis. Perhaps the most
surprising finding is that some genes implicated in microtubule
dynamics, such as Cdk5 (Gilmore et al., 1998), affect nucleokinesis
and neuronal migration with little impact on NPC proliferation,
whereas others, such asWdr62 and Aspm impact NPC proliferation
to a greater extent (Jayaraman et al., 2016). For genes such as Cdk5,
their expression in neurons and not in NPC explains this specificity,
but this trivial explanation is not always valid. These different
phenotypes likely reflect different roles for microtubule-associated
proteins in NPC division and nucleokinesis, and could provide new
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Table 1. Human and mouse gene mutations that produce abnormal cortical development

Disease OMIM Inheritance Human protein and function (if known)
Reference to cortex-specific
mouse mutant (if available)

Autosomal recessive primary microcephaly (MCPH) and Seckel syndrome (SCKL)
MCPH1 607117 AR Microcephalin (Jackson et al., 2002), G2/M checkpoint

protein
(Gruber et al., 2011)

MCPH2 613583 AR WDR62 (Nicholas et al., 2010), centrosome-associated
protein

MCPH3 608201 AR CDK5RAP2 (Bond et al., 2005), Cdk5 regulation
MCPH4 604321 AR CASC5 (Genin et al., 2012), spindle assembly

checkpoint protein
(Genin et al., 2012)

MCPH5 605481 AR ASPM (Bond et al., 2002, 2003), spindle organization (Fujimori et al., 2014)
MCPH6
SCKL4

608393
613676

AR CENPJ (Bond et al., 2005), centromeric protein

MCPH7 612703 AR STIL (Kumar et al., 2009)
MCPH8 614673 AR CEP135 (Hussain et al., 2012), centrosomal protein
MCPH9
SCKL5

614852
613823

AR CEP152 (Guernsey et al., 2010), centrosomal protein

MCPH10 615095 AR ZNF335 (Yang et al., 2012), transcription factor
MCPH11 615414 AR PHC1 (Awad et al., 2013), polycomb group protein
MCPH12 616080 AR CDK6 (Hussain et al., 2013)
MCPH13 616051 AR CENPE (Mirzaa et al., 2014), centromeric protein
MCPH14 616402 AR SASS6 (Khan et al., 2014), centriolar assembly
MCPH15 616486 AR MFSD2A (Alakbarzade et al., 2015; Guemez-Gamboa

et al., 2015)
MCPH16 616681 AR ANKLE2 (Yamamoto et al., 2014), nuclear membrane

reassembly
MCPH17 617090 AR CIT (Harding et al., 2016; Li et al., 2016), citron kinase,

cytokinesis
(Di Cunto et al., 2000)

MCPHxx PIBF1 and CEP90 (Kodani et al., 2015), centrosomal
protein

MCPHA 607196 AR SLC25A19 (Rosenberg et al., 2002)
MSSP 614833 AR RTTN rotatin (Shamseldin et al., 2015) (Faisst et al., 2002)
Stromme syndrome 243605 AR CENPF (Waters et al., 2015), centromeric protein
SCKL1 210600 AR ATR (O’Driscoll et al., 2003) (Lee et al., 2012)
SCKL2 606744 AR RBBP8 (Qvist et al., 2011; Shaheen et al., 2014)
SCKL4 (see MCPH6) AR
SCKL5 (see MCPH9) AR
SCKL6 614728 AR CEP63 (Sir et al., 2011), centrosomal protein
SCKL7 614851 AR Ninein (Dauber et al., 2012), centrosomal protein
SCKL8 615807 AR DNA2 (Shaheen et al., 2014), DNA replication
SCKL9 616777 AR ATRIP (Ogi et al., 2012), DNA damage checkpoint
SCKL10 617253 AR NSMCE2 (Payne et al., 2014), SUMO ligase, DNA repair
Nijmegen breakage
syndrome

251260 NBN (nibrin) (Varon et al., 1998), chromosome stability

Microcephaly with chorioretinopathy and/or other malformations
MCCRP1 251270 AR TUBGCP6 (Puffenberger et al., 2012)
MCCRP2 616171 AR PLK4 (Martin et al., 2014), polo-like kinase
MCCRP3 616335 AR TUBGCP4 (Scheidecker et al., 2015)
MCLMR 152950 AD KIF11 (Ostergaard et al., 2012)
FGLDS1 164280 AD MYCN (van Bokhoven et al., 2005)
FGLDS2 614326 AD MIR17HG (de Pontual et al., 2011)
MOPD1 210710 AR RNU4ATAC (Edery et al., 2011; He et al., 2011),

spliceosome component
MOPD2 210720 AR PCNT (Rauch et al., 2008), pericentrin/kendrin
SCBMS 616632 AR DIAPH1 (Al-Maawali et al., 2016; Ercan-Sencicek et al.,

2015), formin
Cortical dysplasias, complex
CDCBM1 614039 AD TUBB3 (Poirier et al., 2010) NA
CDCBM2 615282 GM KIF5C (Poirier et al., 2013) (Kanai et al., 2000)
CDCBM3 615411 IC KIF2A (Poirier et al., 2013) (Homma et al., 2003)
CDCBM4 615412 AD TUBG1 (Poirier et al., 2013) NA
CDCBM5 615763 AD TUBB2A (Cushion et al., 2014) NA
CDCBM6 615771 AD TUBB5 (Breuss et al., 2012) NA
CDCBM8 613180 AR TUBA8 (Abdollahi et al., 2009) NA
Cortical dysplasia 614563 IC DYNC1H1 (Poirier et al., 2013) NA

Continued
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avenues of investigation into the underlying mechanisms which, to
my knowledge, are not fully understood.
‘Doublecortex’ is a human malformation caused by mutations in

the X-linked gene doublecortin, which encodes a microtubule-
associated protein (des Portes et al., 1998; Gleeson et al., 1998). In
males, mutations generate lissencephaly type I, whereas
heterozygous females have a complex phenotype of SBH overlaid
with a thin but normally organized cortex. These phenotypes are
interpreted in terms of defective neuronal migration. The defect
would affect all cortical neurons in males, and of about half of them
in females (due to random X inactivation) (des Portes et al., 1998;

Gleeson et al., 1998). SBH can also result from inactivation of
autosomal genes, in which case the phenotype is attributed to
defective migration of late-generated neurons due to a disorganized
glial radial scaffold and aRG delamination. As noted above, large
SBH were first induced upon inactivation of small GTPAse Rho in
the mouse cortex, and were shown to result from gene inactivation in
RGs, rather than in migrating neurons (Cappello et al., 2012). SBH
were observed in humans and mice with mutations of Eml1 that
encodes echinoderm microtubule-associated protein like 1 (Eml1).
In mouse NPCs that lack Eml1, spindle orientation is abnormal and
mutant NPCs loose attachment and delaminate from the VZ (Kielar

Table 1. Continued

Disease OMIM Inheritance Human protein and function (if known)
Reference to cortex-specific
mouse mutant (if available)

Lissencephaly type 1
LIS1 607432 IC, het PAFAH1B1 (Reiner et al., 1993), dynein andmicrotubule

regulation
(Hirotsune et al., 1998)

LIS3 611603 AD TUBA1A (Keays et al., 2007; Poirier et al., 2007) (Keays et al., 2007)
LIS4 614019 AR NUDE (Alkuraya et al., 2011; Bakircioglu et al., 2011),

microtubule regulation
(Feng and Walsh, 2004)

LIS5 615191 AR LAMB1 (Radmanesh et al., 2013), laminin
LIS6 616212 AR KATNB1 (Hu et al., 2014; Mishra-Gorur et al., 2014),

katanin, microtubule severing
LIS7 616342 AR CDK5 (Magen et al., 2015), microtubule regulation (Ohshima et al., 1996)
LISX1 300067 XLD DCX (des Portes et al., 1998; Gleeson et al., 1998),

microtubule regulation
(Corbo et al., 2002; Deuel et al., 2006)

LISX2 300215 XLD ARX (Kitamura et al., 2002), transcription factor (Kitamura et al., 2002)
Lissencephaly type 2, cobblestone, muscle eye brain disease
Cobblestone/MDDGA1 236670 AR POMT1 (Beltran-Valero de Bernabé et al., 2002)
MDDGA2 613150 AR POMT2 (van Reeuwijk et al., 2005)
MDDGA3 253280 AR POMGNT1 (Yoshida et al., 2001) (Michele et al., 2002)
MDDGA4 253800 AR FKTN/fukutin (Kobayashi et al., 1998)
MDDGA5 613153 AR FKRP (Beltran-Valero de Bernabé et al., 2004)
MDDGA6 613154 AR LARGE (van Reeuwijk et al., 2007)
MDDGA7 614643 AR ISPD (Willer et al., 2012)
MDDGA8 614830 AR POMGNT2 (Manzini et al., 2012)
MDDGA9 616538 AR DAG1 (Geis et al., 2013)
MDDGA10 615041 AR TMEM5 (Vuillaumier-Barrot et al., 2012)
MDDGA11 615181 AR B3GALNT2 (Stevens et al., 2013)
MDDGA12 615249 AR POMK (Di Costanzo et al., 2014)
MDDGA13 615287 AR B3GNT1 (Buysse et al., 2013)
MDDGA14 615350 AR GMPPB (Carss et al., 2013)
Perisylvian polymicrogyria,
Cobblestone

604110 AR GPR56 (Piao et al., 2004) (Piao et al., 2004)

Cobblestone Integrin α5 β1 (Marchetti et al., 2010)
Cobblestone Presenilin 1 (Hartmann et al., 1999)

Reelin-type lissencephaly
LIS2 257320 AR RELN (Hong et al., 2000) (D’Arcangelo et al., 1995)

Periventricular (PVNH) and subcortical band heterotopia (SBH)
PVNH1 300049 XLD FLNA (Fox et al., 1998)
PVNH2 608097 AR ARFGEF2 (Sheen et al., 2004)
PVNH6 615544 AD ERMARD (Conti et al., 2013) (Conti et al., 2013)
SBH 600348 AR EML1 (Kielar et al., 2014) (Kielar et al., 2014)
SBH Mllt4 (Gil-Sanz et al., 2014;

Yamamoto et al., 2015)
SBH Rap1a+b (Shah et al., 2016)
SBH Cdh2 (Gil-Sanz et al., 2014)
SBH RhoA (Cappello et al., 2012)
SHB+other SUN1/2 (Zhang et al., 2009)
SHB+other SYNE1/2 (Zhang et al., 2009)
SHB+other Rapgef2 (Bilasy et al., 2009)
Cortical dysplasia Arl13b (Higginbotham et al., 2013)

Pachygyria (in association) (Baraister-Winter syndrome)
BRWS1 243310 AD ACTB (Riviere et al., 2012)
BRWS2 614583 AD ACTG1 (Riviere et al., 2012)

AD, autosomal dominant; AR, autosomal recessive; GM, germline mosaic; IC, isolated cases; XL, X-linked; XLD, X-linked dominant. For a more complete
classification of human malformations of cortical development, see Barkovich et al. (2012). Empty cells mean data not available at date of publication.
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et al., 2014). Intriguingly, although Eml1 is not X-linked like
doublecortin, the phenotype is very reminiscent of the doublecortex
malformation, and the thin cortical plate that overlays the
heterotopic band is normally organized. The Eml1 mutant SBH
contains more late than early generated neurons, and mutant aRG
extensions are disorganized. Presumably, Eml1 inactivation affects
primarily external processes of aRGs, which are more important
for long-distance migration of late-generated cells than for
short-distance migration of early-born neurons (Kielar et al.,
2014). Rather similar phenotypes have been described in mice
mutant for Mllt4 (Afdn) which encodes afadin, a protein that
connects nectin to the actin cytoskeleton at adherens junctions (Gil-
Sanz et al., 2014; Yamamoto et al., 2015), for Rap1, a regulator of
the actin network (Shah et al., 2016), and for Llgl1 (lethal giant
larvae homolog 1), which encodes a polarity protein expressed in
NPCs (Jossin et al., 2017). In all those cases, a likely primary
mechanism is the delamination of aRGs, leading to neuronal ectopia
(Cappello et al., 2012; Gil-Sanz et al., 2014; Shah et al., 2016;
Yamamoto et al., 2015). These recent findings hint at new features
of neuronal migration that remain to be investigated further.
The mechanisms of neuronal migration in the diapsid cortex have

yet to be studied in detail. Nevertheless, available morphological
data show that, in turtle, lizard and crocodile embryos, cortical
neurons move radially or tangentially, as in mammals (Garcia-
Verdugo et al., 2002; Goffinet, 1983; Goffinet et al., 1986; Nomura
et al., 2013), suggesting a conservation of mechanisms. However,
the diapsid cortex is much thinner and less complex than its
mammalian counterpart (Butler and Hodos, 2005; Butler et al.,
2011; Puelles et al., 2017). As actin and microtubule dynamics, and
radial glial guidance, are particularly important for long-distance
migration and for the formation of mammalian upper cortical layers,
these cellular mechanisms are likely to prove less crucial to cortical
development in diapsids than in mammals.
A key difference between mammalian and diapsid cortices is the

number and properties of Cajal-Retzius (C-R) cells (Fig. 4). In
mammals, C-R cells are early-born transient neurons that originate
from VZ at the frontier between ventral and dorsal telencephalic
regions, and then in larger numbers from the dorsal cortical hem
(Meyer et al., 2000). From their multiple sites of origin, C-R cells
migrate tangentially in the subpial tier of the marginal zone (MZ),
over all cortical sectors (Bielle et al., 2005; Meyer and Goffinet,
1998). They disappear progressively by apoptosis during late
cortical maturation and only a few remain in the adult marginal zone
(Meyer et al., 1999). They are characterized by the secretion of
reelin (D’Arcangelo et al., 1995), a large extracellular protein that
binds to lipoprotein receptors on the surface of end-migration
neurons and activates a signal that orchestrates the radial
organization of the cortical plate and cortical folding (Hong et al.,
2000; Tissir and Goffinet, 2003). Turtles, lizards, crocodiles and
birds have a few reelin-positive cells in the embryonic telencephalic
marginal zone. However, those cells are scarce and the reelin signal
individually associated with them is very weak compared with that
in mammalian C-R cells (Fig. 4) (Bar et al., 2000; Bernier et al.,
2000, 1999; Goffinet et al., 1999; Tissir et al., 2003). Lineage-
tracing studies in quail indicate that avian reelin-positive cells
originate from medial cortical fields, as in mice, but do not migrate
from the anti-hem (Nomura et al., 2008). Therefore, the prominence
of C-R cells in the embryonic MZ, and the resulting secretion of
high amounts of reelin, is a defining feature of the mammalian
cortex. It is impossible to know whether C-R cells were present in
the early synapsid lineages (pelycosaurs and therapsids), but it
should be possible to assess whether they are present in the

embryonic cortex of monotremes (echidna and platypus), which are
evolutionarily related to early mammals.

Altogether, available evidence suggests that similar cellular
mechanisms orchestrate neuronal migration in mammals and
diapsids, and that differences are more quantitative than
qualitative. On the other hand, the high number of reelin-
producing C-R cells and their production of Reelin in the cortical
marginal zone are key mammalian specific features and reflect
qualitative differences between synapsids and diapsids. Next, I will
consider how evolutionary and developmental similarities and
differences between mammals and non mammals relate to the
complex issue of cortical folding.

Cortical folding
The most remarkable difference between the cortex of mammals
and diapsids is the propensity of the mammalian cortex to fold. This
has been emphasized by others (De Juan Romero and Borrell, 2015;
Lewitus et al., 2014; Molnár and Clowry, 2012; Nonaka-Kinoshita
et al., 2013; Striedter et al., 2015) and can be appreciated by
consulting the superb database ‘Comparative Mammalian Brain
Collection’ (www.brainmuseum.org/), on which most of statements
below are based. Cortical folding is extreme in humans, apes,
cetaceans and elephants, intermediate in many mammals, and
absent in lissencephalic mammals, most of which have small body
sizes. What is striking is that some cortical folding is present in
species from all mammalian branches (Borrell and Reillo, 2012;
Fernández et al., 2016; Lewitus et al., 2014; Reillo et al., 2011). For
example, although most rodents are lissencephalic, porcupines have
some cortical gyri and the cortex of the largest rodent, the capybara,
is quite folded. Conversely, even in the primate lineage, where most
species have a folded cortex, a small species such as the marmoset
has a nearly smooth cortex, with only a shallow sylvian sulcus
(Garcia-Moreno et al., 2012). Most marsupials, such as the opossum
or koala, have a smooth cortex, but in the kangaroo, it is folded,
although not extensively. Even in monotremes, platypus is
lissencephalic, whereas echidnas have a highly gyrated cortex
(Ashwell and Hardman, 2012). A correlation exists between folding
and body size in a givenmammalian phylum but not across phyla. In
contrast, the brains of all diapsids, including the largest ones, such
as crocodiles, monitor lizards and ostriches, are completely smooth.

Thus, the development of a folded cortex occurred repeatedly in
all mammalian lineages. Is this a homologous (synapomorphic; see
Glossary, Box 1) or a homoplastic (see Glossary, Box 1) feature
generated by evolutionary convergence? Did premammals have a
smooth or a folded cortex? Some therapsids were large animals with
a significant cranial cavity. However, the rare endocasts (see
Glossary, Box 1) that have been obtained from therapsid skulls
indicate that their telencephalon was sagittally elongated and mostly
invested with olfactory projections, most likely lissencephalic
(Kemp, 2006). As mentioned above, premammals were diminutive,
mouse-sized animals or smaller. Computerized tomography (CT)
scan reconstruction of their cranial cavity provides strong evidence
that their cortex was smooth, as predicted from their very small size
(Rowe et al., 2011). Conversely, some studies using cladistics
methods conclude that mammalian ancestors were gyrencephalic
(Fernández et al., 2016; Lewitus et al., 2014; O’Leary et al., 2013).
Whether stem mammals were lissencephalic or gyrencephalic
remains a matter of debate and definitive evidence may never be
provided. As cortical folding can occur in all mammalian but none
of the diapsid lineages, a reasonable assumption is that the
conditions required for cortical gyrus formation were acquired
early in the synapsid branch. If cortical folding in several
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mammalian lineage were homoplastic, due to evolutionary
convergence, then I see no reason why some folding could not
occur in some diapsids, particularly in birds, which generate large,
primate-like numbers of neurons in their forebrain (Olkowicz et al.,
2016), yet never develop well defined layers and folds.
I propose that cortical folding is best considered in terms of

necessary conditions, bearing in mind that none of them is sufficient.
Elegantmodels have been proposed to simulate cortical folding (Mota
and Herculano-Houzel, 2015; Richman et al., 1975; Tallinen et al.,
2014). Although they fall short of pointing to cellular mechanisms
and experimental tests, they all underscore the importance of physical
constraints. A first, quite obvious, condition for cortical folding is the
generation of a sufficient number of neurons through the regulated
proliferation of NPCs. To a first approximation, proliferation of NE
and aRG progenitors is a key feature of tangential cortical spreading,
whereas IP cells and bRGs contribute more to radial cortical thickness
by forming preferentially upper layer neurons.
A second likely factor of folding is the relative rate of tangential

expansion of deep and upper cortical layers. As mentioned above,
several primary microcephalies in human with defective progenitor
proliferation are associated with an elaborate cortical folding pattern
(Friede, 1989), indicating that folding is possible with reduced
numbers of neurons and hinting that the ratio of deep and upper
cortical layers is relatively preserved in those malformations.
Cortical size and folding is increased in mice by the expansion of
basal NPCs (Florio et al., 2015; Nonaka-Kinoshita et al., 2013;
Stahl et al., 2013) and gyrification can be induced by FGF2 (Rash
et al., 2013). Folding of the mouse cortex can also be induced by the
double inactivation of the genes Flrt1 and Fltr3, which encode
adhesion proteins, indicating that finely tuned adhesion among
young neurons is crucial to gyrus formation (Del Toro et al., 2017).
Importantly, in these mouse models, gyrification is restricted to the
cortical ribbon and thereby differs from the folding induced by
the overexpression of β-catenin (Chenn and Walsh, 2002), the
inactivation of GSK3 (Kim et al., 2009) or by the downregulation of
apoptosis upon inactivation of caspases (Kuida et al., 1998). In the
latter models, the whole telencephalic wall undergoes folding,
including the VZ and SVZ, in addition to the CP. A note of caution
about mouse models with increased gyrus formation concerns the
possibility that it could be caused by death of deep layer neurons
rather than expansion of NPCs. As in humans with micropolygyria
(see Glossary, Box 1) (Friede, 1989), the death of deep layer
neurons could result in an imbalance between the upper and lower
layers, resulting in folding.
A third condition required for cortical folding is the migration of

neurons to the cortical plate. Asmentioned above, mutations in several
genes that regulate cytoskeletal dynamics lead to defective folding and
to lissencephaly (Table 1). A fourth condition for gyrus formation is
the concept of intercalation (Reillo et al., 2011; Striedter et al., 2015);
upper layer neurons need to migrate across deep cortical layers and to
intercalate, and this is necessary for folding. Intercalation at the end of
migration is controlled by the reelin pathway and by C-R cells, which
are therefore a key feature of cortical folding, as demonstrated by the
specific lissencephalic phenotype observed in individuals with
defective reelin signaling (Hong et al., 2000).
A fundamental question is which of the variety of mechanisms

mentioned above prevent gyrification in the diapsid brain? The
lower numbers of cortical neurons in diapsids relative to mammals
is certainly a key factor, although the forebrains of some birds
contain neuron numbers comparable with those of primates, and this
could be enough to trigger some folding (Olkowicz et al., 2016). As
mentioned above, although basic features of NPC proliferation

appear quite similar in mammals and diapsids, there are obvious
quantitative differences in NPC numbers as well as probable
qualitative differences in NPC variety, such as bRGs and the IP cell
amplification mechanism. What could be the genetic basis for
premammals being able to invest a large energy budget during
development to foster a vast expansion of cortical NPCs, whereas
highly successful diapsids, such as dinosaurs and birds, could not?
Could there be a way experimentally to increase cortical
neurogenesis in birds or reptiles and assess the consequences?
Another key factor is reelin. Compared with mammals, reelin-
expressing cells are very few and reelin production very low in the
diapsid cortex (Bar et al., 2000; Meyer et al., 2000; Nomura et al.,
2008). This might result in the defective intercalation of end-
migration neurons into the cortical plate, and thus contribute to an
inability to fold, even if high numbers of neurons are generated
(Striedter et al., 2015). To increase reelin in the bird marginal zone,
reelin-expressing COS7 cells were grafted into the marginal zone of
the quail embryonic cortex. Contrary to predictions, this did not
modify cortical architecture, but it increased the extensions of aRGs
and their attachment to the pia (Nomura et al., 2008). To try and
induce the formation of C-R cells in birds, Dbx1 – a gene expressed
in mouse C-R cells from the antihem –was ectopically expressed by
electroporation in the quail pallium, and this resulted in an increase
in the number of reelin positive-cells reminiscent of an induction of
C-R cells, and modifications of the morphology of aRGs and
neuronal bipolar migration behavior, but not in fold formation
(Nomura et al., 2008). These are encouraging results and the
hypothesis that increasing C-R cell number and reelin secretion in
the embryonic diapsid cortical marginal zone may promote cortical
folding should be pursued further.

Conclusions
Over the past 25 years, many genes and proteins that regulate
neurogenesis, neuronal migration and architectonic development have
been identified in human and mouse, and we are beginning to
understand theirmechanisms of action. As a result, the time is probably
ripe to broaden our scope and to compare in depth the molecular
mechanisms of cortical development among mammals and diapsids.
Such issues are fascinating and reach into the heart of biology and
evolution. They are not new, as most of themwere formulated decades
ago. Thus far, however, they could be addressed only using descriptive
morphologicalmethods. Now, new technologies are emerging to allow
studies of cortical development in diapsid embryos, including
development of species-specific antibody reagents, single-cell RNA
sequencing, gene editing, high-speed and high-resolution video-
microscopy, and embryo and stem cell culture and induction. The
application of these techniques should help us to address several key
unresolved issues, such as the genetic origin of the basic differences in
the synapsid and diapsid brain Bauplan, the evolutionary origin of
the machinery for cortical folding, and the mechanisms that
orchestrated the fast evolution of the human cortex.
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Cappello, S., Böhringer, C. R. J., Bergami, M., Conzelmann, K.-K., Ghanem, A.,
Tomassy, G. S., Arlotta, P., Mainardi, M., Allegra, M., Caleo, M. et al. (2012). A
radial glia-specific role of RhoA in double cortex formation. Neuron 73, 911-924.

Carroll, R. L. (1988). Vertebrate Paleontology and Evolution. New York, N.Y:
Freeman.

Carss, K. J., Stevens, E., Foley, A. R., Cirak, S., Riemersma, M., Torelli, S.,
Hoischen, A., Willer, T., van Scherpenzeel, M., Moore, S. A. et al. (2013).
Mutations in GDP-mannose pyrophosphorylase B cause congenital and limb-
girdle muscular dystrophies associated with hypoglycosylation of alpha-
dystroglycan. Am. J. Hum. Genet. 93, 29-41.

Chenn, A. andWalsh, C. A. (2002). Regulation of cerebral cortical size by control of
cell cycle exit in neural precursors. Science 297, 365-369.

Cheung, A. F. P., Pollen, A. A., Tavare, A., DeProto, J. and Molnár, Z. (2007).
Comparative aspects of cortical neurogenesis in vertebrates. J. Anat. 211,
164-176.

Chinsamy-Turan, A. (2012). Forerunners of Mammals: Radiation, Histology,
Biology. Bloomington: Indiana University Press.

Choe, Y., Siegenthaler, J. A. and Pleasure, S. J. (2012). A cascade of
morphogenic signaling initiated by the meninges controls corpus callosum
formation. Neuron 73, 698-712.
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Vonhoff, F., Akgümüş, G. T., Nishimura, S., Han, W., Tu, S. et al. (2014).
Mutations in KATNB1 cause complex cerebral malformations by disrupting
asymmetrically dividing neural progenitors. Neuron 84, 1226-1239.

Miyata, T., Okamoto, M., Shinoda, T. and Kawaguchi, A. (2014). Interkinetic
nuclear migration generates and opposes ventricular-zone crowding: insight into
tissue mechanics. Front. Cell Neurosci. 8, 473.

Molnár, Z. and Clowry, G. (2012). Cerebral cortical development in rodents and
primates. Prog. Brain Res. 195, 45-70.

Montiel, J. F. and Aboitiz, F. (2015). Pallial patterning and the origin of the
isocortex. Front. Neurosci. 9, 377.

Montiel, J. F. and Molnár, Z. (2013). The impact of gene expression analysis on
evolving views of avian brain organization. J. Comp. Neurol. 521, 3604-3613.

Montiel, J. F., Vasistha, N. A., Garcia-Moreno, F. and Molnár, Z. (2016). From
sauropsids to mammals and back: New approaches to comparative cortical
development. J. Comp. Neurol. 524, 630-645.

Morris, N. R., Efimov, V. P. and Xiang, X. (1998). Nuclear migration, nucleokinesis
and lissencephaly. Trends Cell Biol. 8, 467-470.

Mota, B. and Herculano-Houzel, S. (2015). BRAIN STRUCTURE. Cortical folding
scales universally with surface area and thickness, not number of neurons.
Science 349, 74-77.

Mun ̃oz-Sanjuán, I. and Brivanlou, A. H. (2002). Neural induction, the default
model and embryonic stem cells. Nat. Rev. Neurosci. 3, 271-280.

Myshrall, T. D., Moore, S. A., Ostendorf, A. P., Satz, J. S., Kowalczyk, T.,
Nguyen, H., Daza, R. A. M., Lau, C., Campbell, K. P. and Hevner, R. F. (2012).
Dystroglycan on radial glia end feet is required for pial basement membrane
integrity and columnar organization of the developing cerebral cortex.
J. Neuropathol. Exp. Neurol. 71, 1047-1063.

Nicholas, A. K., Khurshid, M., Désir, J., Carvalho, O. P., Cox, J. J., Thornton, G.,
Kausar, R., Ansar, M., Ahmad, W., Verloes, A. et al. (2010). WDR62 is
associated with the spindle pole and is mutated in human microcephaly. Nat.
Genet. 42, 1010-1014.

Niu, Y., Shen, B., Cui, Y., Chen, Y., Wang, J., Wang, L., Kang, Y., Zhao, X., Si, W.,
Li, W. et al. (2014). Generation of gene-modified cynomolgus monkey via Cas9/
RNA-mediated gene targeting in one-cell embryos. Cell 156, 836-843.

Nomura, T., Takahashi, M., Hara, Y. and Osumi, N. (2008). Patterns of
neurogenesis and amplitude of Reelin expression are essential for making a
mammalian-type cortex. PLoS ONE 3, e1454.

Nomura, T., Gotoh, H. and Ono, K. (2013). Changes in the regulation of cortical
neurogenesis contribute to encephalization during amniote brain evolution. Nat.
Commun. 4, 2206.

Nonaka-Kinoshita, M., Reillo, I., Artegiani, B., Martıńez-Martıńez, M. Á., Nelson,
M., Borrell, V. and Calegari, F. (2013). Regulation of cerebral cortex size and
folding by expansion of basal progenitors. EMBO J. 32, 1817-1828.

O’Driscoll, M., Ruiz-Perez, V. L., Woods, C. G., Jeggo, P. A. and Goodship, J. A.
(2003). A splicing mutation affecting expression of ataxia-telangiectasia and
Rad3-related protein (ATR) results in Seckel syndrome. Nat. Genet. 33, 497-501.

Ogi, T., Walker, S., Stiff, T., Hobson, E., Limsirichaikul, S., Carpenter, G.,
Prescott, K., Suri, M., Byrd, P. J., Matsuse, M. et al. (2012). Identification of the
first ATRIP-deficient patient and novel mutations in ATR define a clinical spectrum
for ATR-ATRIP Seckel Syndrome. PLoS Genet. 8, e1002945.

Ohshima, T.,Ward, J. M., Huh, C.G., Longenecker, G., Veeranna, G., Pant, H. C.,
Brady, R. O., Martin, L. J. and Kulkarni, A. B. (1996). Targeted disruption of the
cyclin-dependent kinase 5 gene results in abnormal corticogenesis, neuronal
pathology and perinatal death. Proc. Natl. Acad. Sci. USA 93, 11173-11178.

O’Leary, M. A., Bloch, J. I., Flynn, J. J., Gaudin, T. J., Giallombardo, A.,
Giannini, N. P., Goldberg, S. L., Kraatz, B. P., Luo, Z.-X., Meng, J. et al. (2013).
The placental mammal ancestor and the post-K-Pg radiation of placentals.
Science 339, 662-667.

Olkowicz, S., Kocourek, M., Lucan, R. K., Portes, M., Fitch, W. T., Herculano-
Houzel, S. and Nemec, P. (2016). Birds have primate-like numbers of neurons in
the forebrain. Proc. Natl. Acad. Sci. USA 113, 7255-7260.

Ostergaard, P., Simpson, M. A., Mendola, A., Vasudevan, P., Connell, F. C., van
Impel, A., Moore, A. T., Loeys, B. L., Ghalamkarpour, A., Onoufriadis, A. et al.
(2012). Mutations in KIF11 cause autosomal-dominant microcephaly variably

associated with congenital lymphedema and chorioretinopathy. Am. J. Hum.
Genet. 90, 356-362.
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Vuillaumier-Barrot, S., Bouchet-Séraphin, C., Chelbi, M., Devisme, L., Quentin,
S., Gazal, S., Laquerrier̀e, A., Fallet-Bianco, C., Loget, P., Odent, S. et al.
(2012). Identification of mutations in TMEM5 and ISPD as a cause of severe
cobblestone lissencephaly. Am. J. Hum. Genet. 91, 1135-1143.

Walsh, C. A. and Goffinet, A. M. (2000). Potential mechanisms of mutations that
affect neuronal migration inman andmouse.Curr. Opin. Genet. Dev. 10, 270-274.

Wang, X., Tsai, J.-W., LaMonica, B. and Kriegstein, A. R. (2011). A new subtype
of progenitor cell in the mouse embryonic neocortex. Nat. Neurosci. 14, 555-561.

Waters, A. M., Asfahani, R., Carroll, P., Bicknell, L., Lescai, F., Bright, A.,
Chanudet, E., Brooks, A., Christou-Savina, S., Osman, G. et al. (2015). The
kinetochore protein, CENPF, is mutated in human ciliopathy and microcephaly
phenotypes. J. Med. Genet. 52, 147-156.

Willer, T., Lee, H., Lommel, M., Yoshida-Moriguchi, T., de Bernabe, D. B. V.,
Venzke, D., Cirak, S., Schachter, H., Vajsar, J., Voit, T. et al. (2012). ISPD loss-
of-function mutations disrupt dystroglycan O-mannosylation and cause Walker-
Warburg syndrome. Nat. Genet. 44, 575-580.
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