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The function of the cerebral cortex depends
on proper circuit assembly, which requires
spatiotemporal coordination of multiple
developmental events. During neurogen-
esis, vast numbers of pyramidal neurons
are born in the ventricular zone (VZ) and
subventricular zone (SVZ), deep within
the dorsal telencephalon. Young neurons
must then migrate outward from their
birthplaces to reach their target positions in
the cortical plate (CP): the prospective cor-
tex (Kriegstein and Noctor, 2004). As a
result of this migration, neurons stratify
horizontally into distinct layers (Franco and
Muller, 2013) and align vertically into col-
umns, which are parceled into different cy-
toarchitectural areas (Mountcastle, 1997).
How this 3D topology is sculpted during
cortical development, and how evolution
has modified its basic design, has been the
focus of intense research in the last few de-
cades. A longstanding problem is whether
and how neuronal migration changed dur-
ing the evolutionary expansion of the gyren-
cephalic neocortex to allow greater numbers
of neurons to travel longer distances toward
their target areas in the enlarging and fold-
ing CP.

All pyramidal neurons descend from cell
divisions of radial glial cells (RGs) in the VZ,
typically through various types of basal (or

intermediate) progenitors in the SVZ (Flo-
rio and Huttner, 2014). RGs are epithelial-
like cells that extend a long fiber from the VZ
to the basal lamina overlying the CP. The
radial unit model of corticogenesis posits
that clonally related neurons migrate in or-
der of birth along the radial fiber scaffold of
their RG parent to settle within the CP in a
columnar array (Rakic, 1995; Noctor et al.,
2001). According to this model of cortico-
genesis, a topological map is superimposed
onto the germinal zones (Rakic, 1988), such
that the birthdate and birthplace of a given
neuron largely predict its laminar and areal
fate, respectively.

Throughout evolution, the correlation
between neuronal birthdate and laminar
fate appears to hold: in all mammalian spe-
cies, pyramidal neurons are born following
an inside-out temporal sequence, with neu-
rons born earlier occupying the deeper lay-
ers and later-born neurons settling in more
superficial layers (Angevine and Sidman,
1961; Nadarajah and Parnavelas, 2002). The
relationship between neuron birthplace and
areal fate, however, appears to be looser.
In rodents, which have a smooth (lissen-
cephalic) neocortex, neuronal clones ar-
range in vertical clusters, consistent with a
predominantly radial mode of neuronal
migration to the CP (Gao et al., 2014) and a
near point-to-point mapping between VZ
and CP. However, in the ferret (a gyren-
cephalic carnivore), clonally related neu-
rons show little tendency to cluster, but
rather disperse widely throughout the
neocortex, seemingly unrestricted to areal
boundaries (Reid et al., 1997; Ware et al.,

1999). Moreover, a considerable degree of
radial fiber divergence accompanies cortical
expansion and folding, with RG fibers dis-
playing a fanned array at sites of developing
folds, being more obliquely angled at sites of
developing gyri compared with sulci (Reillo
et al., 2011). These observations led to the
hypothesis that in gyrencephalic species, py-
ramidal neurons do not follow strictly radial
migratory routes to reach the CP and that
changes in the topology of the RG scaffold
may modify the trajectory of migrating neu-
rons by driving them to spread tangentially
(Lui et al., 2011; Reillo et al., 2011; Borrell
and Reillo, 2012).

A recent report in The Journal of Neu-
roscience (Gertz and Kriegstein, 2015)
provided direct evidence to support this hy-
pothesis, bringing new cellular insights into
the evolution of neuronal migration in the
folding neocortex. To study neuronal mi-
gration during ferret corticogenesis and its
relationship with gyrogenesis, the authors
examined migrating upper-layer neurons
before and after the onset of cerebral folding
[postnatal day (P)2 and P7, respectively].
Organotypic slices of ferret neocortex were
infected with a GFP-adeno-associated virus
that preferentially targets postmitotic cells,
thus robustly labeling migrating neurons.
Live imaging was then performed and mi-
gration of individual neurons was tracked
over time. Cell-type identity was assessed af-
ter imaging by immunostaining for Satb2, a
marker of upper-layer neurons. These ex-
periments showed that, as in rodents, neu-
rons born at earlier stages of upper-layer
neurogenesis in ferrets migrate radially
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from the germinal zones toward the CP.
However, at the onset of cortical folding,
pyramidal neurons follow increasingly tor-
tuous trajectories when traversing the ger-
minal zones, often turning and deviating
from their original orientation toward the
CP. Next, the authors used dual-color live
imaging to differentially label migrating
neurons and RG fibers at the onset of
cortical folding. Surprisingly, neurons were
observed “swinging” through the germinal
zones and switching between several dif-
ferent RG fibers on their way to the CP,
revealing a novel mode by which late-
born upper-layer neurons can disperse
tangentially in the folding cortex.

Importantly, this stage-dependent cha-
nge in migratory behavior was accompa-
nied by changes in neuronal polarization. In
lissencephalic rodents, newborn neurons in
the germinal zones generally display a mul-
tipolar morphology and dynamic neurites.
Subsequently, young neurons extend stable
leading and trailing processes (the future
dendrite and axon, respectively) and be-
come bipolar before migrating toward the
CP along the radial scaffold (Cooper, 2014;
Namba et al., 2015). Gertz and Kriegstein
(2015) observed that neuronal migration
before gyrification had started was similar to
that in the rodent and consistent with RG-
guided, CP-directed locomotion. In con-
trast, after the onset of gyrification, when
neurons migrated along more tortuous
paths, their trailing process thickened
and transformed into a leading process,
whereas the former leading process became
the new trailing process. Thus, while these
neurons look bipolar and have a clear front–
rear polarity, they have not yet established a
stable axon–dendrite polarity. This suggests
that the polarization process of migrating
neurons differs before and after the start of
gyrification, and that neuronal polarization
in lissencephalic versus gyrencephalic spe-
cies may be distinct.

Interestingly, neurons were also ob-
served to migrate along and switch between
radial fibers of the so-called basal (or outer)
RG (bRG): the most abundant and prolifer-
ative type of basal progenitor in the SVZ of
large-brained, notably gyrencephalic, spe-
cies (Fietz et al., 2010; Hansen et al., 2010;
Reillo et al., 2011). bRG are thought to be a
key adaptation during evolutionary cortical
expansion because at one time they greatly
amplify neuronal output (Lui et al., 2011;
Florio and Huttner, 2014) and their ascend-
ing, diverging fibers provide a potential scaf-
fold for neuronal migration and tangential
dispersion (Lui et al., 2011; Reillo et al.,
2011, Borrell and Reillo, 2012; Lewitus et al.,
2013). Moreover, bRG fibers in the primate

(Betizeau et al., 2013) and ferret (Gertz et al.,
2014) are highly dynamic, continuously ex-
tending and retracting in both apical and
basal directions. This versatile fiber behavior
could therefore create a constantly chang-
ing, discontinuous scaffold for neuronal mi-
gration, further increasing the variability of
migratory behaviors in the folding
neocortex.

A few main questions remain unan-
swered, which invite further investigations:
are the observed patterns of neuronal mi-
gration characteristic of the folding neocor-
tex as a whole, or rather is this tortuous
migration specific to presumptive sites of
folding? How do migrating neurons behave
in prospective sulcal regions, where RG fi-
bers tracts are more similar to those in the
developing lissencephalic cortex (Reillo et
al., 2011)? To what extent are neurons mi-
grating along RG fibers, including bRG,
clonally related in prospective gyral versus
sulcal regions? Answering these questions
may provide a better understanding of the
patterns of tangential dispersion of pyrami-
dal neurons during cortical development
and evolution.

Yet the findings of Gertz and Kriegstein
(2015) bring a new perspective in which to
address the problem: is the birthplace of a
neuron predictive of its areal fate in the
cortical cytoarchitecture? Two contrasting
views of how cortical areas are specified are
the protomap and the protocortex hypoth-
eses. The protomap hypothesis, building on
the radial unit model, postulates that differ-
ent cytoarchitectural subdivisions are speci-
fied during neurogenesis, before neuronal
connections are made (Dehay et al., 1993;
Polleux et al., 1997a,b). Neurons within
each cortical area are thus inherently differ-
ent, as their areal fate is already specified in
the germinal zones (Rakic, 1978, 1988). Ac-
cording to the protocortex hypothesis, how-
ever, little fate specification occurs during
neurogenesis. Rather, the cortical anlage is
initially a tabula rasa composed of equiva-
lent populations of neuronal progenitors,
with area-specific neuronal differentiation
being primarily due to environmental (e.g.,
connectivity) cues (O’Leary, 1989). The pat-
terns of tangential dispersion observed by
Gertz and Kriegstein (2015) suggest that
these two models of fate specification may in
fact coexist. Earliest-born deep-layer neu-
rons, fated to connect to extra-cortical brain
areas, may be incorporated into the cortical
network in a more stereotypical fashion, be-
ing more strictly constrained to radial mi-
gration. Conversely, latest-born upper-layer
neurons, destined to establish connections
within the neocortex, might travel longer
distances away from their birthplace and

from one another, being incorporated into
distinct and distant cortical columns. Thus,
only the latest-born upper-layer neurons
are likely to migrate away from their proto-
map and cross their presumptive areal
boundaries.

Future studies should aim to confirm
whether the neuronal migratory dynamics
observed in the developing ferret cortex are
widespread among gyrencephalic species.
Should this be the case, the tangential dis-
persion of a subset of upper-layer neurons,
and their departure from the parental RG
scaffold, may help to explain the more var-
ied and complex neuronal networks charac-
teristic of the gyrencephalic neocortex. One
intriguing possibility is that the “swinging”
migration observed by Gertz and Kriegstein
(2015) is a mechanism inherently stochas-
tic, allowing neurons born in distinct re-
gions to intermingle and enabling neurons
born in the same region to occupy different
positions in the mature cortex. Species, and
even individuals, may differ by the degree
of dispersion of the youngest upper-layer
neurons at the tip of their cortical columns,
introducing an element of chance and
uniqueness to the deterministic process of
cortical assembly.
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