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We used several animal models to study global and regional cortical
surface expansion: The lissencephalic mouse, gyrencephalic normal
ferrets, in which the parietal cortex expands more than the temporal
cortex, and moderately lissencephalic ferrets, showing a similar
degree of temporal and parietal expansion. We found that overall cor-
tical surface expansion is achieved when specific events occur prior
to surpragranular layer formation. (1) The subventricular zone (SVZ)
shows substantial growth, (2) the inner SVZ contains an increased
number of outer radial glia and intermediate progenitor cells expres-
sing Pax6, and (3) the outer SVZ contains a progenitor cell compo-
sition similar to the combined VZ and inner SVZ. A greater parietal
expansion is also achieved by eliminating the latero-dorsal neuro-
genic gradient, so that neurogenesis displays a similar developmen-
tal degree between parietal and temporal regions. In contrast, mice
or lissencephalic ferrets show more advanced neurogenesis in the
temporal region. In conclusion, we propose that global and regional
cortical surface expansion rely on similar strategies consisting in al-
tering the timing of neurogenic events prior to the surpragranular
layer formation, so that more progenitor cells, and ultimately more
neurons, are produced. This hypothesis is supported by findings from
a ferret model of lissencephaly obtained by transiently blocking neu-
rogenesis during the formation of layer IV.
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Introduction

The remarkable expansion of the cerebral hemispheres in
humans is the result of increased neuron production during
cortical development (Rockel et al. 1980; Dehay et al. 1993;
DeFelipe et al. 2002). Other mechanisms occurring during
postnatal development (such as dendritic arborization, glio-
genesis, or intracortical myelination) are also involved, but to a
lesser degree (Hill et al. 2010). A key evolutionary change in
corticogenesis between smooth (lissencephalic) and convo-
luted (gyrencephalic) species is a protracted neurogenesis.
Compared with rodents, neurogenesis is 3 times longer in
ferrets and 10 times longer in primates (Noctor et al. 1997;
Kornack and Rakic 1998; Martinez-Cerdeno et al. 2006). In gyr-
encephalic animals, prolonged neurogenesis produces a
slower depletion of the cortical progenitor pool; an increase in
cell cycle length is thought to be involved in this process
(Kornack and Rakic 1998; Calegari et al. 2005; Lukaszewicz
et al. 2005; Rakic 2005, 2009).

The recent discovery of 2 new classes of cortical progenitor
cells, the intermediate progenitor (IP) cells (Haubensak et al.
2004; Miyata et al. 2004; Noctor et al. 2004) and the outer

radial glia (oRG; Fietz et al. 2010; Hansen et al. 2010), stimu-
lated a number of studies in this field (for review see Lui et al.
2011; Molnar 2011; Borrell and Reillo 2012). Comparative
studies between lissencephalic and gyrencephalic species
greatly helped our understanding of the mechanisms under-
lying cortical surface expansion (Smart et al. 2002; Martinez-
Cerdeno et al. 2006, 2012; Reillo et al. 2011; Garcia-Moreno
et al. 2012; Kelava et al. 2012). A complementary approach
consists of comparing, within the same animal, regions that
undergo different degrees of increased neuron production
(Dehay et al. 1993; Smart et al. 2002). More recently, Reillo
et al. (2011) show changes in mitotic cell density between the
temporal cortex (relatively less gyrencephalic) and the parietal
cortex (relatively more gyrencephalic) in cats and humans.

In the present study, we combine these 2 comparative ap-
proaches: Between different animal models and between 2 cor-
tical regions within the same animal. We used 3 animal
models: (1) Lissencephalic mouse, (2) gyrencephalic normal
ferrets showing regional differences in gyrification (i.e. the
parietal cortex expands more compared with the temporal
cortex), and (3) moderately lissencephalic ferrets obtained by
injecting an antimitotic, methylazoxy methanol acetate (MAM),
on the 33rd day of development (E33), coinciding with the
birth of layer 4 neurons in the parietal cortex (Rabe et al. 1985;
Noctor et al. 1997). E33 MAM-treated ferrets display defects in
γ-aminobutyric acidergic signaling and neuronal migration
into the cerebral cortex (Poluch et al. 2008; Abbah and Juliano
2013) as well as an altered cortical lamination and brain mor-
phology, which shows as a smoother appearance of the cer-
ebral hemispheres (Rabe et al. 1985; Noctor et al. 1999). We
demonstrate here that E33 MAM-treated ferrets present charac-
teristics observed in normal ferrets of an expansive cortex as
well as characteristics found in mice, both showing similarities
in temporal and parietal cortical surface expansion.

By comparing corticogenesis between these 3 animal
models (mice, normal ferrets, and lissencephalic ferrets) and
within each animal model (parietal vs. temporal cortex), our
goal is to better understand mechanisms underlying overall
and regional cortical surface expansion. We chose to study 3
aspects of neurogenesis: The relative size of proliferating
regions, and the distribution as well as the phenotype of divid-
ing cells. Surprisingly, we found no fundamental differences
between mice and ferrets. However, events observed during
late neurogenesis in mice occur earlier in normal ferrets, prior
to the formation of supragranular layers (i.e. E33). The signifi-
cance of this time window appears essential for gyrification as
MAM exposure at E33 alters the course of neurogenesis and
results in moderately lissencephalic ferrets. Finally, comparing
the developmental dynamics of the temporal and parietal
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cortices, within the same animal model, shows that neurogen-
esis is more advanced in the temporal cortex in mice and E33
MAM-treated ferrets, while in normal ferrets, neurogenesis dis-
plays similar a degree of advancement in both regions.

Our results suggest that fine-tuning of neurogenesis is a key
evolutionary mechanism, and that changes in the timing,
rather than the sequence, of neurogenic events are essential
for overall and regional cortical surface expansion.

Materials and Methods

Animals
Timed pregnant ferrets (Mustella putorius) were purchased from Mar-
shall Farms (New Rose, NY, USA); ferret kits are born after 41 days of
gestation. On the 24th (E24), 33th, or 38th (E38) day of embryonic
(E33) development, pregnant ferrets, anesthetized with 5% isofluorane
using a mask, were injected intraperitoneally (IP) with MAM (Midwest
Research Institute, 14 mg/kg) diluted in a sterile saline buffer. E25
(normal), E33 (normal), and E35 (normal and E33 MAM-treated)
embryos were obtained by caesarean section using isofluorane an-
esthesia under the supervision of a veterinarian. We also used normal
and MAM-treated postnatal day 0 (P0), P7, P14, and adult (6 months
and older) ferrets that were anesthetized with an IP injection of pento-
barbital sodium (50 mg/kg) prior to brain removal. C57BL/6 mice
were purchased from The Jackson Laboratory (Bar Harbor, ME, USA)
and bred in the Uniformed Services University (USU) animal facilities.
Timed pregnant dams were anesthetized with an IP injection of pento-
barbital sodium (50 mg/kg) on the embryonic day 12, 14, 16, or 18
(plug day was embryonic day 0). Embryonic brains were fixed by im-
mersion in a solution of phosphate buffered containing paraformalde-
hyde (4%) and sucrose (4%); postnatal brains were intracardiacally
perfused with the same fixative solution. The cryoprotected brains
were stored in a −80 °C freezer and, subsequently, sectioned at 25 µm
using a LEICA cryostat. Cryostat sections were air dried and stored in a
−20 °C freezer. The use of animals and the methods of this study were
approved by the Institutional Animal Care and Use Committee (IACUC)
at USU and under Animal Welfare Assurance number A3448-01. The
experiments were performed at an AAALAC accredited institute.

Fluorescence Immunocytochemistry
Antigen-retrieval procedure was performed by incubating cryostat sec-
tions for 30 min in a 90 °C solution of 10 mM citrate buffer (pH 6.0)
(Thermo Scientific) placed in an Isotemp digitial-control water bath
(Fisher Scientific, Pittsburg, PA, USA) set at 90 °C. The sections were
then transferred to a room temperature (RT) solution of 10 mM citrate
buffer and immediately placed 5 min at 4 °C. After washes in phos-
phate buffered saline (PBS) (4 × 10 min) at RT, the slices incubated for
1 h (also at RT) in a buffer containing: PBS, Triton X-100 (0.1%), goat
serum (3%), and bovine serum albumin (2%). The primary antibodies
were diluted in the same buffer, and the cryostat sections were incubated
overnight at 4 °C. The following primary antibodies were used: Mouse
IgG monoclonal antibodies against Pax6 (1/100, Hybridoma Bank),
mouse IgG monoclonal antibodies against Tau1 (1/200, Millipore),
rabbit polyclonal antibodies against Tbr2 (1/1000, Abcam), and rat poly-
clonal phospho-histone-3 (PH3; 1/1000, Abcam). After washes in PBS,
the corresponding secondary antibodies were used: Anti-rat IgG Alexa
350, antirabbit IgG Alexa-488, and antimouse IgG Alexa-546 (1/200, In-
vitrogen). Finally, the sections were washed in PBS and mounted in
Mowiol. For the acquisition of fluorescence images, we used an Axiovert
200 microscope (Zeiss) equipped with an Apotome and Axiovision 4.7.

Western Blot
Protein samples were obtained from cortices of 3 newborn normal
ferrets and 3 E33 MAM-treated newborn ferrets. The tissues were snap-
frozen, stored at −80 °C, and subsequently, homogenized in cold lysis
buffer (20 mM Tris buffer, pH 7.5, 150 mM NaCl, 1% Triton X-100,
0.1% sodium dodecyl sulfate, and 1 mM ethylenediaminetetraacetic

acid) in the presence of protease inhibitors (Complete; Roche Molecu-
lar Biochemicals) and sonicated on ice. Proteins were separated by
electrophoresis on 3–8% Tris-acetate gels (NuPage Novex, Invitrogen)
and transferred onto nitrocellulose membranes (IBot, Invitrogen).
After washes (3 × 10 min) at RT in TBS–Tween20 (0.1%), the mem-
branes were incubated for 1 h (also at RT) in a membrane blocking
buffer solution (Invitrogen), and then overnight at 4 °C in a blocking
buffer solution containing the following primary antibodies: Mouse
IgG monoclonal antibodies against Pax6 (1/500, Hybridoma Bank),
rabbit IgG polyclonal antibodies against Tbr2 (1/2000, Abcam), and
rabbit polyclonal BLBP (1/1000, Abcam). After washes in TBS–T, the
membranes were incubated at RT for 2 h with the appropriate
peroxidase-conjugated secondary antibodies: Goat antimouse IgG or
goat antirabbit IgG (1/1000, Thermo Scientific). Results were visual-
ized using a Fugi System. Densitometry analysis was achieved using
the ImageJ software. Results were averaged from 2 independent exper-
iments.

Calculation of the Gyrification Index
The gyrification index (GI) is a quantitative calculation of the degree of
cortical folding obtained by comparing the length of the pial surface
with the length of the outer cortical contour (Zilles et al. 1989). The cal-
culations of GI in normal and E33 MAM-treated adult ferrets were per-
formed on 25-µm thick cryostat coronal sections counterstained with
bisbenzimide. Sections containing the following gross structures were
selected: The cruciate sulcus, coronal sulcus, suprasylvian and pseudo-
sylvian sulci, as well as the anterior commissure (Juliano et al. 1996;
McLaughlin et al. 1998; Noctor et al. 2001) (Fig. 1A,B). We used a ×5
objective to acquire mosaic images, which were merged into a single
image. For each merged picture, the pial surface was outlined in red
and the outer cortical contour outlined in green using PowerPoint; an
example is shown in drawing 1 of Figure 1. Lengths (in pixels) of red
and green lines were measured using an ImageJ. For each slice, the GI
was measured as follows: GI = length of red line/length of green line.
In addition to the overall GI, a regional GI was calculated for the
primary somatosensory (SI) cortex (region between the cruciate and
coronal sulci) and for the anterior sylvian cortex (AS; region between
suprasylvian and pseudosylvian sulci). In this case, the regional GI was
obtained by comparing the length of the pial surface lining the cortical
region of interest with that of the outer cortical contour lining the same
region. Drawing 2 of Figure 1 shows how the SI GI was calculated;
similar method was used for the calculation of the AS GI.

Quantification of the Size of the Proliferating Zones
The size of the different proliferating zones was measured using Pax6
and Tbr2 immunostaining in combination with nuclear (bisbenzimide)
staining. The following criteria were used to delineate each region: (1)
The ventricular zone (VZ) is a proliferative region lining the lateral ven-
tricle by a high-cell density and a strong Pax6 expression. (2) The sub-
ventricular zone (SVZ), located between the VZ and the intermediate
zone (IZ), presents a lesser cell density compared with the VZ (but
greater compared with the IZ) and strong Tbr2 expression. Starting at
E16 in mice and E33 in ferrets, the SVZ can be subdivided into an inner
and outer compartment. The inner SVZ (ISVZ) and outer SVZ (OSVZ)
are easily outlined based on differences in cell density (the ISVZ being
denser than the OSVZ) (Supplementary Fig. 4A,C). Results were con-
firmed on adjacent slices using nuclear staining combined with anti-
bodies against Tbr2 and Tau1 as described by Martinez-Cerdeno et al.
(2012) (Supplementary Fig. 4B,D). We used a ×25 objective to acquire
multiple z-stack images (3 z-sections, with a 2-µm interval), which
were collapsed into a single image. The relative size of the VZ and SVZ
were measured (in µm) on each collapsed image using ImageJ and ex-
pressed as a percentage of the cortical wall thickness.

Quantification of the Distribution and Phenotype
of Dividing Cells
The distribution and phenotype of dividing cells, visualized using anti-
bodies against phospho-histone-3 (PH3), were analyzed in the VZ and
inner and outer SVZ. PH3+ cells located in the cortical plate and the
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marginal zone were not included in our study as progenitor cells from
these regions differ in their molecular characteristics, origin, and iden-
tity of their clonal progeny from progenitor cells isolated from the VZ
and SVZ (Costa et al. 2007). In addition to PH3 immunostaining, we
used antibodies against Pax6 and Tbr2 to determine the boundaries
between the proliferating regions as described above; results were con-
firmed on adjacent sections stained with bisbenzimide. PH3 immunos-
taining was not used to determine the boundaries; however, we
observed that the VZ contains a row of PH3+ cells lining the lateral ven-
tricle, and that the lower limit of the SVZ is delineated by a distinct row
of abventricular PH3+ cells (Bayer et al. 1991; Brazel et al. 2003). We
used a ×25 objective to acquire multiple z-stack images (3 z-sections,

with a 2-µm interval), which were collapsed into a single image. On
each collapsed image, the number and phenotype (i.e. Pax6+, Tbr2+,
or both) of PH3+ cells were assessed in the VZ, inner SVZ, and outer
SVZ. Quantifications were performed manually in Photoshop in a
200-µm wide section; results are expressed as a percentage.

Statistical Analysis
For each age and group (mice, normal ferrets, or E33 MAM-treated
ferrets), 3 animals were analyzed. For each animal, data obtained in the
parietal and temporal cortex were averaged from 2 to 3 slices taken at
the level of the anterior commissure. Appropriate tests [t-test or 2-way
analysis of variance (ANOVA) followed by a Holm-Sidak test] were

Figure 1. Sulcal formation and cortical growth during postnatal development in normal and E33 MAM-treated ferrets. Normal ferrets are shown on the left panel and E33
MAM-treated ferrets on the right. For each age, adults (A and B), P0 (E and F), P7 (G and H), and P14 (I and J), one drawing represents the lateral aspect of the left cerebral
hemisphere, while the other drawing represents a coronal slice taken at the level of the anterior commissure. GI in normal (C) and E33 MAM-adult ferrets (D). Examples of drawings
used to calculate the overall GI (1), and regional GI in the primary SI cortex (2) of a normal adult ferret. The red line represents the pial surface and the green line represents the outer
cortical contour. GI = (length of red line/length of green line). Three normal and 3 E33 MAM-treated adult ferrets were used to calculate the GI; for each animal, results are averaged
from 3 slices. **P< 0.001 and *P= 0.01 (normal compared with E33 MAM-treated ferrets), #P= 0.005 (SI cortex compared with AS cortex); t-test. Scale bar: 1000 µm
(hemisphere) and 500 µm (coronal slice). (K and L) Cortical growth was measured in the normal and E33 MAM-treated cortex from P0 to P14 using coronal slices with nuclear
staining. The sizes of the cortical wall including the MZ/CP (see drawings 3 and 4) in the parietal cortex are shown in graph (K) and for the temporal cortex in graph (L). Three normal
and 3 E33 MAM-treated adult ferrets were used for quantification; for each animal, results are averaged from 3 slices. **0.007< P<0.010, *P=0.027; t-test. as, ansinate
sulcus; cor, coronal sulcus; cru, cruciate sulcus; ls, lateral sulcus; prf, presylvian fissure; pss, pseudosylvian sulcus; rf, rhinal fissure; sss, suprasylvian sulcus; SI, primary
somatosensory cortex; AS, anterior sylvian cortex; CP, cortical plate; MZ, zone marginal.
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conducted for statistical difference using SigmaStat (Systat Software,
Inc.); P-values of <0.05 are considered statistically significant.

Results

Cortical Surface Expansion in Normal and E33
MAM-Treated Ferrets
Lissencephaly can be experimentally induced in ferrets by in-
jecting the antimitotic MAM on the 33rd day of embryonic de-
velopment (E33) (Fig. 1A,B; Rabe et al. 1985; Noctor et al.
1999). E33 corresponds to the production of layer 4 neurons in
the primary SI (Noctor et al. 1997). Differences in the degree of
cortical folding in normal versus E33 MAM-treated adult ferrets
were quantified by measuring the GI on coronal slices taken at
the level of the anterior commissure; this level includes SI
(Fig. 1A,B). GI, as defined by Zilles et al. (1989), is a quantitat-
ive calculation obtained by comparing the length of the pial
surface with that of the outer cortical contour (drawing 1 of
Fig. 1). The overall GI is greater in normal adult ferrets com-
pared with E33 MAM-treated animals (P < 0.001) (Fig. 1C,D).
We also measured the GI of specific regions in the parietal
cortex (SI) and in the temporal cortex (AS) (drawing 2 of
Fig. 1). In normal ferrets, the GI is greater in SI compared with
the GI in the AS (Fig. 1C). In E33 MAM-treated ferrets, the GI
decreases in both parietal and temporal regions (P < 0.001,
compared with normal), and SI GI is not significantly greater
than AS GI (P > 0.05; Fig. 1D). This is similar to a mouse brain,
although E33 MAM-treated ferrets are not fully lissencephalic
since they display an overall GI of 1.3 compared with 1.03 in
mouse (Hevner and Haydar 2012).

Sulcal Formation and Cortical Growth in Normal and
E33 MAM-Treated Developing Postnatal Ferrets
Because decreased GI after MAM injection reflects abnormal
cortical development, we compared gross brain anatomy of
normal and E33 MAM-treated postnatal ferrets. We first assessed
sulcal formation. In normal ferrets, gyrification occurs postna-
tally (Smart and McSherry 1986; Jackson et al. 1989) and is com-
plete at P28 (Neal et al. 2007). To study how this process alters
after MAM exposure, we compared the formation of sulci on the
lateral aspect of cerebral hemisphere and using coronal slices,
taken at the level of the anterior commissure, in normal and E33
MAM-treated postnatal ferrets from P0 to P14 (Fig. 1E–J).

At birth (P0), ferret brains are mostly lissencephalic
(Jackson et al. 1989; Neal et al. 2007); the rhinal sulcus is
visible in the ventro-lateral region of the hemisphere in both
normal and E33 MAM-treated ferrets (Fig. 1E,F). Oneweek after
birth (P7), in normal ferrets, the rhinal sulcus extends anteriorly
and posteriorly, and the coronal, lateral, as well as suprasylvian
sulci are visible on the lateral aspect of the cerebral hemisphere;
sulcal indentations are perceptible on coronal sections
(Fig. 1G). In contrast, E33 MAM-treated brains remain primarily
lissencephalic (the rhinal sulcus is the only discernible sulcus,
Fig. 1H). Two weeks after birth (P14), the presylvian, cruciate,
ansinate, and pseudosylvian sulci are visible on the lateral
aspect of the hemisphere in both normal and E33 MAM-treated
ferrets; however, coronal sections show that sulcal indentations
are not as deep in E33 MAM-treated ferrets compared with
normal (Fig. 1I,J). Further maturation occurs in both normal
and MAM-treated ferrets, but adult E33 MAM-treated ferrets do
not reach the normal degree of cortical folding (Fig. 1A,B).

Next, we compared cortical growth in normal and E33 MAM-
treated postnatal ferrets. The size (in µm) of the cortical wall
and cortical plate were measured in the temporal and parietal
cortices from P0 to P14 using coronal slices counterstained
with bisbenzimide. Although the cortical wall thickness is
slightly smaller at P0 and P7 after MAM injection, the overall
size is not significantly different compared with normal until
P14 (in both temporal and parietal cortices) (Fig. 1K,L). The
size of the cortical plate is significantly decreased (compared
with normal) at P14 in the parietal cortex (Noctor et al. 2001;
Fig 1K), but not in the temporal cortex (Fig. 1L).

In conclusion, MAM treatment at E33 alters sulcal formation
and cortical growth. In addition, defects are greater in the par-
ietal compared with temporal region.

Spatio-temporal Effects of MAM
Differences in the effects of MAM in the temporal versus parie-
tal cortex are the result of the latero-dorsal gradient of cortical
development; at E33, the temporal region is relatively more
mature compared with the parietal region. MAM toxicity is,
indeed, greater when the injection occurs during early stages
of development. For example, MAM exposure on the 24th day
of embryonic development (E24; when the subplate neurons
and layer 6 neurons are being generated in the parietal cortex;
Noctor et al. 1997) is associated, at birth, with smaller brains
and the absence of the rhinal sulcus compared with normal
(Supplementary Fig. 1A–D). The parietal cortex of newborn
E24 MAM-treated shows a significant reduction in the size of
the cortical wall and cortical plate compared with normal (Sup-
plementary Fig. 1E). Here, again the temporal cortex is less
affected: Although the cortical plate is significantly reduced
compared with normal, the overall cortical thickness is not sig-
nificantly different (Supplementary Fig. 1F). Note that data after
P0 are not presented as E24 MAM-treated kits are not viable and
die 24–48 h after birth. When MAM is injected during later
stages of neurogenesis at E38 (which corresponds to the pro-
duction of layer 2 neurons in the parietal cortex; Noctor et al.
1997), cortical growth (Noctor et al. 2001) and GI (Supplemen-
tary Fig. 2) are not significantly altered compared with normal.

In addition to the latero-dorsal gradient of development,
cortical development follows a rostro-caudal gradient, so that
the visual cortex is relatively more immature compared with
the parietal cortex. MAM exposure at E33 alters the production
of layer 4 neurons in the parietal cortex and layer 5 neurons in
the visual cortex (Noctor et al. 1997). As a result, the effects of
MAM are more severe in the visual cortex compared with the
parietal cortex (Noctor et al. 1997; Fig. 1A,B and Supplemen-
tary Fig. 3A,B). (1) The adult cerebral cortex at the level of the
visual cortex is fully lissencephalic (with an enlarged lateral
ventricle) compared with moderately lissencephalic at the level
of the parietal cortex (Fig. 1C,D and Supplementary Fig. 3C),
and (2) in the visual cortex, the size of the cortical wall and cor-
tical plate are significantly different starting at P7 compared
with normal (Supplementary Fig. 3L) (vs. P14 in the parietal
cortex; Fig. 1K). Note that in the normal ferret, gyrification is
lesser at the level of the visual cortex compared with that of the
parietal cortex (Supplementary Fig. 3C and Fig. 1C).

Rationale and Approach
Studied together, mice, normal, and lissencephalic ferrets
provide further insights into (1) overall cortical expansion (by
comparing gyrencephalic vs. lissencephalic brains) and (2)
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regional cortical expansion (by comparing parietal vs. tem-
poral cortices). To achieve these goals, we focused our study
on cortical development and more particularly neurogenesis; 3
neurogenic parameters were selected. These included the size
of proliferating regions, the distribution and phenotype of ac-
tively cycling cells. First, we compared the developmental dy-
namics in the parietal cortex (presumptive SI cortex) between
each animal model. We chose this cortical region, because it
demonstrates a different GI in the 3 adult animal models that
range from: Null (lissencephalic mouse; GI = 1.03; Hevner and
Haydar 2012), intermediate (E33 MAM-treated ferrets;
GI = 1.43), and to uttermost (normal ferrets; GI = 1.83)
(Fig. 1C,D). Secondly, we compared the developmental dy-
namics in the parietal and temporal cortices within each
animal model. We chose these 2 regions because they reach a
different degree of gyrification in normal adult ferrets, unlike
in adult mice or adult E33 MAM-treated ferrets (Fig. 1C,D).
Finally, we chose 4 developmental stages to span the period of
neuron production from lower to upper cortical layers: Stage 1
(formation of subplate cells and layer 6), stage 2 (formation
of layer 4), stage 3 (formation of lower layer 2), and stage 4
(formation of upper layer 2). These developmental stages
correspond to the following embryonic (E) and postnatal (P)
days: E12, E14, E16, and E18 in mice (Angevine and Sidman
1961; Smart and Smart 1982; Caviness et al. 1995) (Fig. 2A,B)
and to E25, E33, P0, and P7 in ferrets (Noctor et al. 1997)
(Fig. 2C,E).

Development Dynamics of the VZ and SVZ
To study the magnitude of proliferating zones, we outlined the
VZ and the SVZ using nuclear staining combined with anti-
bodies against Pax6 and Tbr2 (Fig. 2 and Supplementary
Fig. 4). The overall size (in µm) of the cortical wall is not
altered until the end of neurogenesis (P14) in E33 MAM-treated
ferrets compared with normal (Fig. 1K,L). However, significant
differences in the size of the VZ and SVZ are observed at P0
and P7 (Supplementary Fig. 5). Therefore, to compare their de-
velopmental dynamics in normal versus E33 MAM-treated, the
sizes of the VZ and SVZ are normalized to the overall cortical
wall thickness and expressed as a percentage.

To better understand the contribution of the VZ and SVZ in
overall cortical surface expansion, we compared their size
during neurogenesis in the mouse and ferret parietal cortex
(Figs 2B,E,F and 3A–I). The VZ is the largest proliferating
region in mouse until E15.5, while in normal ferrets, the SVZ is
larger than the VZ starting at E31 (equivalent to E13.5 in mice)
(Fig. 3A,B). Although the SVZ remains the largest of the 2 pro-
liferating regions after MAM treatment, it is significantly
reduced compared with normal (P < 0.001, Fig. 3C). To better
compare normal and E33-MAM treated ferrets see Supplemen-
tary Figure 6. In accordance with previous studies, we show
that SVZ expansion is essential for overall cortical surface ex-
pansion (Smart et al. 2002; Zecevic et al. 2005; Martinez-
Cerdeno et al. 2006).

Next, we explored the contribution of the VZ and SVZ in
regional cortical surface expansion by comparing how tem-
poral and parietal sizes evolve during neurogenesis for each
animal model (Figs 2 and 3D–I). First, we found that the devel-
opmental dynamics of the VZ follow a similar trend in mice
and normal ferrets (Fig. 3G,H). The VZ is significantly larger in
the parietal cortex up to E16 in mice and up to E33 in ferrets,

compared with the temporal cortex. Because no fundamental
differences are observed between the 2 species, we conclude
that the expansion of the ferret parietal cortex does not rely on
VZ expansion.

Next, we examined the developmental dynamics of the SVZ.
Compared with the temporal SVZ, the parietal SVZ is larger in
mice at the end of neurogenesis (E18), while in ferrets, it is
equal (E25) or larger during most of its duration (from E33 to
P7) (Fig. 3D,E). As previously reported by Kriegstein et al.
(2006), cortical regions with a higher degree of gyrification
display a significantly increased SVZ compared with regions
with lesser gyrification. This agrees with our findings since at
its maximal, the ferret SVZ represents about 30% of the cortical
wall in the temporal cortex and 40% in the parietal cortex. In
addition, the ferret parietal SVZ reaches its maximal size
during the early stages of neurogenesis (E33—corresponding
to layer 4 formation) compared with P0 in the temporal SVZ
(corresponding to upper layer 2 formation) (Fig. 3E). There-
fore, comparing the dynamics of proliferating regions along
the latero-dorsal axis in mice and normal ferrets demonstrates
(1) similarities for the VZ, (2) but major differences for the SVZ
as in ferret the parietal SVZ grows prematurely and at substan-
tially higher rates compared with the temporal SVZ. This
suggests that SVZ expansion is essential for parietal gyrifica-
tion in normal ferrets. This hypothesis was confirmed with lis-
sencephalic ferrets. Indeed, MAM exposure at E33 prevents the
parietal SVZ from expanding more than the temporal SVZ
(Fig. 3F). Note that after MAM injection, the temporal and par-
ietal VZ are both decreased (compared with normal) but to a
similar degree (Fig. 3I); this reinforces the prevalence of the
SVZ in ferret parietal expansion.

In summary, overall and regional cortical surface expansion
correlate with the increased size of the SVZ. In addition to the
magnitude, the timing of SVZ expansion is fundamental: The
SVZ reaches its maximum earlier (1) in ferret compared with
mice (E33 vs. E18; Fig. 3A,B) and (2) in the ferret parietal
cortex compared with the ferret temporal cortex (E33 vs. P0;
Fig. 3E).

Developmental Dynamics for the Inner and Outer SVZ
Because the SVZ can be further subdivided into an inner and
outer compartment starting at E16 in mice and E33 in ferrets,
we examined the developmental dynamics for each compart-
ment (Fig. 3J–R and Supplementary Fig. 6E–H).

First, we explored whether the ISVZ and OSVZ differ when
comparing the mouse and ferret parietal cortex. Overall, we
found a similar trend between mice and normal ferrets, with
the ISVZ being larger during early stages of neurogenesis and
the OSVZ being larger during later stages of neurogenesis
(Fig. 3J,K). However, the magnitude of the ISVZ and OSVZ
differs between mice and normal ferrets. MAM exposure
results in the reduction of both SVZ compartments at P0 (ISVZ,
P < 0.001 and OSVZ, P = 0.003) and in the OSVZ only at P7
(P = 0.048) compared with normal (Fig. 3L). Here again, we
observe a gradation of the effects induced by MAM depending
on the timing of the injection as demonstrated by comparing
the E24 MAM-treated and E33 MAM-treated ferret (Supplemen-
tary Fig. 1G–L). The reduction of the ISVZ and OSVZ (in µm
and in % of the cortical wall) is the greatest in E24 MAM-treated
ferrets compared with E33 MAM-treated and normal ferrets
(Supplementary Fig. 1M,N). We conclude here that ferret
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parietal expansion relies on the increase in size of both SVZ
compartments.

Next, we examined whether developmental dynamics in the
ISVZ and OSVZ differ along the latero-dorsal axis within the
same animal. In mice, the ISVZ and OSVZ develop proportion-
ally in the temporal and parietal cortices (Fig. 3M,P). However

in normal ferrets, the parietal ISVZ outgrows the temporal
ISVZ during early stages of neurogenesis (from E25 to E33),
while the parietal OSVZ outgrows the temporal OSVZ during
later stages of neurogenesis (from P0 to P7) (Fig. 3N,Q). MAM
injection at E33 prevents the postnatal expansion of the parie-
tal compared with temporal OSVZ (Fig. 3O,R). In summary,

Figure 2. Proliferating zones in mouse, normal ferrets and E33 MAM-treated ferrets from early to late neurogenesis. Immunostaining against Pax6 (red) and Tbr2 (green) followed
by nuclear counterstaining (blue). Low-magnification pictures (nuclear staining) show cortical growth in mouse from E12 to E18 (A and B), normal ferrets from E25 to P7 (C–E), and
E33 MAM-treated ferrets from P0 to P7 (D–F). Higher magnifications of Pax6 and Tbr2 immunostaining are taken in the temporal and parietal cortices (as indicated by the asterisks).
VZ, ventricular zone; SVZ, subventricular zone; ISVZ, inner SVZ; OSVZ, outer SVZ; LV, lateral ventricle. Scale bar: 100 and 1000 µm (nuclear staining).
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overall and regional cortical surface expansion are associated
with an increased size of the (1) inner SVZ during early stages
of neurogenesis and (2) the outer SVZ during later stages of
neurogenesis.

Distribution of Mitotic Cells in the VZ and SVZ
Next, we studied the distribution of actively cycling cells, ident-
ified by the expression of PH3, a marker of late G2 and M
phases (Hendzel et al. 1997; Scott et al. 2003) (Fig. 4). For com-
parison of data obtained from normal and E33 MAM-treated
ferrets, see Supplementary Figure 7A–D.

First, we compared the distribution of PH3+ cells in the
mouse and ferret parietal cortex. In mice, the bulk of neuro-
genesis (i.e. 50% or more PH3+ cells) occurs in the VZ until
E17.5 (Figs 4A and 5A), while in ferrets, it occurs sequentially
in the VZ and in the SVZ after E36 (Figs 4B and 5B). Although
the distribution of dividing cells is not altered in P0 MAM-
treated ferrets, significant differences are observed a week
later with more PH3+ cells in the SVZ (91.66% ±4.16) com-
pared with normal (P < 0.001; Figs 4C and 5C). In the parietal
cortex of normal ferrets at P14 (corresponding to the end of
neurogenesis (Noctor et al. 1997); 96.21% (±1.93) of PH3+
cells are found in the SVZ (Supplementary Fig. 8A,B); this is
similar to P7 E33 MAM-treated ferrets (P = 0.378, t-test). This
result suggests that MAM exposure results in a premature end
to neurogenesis.

In this section, we confirm that the proportion of cycling
cells in the SVZ increases throughout mouse and ferret neuro-
genesis (Martinez-Cerdeno et al. 2006). The shift of dividing
cells toward the SVZ occurs earlier in ferrets compared with
mice (present study), but also earlier in macaques compared
with ferrets (Martinez-Cerdeno et al. 2012). We propose that
this “shift” is associated with cortical surface expansion (1) if it
occurs prior to the formation of upper cortical layers (E36 for
parietal cortex in normal ferrets) and (2) if neurogenesis is pro-
tracted as observed in normal ferrets (Martinez-Cerdeno et al.
2006) (but unlike in lissencephalic ferrets).

Next, we compared the distribution of PH3+ cells in the tem-
poral and parietal cortices within the same animal (Figs 4D–I
and 5D–I). In mouse, the “shift” from the VZ toward the SVZ is
initiated earlier in the temporal compared with parietal cortex.
From E14 to E16, more PH3+ cells are found in the temporal
SVZ, while in the parietal cortex, more are found in the VZ
(P = 0.024 at E14 and P = 0.033 at E16) (Fig. 5D,G), indicating
that neurogenesis is more advanced in the temporal cortex.
However in normal and lissencephalic ferrets, the temporal
and parietal distribution of PH3+ cells are similar (Fig. 5E–I).
This suggests that, in ferrets, neurogenesis displays a similar
degree of advancement in the temporal and parietal cortices.
We propose that this characteristic is essential for parietal
cortex expansion, but only if neurogenesis is protracted as ob-
served in normal ferrets (Martinez-Cerdeno et al. 2006) but not
in E33 MAM-treated ferrets.

In summary, a shift of mitotic cells from the VZ toward the
SVZ prior to surpragranular layer formation, associated with
protracted neurogenesis, is essential for overall and regional
cortical surface expansion.

Dynamics of Mitotic Cell Distribution Within
the Inner and Outer SVZ
Does the inner SVZ, the outer SVZ, or both contribute equally
to cortical surface expansion? To answer this question, we

examined the distribution of dividing cells within the 2 SVZ
compartments (Fig. 5J,R and Supplementary Fig. 7E–H).

First, we compared parietal ISVZ and OSVZ and found
similar trends in mice and normal ferrets: (1) PH3+ cells are
more abundant in the ISVZ (compared with the OSVZ) during
most of neurogenesis, in mice until E16 (Fig. 5J) and in normal
ferrets until P3 (Fig. 5K) and (2) PH3+ cells increase constantly
in the OSVZ and reach their maximum at the end of neurogen-
esis. However, the 2 species differ greatly in terms of the PH3+
cell magnitude, particularly in the ISVZ where, in normal
ferret, the percentage of PH3+ cells increases at E33 and peaks
at P0 (Fig. 5K). This is also the case at P0 after MAM treatment,
but to a lesser degree compared with normal (P = 0.041;
Fig. 5L). We conclude that an increased percent of PH3+ cells
in the ISVZ, when upper cortical layers are being generated, is
essential for overall cortical surface expansion.

Next, we examined how PH3+ cells distribute within the
inner and outer SVZ along the latero-dorsal axis within the
same animal. In mouse, differences between temporal and par-
ietal ISVZ are found from E14 to E16 (higher % of PH3+ cells in
the temporal compared with the parietal ISVZ) but not in the
OSVZ (Fig. 5M,P). In normal ferrets, however, the distribution
of PH3+ cells is similar in the temporal and parietal ISVZ from
E25 to P0, while in the OSVZ, more PH3+ cells are found in the
parietal cortex (Fig. 5N,Q). This suggests that, in normal ferret,
(1) neurogenesis in the ISVZ displays a similar degree of ad-
vancement in the parietal and temporal cortices, and that (2)
neurogenesis in the OSVZ is more advanced in the parietal
cortex. Interestingly, after MAM injection, neurogenesis in the
ISVZ is more advanced in the temporal cortex but not in the
OSVZ, similar to mice (Fig. 5O,R).

In summary, the results presented in this section demon-
strate that (1) an increase in mitotic cells in the ISVZ and
OSVZ, prior to the formation of upper cortical layers, is associ-
ated with overall and regional cortical surface expansion, and
that (2) in ferrets, the ISVZ is the main source of neurons when
upper cortical layers are being generated.

Dividing Cell Phenotype in Mouse and Normal Ferret SVZ
The third parameter analyzed is the phenotype of actively
cycling cells. We focused on one region, the SVZ, since it plays
a major role in overall and regional cortical surface expansion
(as demonstrated above). The phenotype of dividing SVZ pro-
genitor cells was analyzed by triple labeling against PH3, Pax6,
and Tbr2 (Fig. 6). Pax6 and Tbr2 together detect most cortical
progenitor cells (>90%) (Kowalczyk et al. 2009), and the 2
populations found in the SVZ: The oRG and the IP cells. oRG
express Pax6 but not Tbr2 (Fietz et al. 2010; Hansen et al.
2010; Reillo et al. 2011), while IP cells express Tbr2 (Englund
et al. 2005) and can also co-express Pax6 (Englund et al. 2005;
Kowalczyk et al. 2009; Martinez-Cerdeno et al. 2012).

The following results compare the distribution of cycling
oRG (i.e. PH3+ cells expressing Pax6, but not Tbr2) and
cycling IP cells (i.e. PH3+ cells expressing Tbr2 and Pax6, or
Tbr2 alone) in the inner SVZ (Fig. 6A–K) and outer SVZ
(Fig. 6L–U) in mice and normal ferrets.

Inner SVZ
Overall, most dividing cells, in the parietal ISVZ of mice and
normal ferrets, are IP cells (Tbr2+Pax6+/−) (Fig. 6A–D,F,G).
Differences between mice and ferrets occur during early stages
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of neurogenesis; indeed in the ferret parietal ISVZ, at E25,
82.22% (±2.18) of PH3+ IP cells express Pax6 compared with
only 24.12% (±3.98) at E12 in mice (Fig. 6F,G). At the end of
neurogenesis in both species, few if any dividing Tbr2+Pax6−
IP cells are detected (Supplementary Figs 8C and 9C).

Next, we compared the % of PH3+ IP cells in the temporal
and parietal ISVZ within the same species, and no statistical
differences were found (Fig. 6F,G,I,J). We propose that in-
crease in IP cells expressing Tbr2 and Pax6 in the ISVZ, during
early neurogenesis, contributes to the overall cortical surface
expansion, but is not essential for regional cortical surface ex-
pansion.

Next, we examined the phenotype of dividing oRG in the
parietal ISVZ. Although their % increases as neurogenesis pro-
gresses, in mice as well as in normal ferrets, PH3+ oRG are ob-
served earlier in ferrets (E33) compared with mice (E16)
(Fig. 6F,G). In addition, oRG onset along the latero-dorsal axis
differs in both species. In ferrets starting at E33, similar % of
PH3+ oRG are found between temporal and parietal ISVZ,
while in mice, more PH3+ oRG are found in the temporal ISVZ
at E16 (P = 0.048, compared with the parietal ISVZ) (Fig. 6F,G,
I,J). We propose that overall and regional cortical surface ex-
pansion in ferrets rely on the premature onset of dividing oRG
cells in the ISVZ compared with mice.

Outer SVZ
Similar to the ISVZ, differences between mouse and ferret
OSVZ occur during early stages of neurogenesis as most
(>70%) cycling cells are IP cells in the mouse and oRG cells in
the ferret (Fig. 6P,Q). In both species, toward the end and after
completion of neurogenesis, most PH3+ cells (>60%) are oRG
(Supplementary Figs 8C and 9C). Next, we compared the phe-
notype of dividing OSVZ progenitor cells in the temporal and
parietal cortices within the same species and found no differ-
ence (Fig. 6P,Q,S,T). In conclusion, we propose that early
onset of oRG in the ferret OSVZ contributes to overall and
regional cortical expansion.

Dividing Cell Phenotype in the SVZ After MAM Exposure
In E33 MAM-treated ferrets, the reduction (compared with
normal) of dividing IP cell %, in the ISVZ and OSVZ, suggests
that MAM exposure results in a premature end to neurogenesis
(Fig. 6H,K,R,U). To test this hypothesis, Tbr2 and Pax6
expression levels were evaluated by western blot analysis. We
also tested whether BLBP expression level is altered since this
radial marker is downregulated in radial glial cells starting at
P3 in normal ferrets (Poluch and Juliano 2010). Compared
with normal, newborn E33 MAM-treated kits show a reduction

in Tbr2 and BLBP expression levels (P = 0.003 and 0.004,
respectively, Supplementary Fig. 10A,C) and also a reduction
in BLBP expression in radial glial cells (Supplementary
Fig. 10D–G). Radial glial morphology is not disrupted after
MAM exposure at E33, unlike at E24 (Noctor et al. 1999;
Hasling et al. 2003; Poluch and Juliano 2010). In contrast to
Tbr2 and BLBP, Pax6 expression was unchanged after MAM
treatment (Supplementary Fig. 10B); this result is not surpris-
ing since oRG, unlike radial glia, persist after neurogenesis and
are thought to participate in gliogenesis (Martinez-Cerdeno
et al. 2012). In conclusion, changes in progenitor cell pheno-
type observed in lissencephalic ferrets (i.e. less IP cells and
more oRG compared with normal) are likely the result of pre-
mature end of neurogenesis and early onset of gliogenesis.

Dividing Cell Phenotype in the VZ + ISVZ Versus OSVZ
In human, comparison of progenitor cell types and pro-
portions demonstrates that the OSVZ is a duplicated VZ/ISVZ
(Hansen et al. 2010). To assess whether this characteristic is
specific to gyrencephalic brains, or observed as well in lissen-
cephalic brains, the phenotype of OSVZ progenitor cells was
compared with VZ/ISVZ progenitor cells in the parietal cortex
of mice, normal, and lissencephalic ferrets (Fig. 7 and Sup-
plementary Table 1).

During neurogenesis, cycling progenitor cell types in the
VZ/ISVZ and OSVZ are different in mice (from E16 to E18;
Fig. 7A,B) and in lissencephalic ferrets (from P0 to P7; Fig. 7F,
G), but similar in normal ferrets (from E33 to P0; Fig. 7C,D).
After completion of neurogenesis (P0 in mice and P14 in
normal ferrets), VZ/ISVZ and OSVZ contain similar progenitor
cell types (Supplementary Figs 8C and 9C). In conclusion,
duplication of the VZ/ISVZ into the OSVZ occurs (1) in normal
ferrets, during early stages of neurogenesis, (2) in mice, during
early stages of gliogenesis, (3) but fails in ferrets after MAM
exposure. This result suggests that the timing of VZ/ISVZ
duplication is fundamental; duplication prior to surpragranular
layer formation is a characteristic found only in gyrencephalic
brain species.

Discussion

The present study provides new insights into mechanisms
underlying overall and regional cortical surface expansion by
demonstrating that they both rely on changes in timing rather
than the sequence of neurogenic events. We propose that
onset of oRG and increase in IP cells expressing Pax6, prior to
surpragranular layer formation, are essential for expansion of
the SVZ and a gyrencephalic cortex. We also propose that

Figure 3. Proliferating zone size evolution during neurogenesis in mouse, normal ferrets and lissencephalic ferrets. (A–I) VZ versus SVZ. Comparison in the parietal cortex of mouse
(A), normal ferrets (B), and E33 MAM-treated ferrets (C). The VZ is shown in red and the SVZ in blue (see illustrations 1 and 3). The black dotted lines (on graphs A–C) indicate an
extrapolated developmental stage at which the size of the VZ equals that of the SVZ. Comparison between temporal and parietal cortices in mouse (D and G), normal ferrets (E and
H), and E33 MAM-treated ferrets (F and I). As indicated in 2, data obtained in the parietal cortex are illustrated with a plain line (red for VZ and blue for SVZ) and those obtained in
the temporal cortex are illustrated with a dashed line (red for VZ and blue for SVZ). (J–R) Inner SVZ versus outer SVZ. Comparison in the parietal cortex of mouse (J), normal ferrets
(K), and E33 MAM-treated ferrets (L). The inner SVZ is shown in green and the outer SVZ in orange (see illustrations 4 and 6). Comparison between temporal and parietal cortices in
mouse (M and P), normal ferrets (N and Q), and E33 MAM-treated ferrets (O and R). As indicated in 5, data obtained in the parietal cortex are illustrated with a plain line (green for
inner SVZ and orange for outer SVZ) and those obtained in the temporal cortex are illustrated with a dashed line (green for inner SVZ and orange for outer SVZ). Data presented in
graphs are expressed as a percentage of the cortical thickness. Statistical analysis: 3 animals for each developmental stage; for each animal, results are averaged from 2 slices.
###P<0.001, ##P< 0.003, #P=0.028 (normal ferrets compared with E33 MAM-treated ferrets; B vs. C and K vs. L); ***P<0.001, **P=0.002, *0.028 < P< 0.044
(parietal cortex compared with temporal cortex); t-test. The red arrows indicate the time of MAM injection (E33); developmental stages (P0 and P7) in red indicate that cortical
development is affected by MAM exposure; developmental stages in black indicate that cortical development is normal (without MAM exposure or prior to MAM exposure). VZ,
ventricular zone; SVZ, subventricular zone; ISVZ, inner SVZ; OSVZ, outer SVZ.
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Figure 4. Localization of mitotic cells during neurogenesis. Immunostaining against PH3 (green) followed by nuclear counterstaining (blue) in the parietal cortex of mouse embryos
from E12 to E18 (A), normal ferrets from E25 to P7 (B), and E33 MAM-treated ferrets from P0 to P7 (C). Asterisks on low-magnification pictures (nuclear staining) indicate the
localization of proliferating regions in the parietal cortex. Immunostaining against PH3 (green), Pax6 (red), and Tbr2 (cyan) in the temporal and parietal cortices at E16 in mouse (D
and E), at E36 in normal ferrets (F and G), and E36 in E33 MAM-treated ferrets (H and I). Scale bar: 500 µm (PH3) and 100 µm (nuclear staining). VZ, ventricular zone; SVZ,
subventricular zone; ISVZ, inner SVZ; OSVZ, outer SVZ.
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regional cortical surface expansion is achieved by altering the
latero-dorsal gradient of neurogenesis.

How to Build a Bigger Brain: Insights From Comparative
Studies Between Different Species
Protracted neurogenesis is essential for evolutionary expansion
of the neocortical surface (Rakic 1988, 1995). This is achieved
by changes in cell cycle kinetics that delay the switch from
symmetrical to asymmetrical divisions (reviewed in Dehay and
Kennedy 2007). As a result, production of neurons is pro-
tracted and the pool of cortical progenitor cells is amplified.
The region that expands the most, in terms of size and progeni-
tor cell number, is the SVZ; particularly the outer portion in
primates and the inner portion in carnivores, including ferrets
(Smart et al. 2002; Lukaszewicz et al. 2005; Martinez-Cerdeno
et al. 2006, 2012; Hansen et al. 2010; Reillo et al. 2011). In this
study, we demonstrate differences in the course of neurogen-
esis between lissencephalic and gyrencephalic brains that
provide a basis for the evolutionary expansion of ferret inner
SVZ and possibly human outer SVZ.

First, dividing oRG are detected in ferret ISVZ during early
phases of neurogenesis (prior to supragranular layer for-
mation), while they are detected in mouse ISVZ during later
stages (when surpragranular layers are being formed).
Because oRG were first identified in the OSVZ (Fietz et al.
2010; Hansen et al. 2010) and ISVZ (Reillo et al. 2011) of
folded-brain species, they were thought to be essential to corti-
cal surface expansion. Their detection later in smooth brain
species challenged this hypothesis (Shitamukai et al. 2011;
Wang et al. 2011; Garcia-Moreno et al. 2012; Kelava et al. 2012;
Martinez-Cerdeno et al. 2012). Based on our observations, we
propose that oRG are essential for gyrification if their onset
occurs during early stages of neurogenesis so they can partici-
pate, in addition to radial glia (RG) and IP cells, in the expan-
sion of the cortical progenitor cell pool. This is consistent with
observations that the oRG population reaches 50% of all corti-
cal progenitor cells in humans and ferrets (Fietz et al. 2010;
Hansen et al. 2010; Reillo et al. 2011) and only 10% in mice
(Shitamukai et al. 2011; Wang et al. 2011). The somewhat late
detection of dividing oRG in mouse ISVZ suggests that their
contribution to neurogenesis is minor compared with ferrets.
Finally, if oRG are essential for gyrification as we propose, why
is the percentage of dividing oRG increased in E33 MAM-
treated kits compared with normal? This observation does
not necessarily refute our hypothesis since at least 2 oRG sub-
populations coexist in the SVZ: oRG that do not express Olig2
are presumably neurogenic progenitor cells, while those ex-
pressing Olig2 are presumably gliogenic progenitor cells

(Martinez-Cerdeno et al. 2012). Newborn lissencephalic ferrets
display a reduction in the number of cycling IP cells, in the
level of Tbr2 and BLBP expression, and in radial glial density.
Because these changes suggest that MAM treatment induces an
early end of neurogenesis, we propose that cycling oRG in E33
MAM-treated ISVZ are involved in gliogenesis rather than in
neurogenesis.

The second significant difference between mouse and ferret
ISVZ is the phenotype of dividing IP cells. Prior to supragranu-
lar layer formation in ferrets, the majority of IP cells co-express
Pax6 and Tbr2. Similar results are found in mice, but during
late stages of neurogenesis, as well as in ferrets after MAM
exposure. Expression of Pax6 in IP cells has been reported pre-
viously in different species and at different stages of develop-
ment (Englund et al. 2005; Kowalczyk et al. 2009; Fietz et al.
2010; Hansen et al. 2010; Martinez-Cerdeno et al. 2012). Pax6+
IP cells are thought to be newly generated or undifferentiated
as opposed to differentiated IP cells expressing low-to-absent
levels of Pax6 (Kowalczyk et al. 2009). IP cells have the
capacity to undergo 1 or 2 subsequent symmetric divisions
prior to asymmetric division and the production of a postmito-
tic neuron (Haubensak et al. 2004; Miyata et al. 2004; Noctor
et al. 2004, 2008). Based on our results, one can speculate that
Pax6 expression in ferret IP cells during early neurogenesis
promotes symmetric proliferative division rather than sym-
metric terminal division and, therefore, amplification of the IP
cell pool. The fact that, at the end of neurogenesis (in mice as
well as in normal ferrets) or after MAM exposure, most IP cells
express that Pax6 does not contradict this hypothesis. Indeed,
several studies reveal dual functions of the gene Pax6. Among
those, Holm et al. (2007) describe, using microarray analysis in
Pax6-mutant mice Small Eye (Pax6Sey−/−), a decreased
expression of Tbr2 at E12 and thatof growth arrest genes
at E15. These results support our hypothesis that Pax6
expression in IP cells participates in different processes during
early and late neurogenesis.

In conclusion, we propose that the early onset of oRG
and the increased percentage of Pax6+ IP cells contribute
to ferret gyrification; however, the contribution of oRG and
IP cells is more likely complementary. Only a low percen-
tage of ferret oRG are neurogenic (<5% express Tbr2; Fietz
et al. 2010; Reillo et al. 2011; Reillo and Borrell 2012); they
initially produce more oRG by self-amplification and later
produce astrocytes (Reillo et al. 2011; Martinez-Cerdeno
et al. 2012). Although these studies suggest that the contri-
bution to neurogenesis from oRG cells is minor compared
with IP cells in ferret, others show that oRG are essential
to gyrification as they provide additional guides to the

Figure 5. Mitotic cell distribution during neurogenesis in mouse, normal ferrets and lissencephalic ferrets. (A–I) VZ versus SVZ. Comparison in the parietal cortex of mouse (A),
normal ferrets (B), and E33 MAM-treated ferrets (C). The VZ is shown in red and the SVZ in blue (see illustrations 1 and 3). The black dotted lines (on graphs A–C) indicate an
extrapolated developmental stage at which the % of PH3+ cells in the VZ equals the % of PH3+ cells in the SVZ. Comparison between temporal and parietal cortices in mouse (D
and G), normal ferrets (E and H), and E33 MAM-treated ferrets (F and I). As indicated in 2, data obtained in the parietal cortex are illustrated with a plain line (red for VZ and blue for
SVZ) and those obtained in the temporal cortex are illustrated with a dashed line (red for VZ and blue for SVZ). (J–R) Inner SVZ versus outer SVZ. Comparison in the parietal cortex
of mouse (J), normal ferrets (K), and E33 MAM-treated ferrets (L). The inner SVZ is shown in green and the outer SVZ in orange (see illustrations 4 and 6). Comparison between
temporal and parietal cortices in mouse (M and P), normal ferrets (N and Q), and E33 MAM-treated ferrets (O and R). As indicated in 5, data obtained in the parietal cortex are
illustrated with a plain line (green for inner SVZ and orange for outer SVZ) and those obtained in the temporal cortex are illustrated with a dashed line (green for inner SVZ and
orange for outer SVZ). Data presented in graphs are expressed as a percentage of PH3+ cells. Statistical analysis: 3 animals for each developmental stage; for each animal, results
are averaged from 2 slices. ###P<0.001, ##P=0.010, #P= 0.041 (normal ferrets compared with E33 MAM-treated ferrets; B vs. C and K vs. L); ***P< 0.001, **P=0.011,
*0.022 < P< 0.024 (SI cortex compared with temporal cortex); t-test. The red arrows indicate the time of MAM injection (E33); developmental stages (P0 and P7) in red indicate
that cortical development is affected by MAM exposure; developmental stages in black indicate that cortical development is normal (without MAM exposure or prior to MAM
exposure). VZ, ventricular zone; SVZ, subventricular zone; ISVZ, inner SVZ; OSVZ, outer SVZ.
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increased number of neurons produced in gyrencephalic
species (Smart et al. 2002; Reillo et al. 2011; Stahl et al.
2013). Human oRG appear different from those in ferrets,

although their morphology is similar, they are neurogenic
and contribute to increasing the pool of progenitor cells
(Hansen et al. 2010).

Figure 6. Inner and outer SVZ mitotic cell phenotype in mouse, normal ferrets and lissencephalic ferrets. Immunostaining against PH3 (blue), Tbr2 (green), and Pax6 (red). Pictures
in on the left panel show the parietal ISVZ (A–E) and pictures on the right panel show the parietal OSVZ (L–O). Higher magnifications are from the boxed area (1 and 2); arrows
indicate PH3+Pax6+ cells, arrow heads PH3+Tbr2+Pax6+ cells, and asterisks PH3+Tbr2+ cells. Graphs represent the % of PH3+ cells expressing Pax6+ (red), Tbr2+
(green), or Pax6+ and Tbr2+ (orange) in the parietal ISVZ (F–H), temporal ISVZ (I–K), parietal OSVZ (P–R), and temporal OSVZ (S–U). Note that the inner and outer SVZ are
discernable in mouse starting at E16 and E33 in ferrets; data presented prior to E16 and E33 are from the SVZ. Statistical analysis: 3 animals for each developmental stage; for each
animal, results are averaged from 2 slices. The total number of PH3+ cells analyzed in the ISVZ ranges from 48 to 63 in mice, 59 to 266 in normal ferrets, and 28 to 107 in E33
MAM-treated ferrets; the total number of PH3+ cells analyzed in the OSVZ ranges from 37 to 52 in mice, 42 to 102 in normal ferrets, and 23 to 53 in E33 MAM-treated ferrets.
#0.032< P<0.018 (normal ferrets compared with E33 MAM-treated ferrets; G vs. H and Q vs. R); *P= 0.010 (parietal cortex compared with temporal cortex); t-test. Scale bar:
100 µm (A–E and L–O) and 10 µm (higher magnification).
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Figure 7. Phenotype of dividing cells in the parietal VZ, VZ + ISVZ, and OSVZ. Pies represent the phenotype of PH3+ cells in the VZ (left panel), VZ + ISVZ (middle panel), and
OSVZ (right panel) in mouse at E16 and E18 (A and B), normal ferrets at E33, P0, and P7 (C–E), and in E33 MAM-treated ferrets at P0 and P7 (F and G). Analysis was performed at
developmental stages showing compartmentalization of the SVZ into an inner and outer compartment. Three animals for each developmental stage; for each animal, results are
averaged from 2 slices. Two-way ANOVAwas conducted followed by a Holm-Sidak test for comparisons between groups; P-values are presented in Supplementary Table 1.
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How to Achieve Regional Cortical Surface Expansion:
Insights From Comparative Studies Between Different
Cortical Regions Within the Same Animal
Neurogenesis in gyrencephalic brains is not homogenous as
particular regions differ in the number of neurons they
produce (Dehay et al. 1993; Lukaszewicz et al. 2006; Reillo
et al. 2011). Experiments in the primate visual cortex show that
changes in cell cycle kinetics are essential in this process
(Dehay et al. 1993; Kornack and Rakic 1998; Lukaszewicz et al.
2005, 2006). In the present report, we compared the dynamics
of neurogenic events in 2 cortical regions of normal ferrets pre-
senting differences in neuron production (the more enlarged
parietal surface compared with the temporal surface). Our goal
was to reveal mechanisms involved in regional cortical surface
expansion. We also used mice and E33 MAM-treated ferrets as
a comparison; although the former is lissencephalic and the
latter moderately lissencephalic, in both, parietal and temporal
cortices expand to similar degree. Here, we demonstrate that,
in normal ferrets, parietal expansion (compared with tem-
poral) is associated with early SVZ growth and oRG onset.
Although IP cells display a similar phenotype in both regions,
we cannot exclude that variations in cell cycle kinetics contrib-
ute to parietal SVZ expansion. Finally, distribution of cycling
cells is similar between parietal and temporal regions, unlike
in mice and in lissencephalic ferrets. Altogether, our results
suggest that ferret parietal expansion relies on an early onset
of neurogenesis.

Our findings do not contradict the well-established latero-
dorsal gradient of cortical development. Seminal studies in
mammals, including mice and ferrets, examined the size of the
cortical plate or the distribution of (3H)-thymidine neurons,
and concluded that more neurons are produced laterally than
dorsally (Smart and Smart 1977; McSherry 1984; McSherry and
Smart 1986). Here, we demonstrate that neurogenesis in mice
follows a similar gradient (i.e. latero-dorsal gradient of neuro-
genesis), as neurogenic events are more advanced in the tem-
poral region. In ferrets, however, there is a discrepancy
between the gradient of cortical development and neurogen-
esis. Indeed, if the temporal region is more mature in terms of
neuron production (McSherry 1984; McSherry and Smart
1986), neurogenesis displays similar degree of progression in
the temporal and parietal regions. This suggests that elimin-
ation of the latero-dorsal gradient of neurogenesis is a prere-
quisite for greater expansion of the parietal cortex.
Accordingly, the duration of the phase consisting in expansion
of the founder cell pool is increased, and more neurons are
produced (Rakic 1988). The finding that the lateral–dorsal gra-
dient of neurogenesis is reestablished after MAM exposure (as
in mice) strongly supports our hypothesis.

What are the factors that could alter the timing of parietal
neurogenesis and ultimately the gradient of neurogenesis?
Secreted morphogens are good candidates as they control
graded expression of transcription factors, such as Pax6, essen-
tial for cortical regional patterning, including the rostro-caudal
and dorso-ventral axes, neurogenesis (reviewed in Caviness
et al. 2009), and brain morphogenesis (Dahmane and Ruiz i
Altaba 1999). For example, overexpression of FGF2 increases
cortical volume in rats and induces gyrification in mice (Vac-
carino et al. 1999; Rash et al. 2013), while decreased prolifer-
ation is observed in the VZ and SVZ of sonic hedgehog null
embryos (Dahmane et al. 2001). Therefore, inhibition or de

novo expression of a morphogen could increase the prolifer-
ation rate in the ferret parietal cortex. This hypothesis is con-
ceivable based on recent findings by Charrier et al. (2012) as
they demonstrate that changes in the expression of a single
gene (i.e. SRGAP2) had a profound impact on human brain
evolution. Finally, the finding that the rostro-caudal gradient of
Pax6 expression, initially described in mice, disappears during
early corticogenesis in human (Bayatti et al. 2008; Ip et al.
2010) suggests that the spatio-temporal expression of morpho-
gens might differ in convoluted brain species.

In addition to a genetic control, as defined by the protomap
model (Rakic 1988), neurogenesis is influenced by extrinsic
signals (protocortex or tabula rasa model) (Van der Loos and
Woolsey 1973; O’Leary 1989). These environmental signals, in-
fluencing fate and proliferation rates (McConnell and Kaznows-
ki 1991; Dehay et al. 2001; Polleux et al. 2001), may be
provided largely by thalamocortical axons (Dehay et al. 2001).
In primates, binocular enucleation results in size reduction of
the primary visual cortex (Rakic 1988; Dehay et al. 1989).
Similar experiments in ferrets show a decrease in IP cells in the
outer SVZ (Reillo et al. 2011). Because MAM exposure at E33
alters the distribution of thalamic afferents in the parietal
cortex (Noctor et al. 2001; Palmer et al. 2001), one might
speculate that aberrant thalamic inputs contribute to the lissen-
cephalic phenotype in E33 MAM-treated ferrets.

Further studies are needed to identify intrinsic and extrinsic
signals controlling regional cortical surface expansion. Under-
standing the underlying mechanisms are important to human
disease as specific regions present reduced or increased corti-
cal folding in schizophrenia and autism (Kulynych et al. 1997;
Hardan et al. 2004).

Inner and Outer SVZ Contribution to Neurogenesis
and Evolution of the Cerebral Cortex
Birth dating studies (Smart et al. 2002; Lukaszewicz et al. 2005;
Dehay and Kennedy 2007) and characterization of transcrip-
tion factor expression (Tarabykin et al. 2001; Nieto et al. 2004;
Zimmer et al. 2004) suggest that neurons produced in the SVZ
are destined to layers II/III. Although conflicting studies have
been published (Haubensak et al. 2004; Sessa et al. 2008; Ko-
walczyk et al. 2009), this concept provides a convincing expla-
nation to gross anatomical features observed in folded brains
such as expansion of upper cortical layers (compared with
lower cortical layers) (DeFelipe et al. 2002) and an enlarged
SVZ (Smart et al. 2002; Zecevic et al. 2005; Martinez-Cerdeno
et al. 2006). In primates, the outer component of the SVZ
shows a substantial increase in size and in progenitor cell
density, prior to and during formation of upper layer neurons
(Smart et al. 2002; Lukaszewicz et al. 2005; Hansen et al 2010;
Martinez-Cerdeno et al. 2012). We show that, in normal ferrets,
the inner SVZ expands prior to, and the outer SVZ during,
upper cortical layer formation; however, the inner SVZ
remains the major source of neurons as indicated by the higher
percentage of cycling cells. Our results, combined with others
cited above, suggest a correlation between the degree of corti-
cal folding and the primary source of neurons prior to and
during formation of layers II/III: Lissencephalic brains (VZ),
low-to-moderate folded brains (ISVZ), and highly folded
brains (OSVZ). This gradual and modular expansion of prolif-
erating regions agrees with the model proposed by Charvet
and Striedter (2011). This model states that when the pool of
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VZ progenitor cells increases faster than the VZ can expand,
progenitor cells leave the VZ and proliferate to form the SVZ.
We propose that similar mechanisms contribute to the for-
mation of the inner and outer SVZ. Accordingly, when the cell
density in the SVZ reaches its maximum, progenitor cells
(possibly from the VZ and/or the SVZ itself) proliferate above
the SVZ forming an outer SVZ and an inner SVZ (former SVZ).
Based on this gradual construction, building a brain larger
than a ferret brain, would rely on expanding the outer SVZ.
This is consistent with findings obtained in humans (Hansen
et al. 2010), nonhuman primates (Smart et al. 2002; Martinez-
Cerdeno et al. 2012), and in normal ferrets as we show that the
region expanding the most (i.e. parietal cortex) contains more
mitotic figures in the outer SVZ, but not in the inner SVZ (com-
pared with temporal). However, our results differ from those
obtained by Reillo et al. (2011) as they show, in cats and
humans, an increased density in cycling cells in both the inner
and outer parietal SVZ compared with temporal. These dissim-
ilarities could be due to several factors, including differences
in the methodology used to delineate the boundaries between
proliferation zones. They could also explain why we found
that the ferret inner and outer SVZ contain different progenitor
cell classes (more IP cells and more oRG, respectively), while
others found a similar composition (Reillo et al. 2011, Reillo
and Borrell 2012). In fact, our results are similar to humans
and suggest, as proposed by Hansen et al. (2010), that the
OSVZ is a duplicated VZ/ISVZ. In addition, we show that the
duplication occurs during early stages of ferret neurogenesis,
prior to surpragranular formation, and also in mice but after
completion of neurogenesis. Compartmentalization of SVZ
into an inner and outer component is not specific to species
with convoluted brains (Garcia-Moreno et al. 2012; Kelava
et al. 2012; Martinez-Cerdeno et al. 2012). We reach similar
conclusions regarding VZ/ISVZ duplication in the OSVZ; here
again, our findings point in the direction of changes in devel-
opmental timing between folded and nonfolded brains rather
than evolutionary novelty specific to folded brains. In con-
clusion, we propose that the outer SVZ produces a gyrence-
phalic cortex only if it expands prior to the onset of upper
cortical layers and if it is a duplicated VZ/ISVZ. This hypothesis
could be tested by analyzing lissencephalic primates or gyren-
cephalic rodents similar to Garcia-Moreno et al. (2012) and
Kelava et al. (2012).

How Does MAM Affect Ferret Cortical Expansion?
MAM is a methylating agent that targets dividing neuronal pro-
genitors, while postmitotic neurons and glial cells are not af-
fected (Johnston and Coyle 1979; Cattaneo et al. 1995).
Because MAM is mainly used to produce models of neuronal
migration disorders, epilepsy, or schizophrenia (Germano and
Sperber 1998; Hasling et al. 2003; Penschuck et al. 2003), little
is known about the effects of MAM on cortical progenitor cells.
Nevertheless, based on our results, we can speculate that the
following 3 mechanisms participate in decreasing cortical
surface expansion in E33 MAM-treated ferrets. (1) First, in-
creased cell death. MAM induces apoptosis in the cerebellar
granule cell layer via activation of caspase 3 (Ferrer et al.
2001). The opposite (i.e. reduction of apoptosis) produces gyr-
ification in mice as demonstrated by mutations of death-
effector gene families, including Jnk1/2 and caspase 9 (Kuida
et al. 1998; Haydar et al. 1999). (2) Secondly, increased cell
cycle exit. This hypothesis is consistent with our findings that

E24 and E33 MAM-treated ferrets undergo a premature end to
neurogenesis (Noctor et al. 1999; present study). Controlling
the balance between cell cycle exit and cell cycle reentry is
critical for progenitor cell expansion. Genetic mutations in
mice show that overexpression of p27Kip1 increases cell cycle
exit and results in a thinner cortex (Tarui et al. 2005), whereas
expression of a stabilized β-catenin associates with a larger
brain and formation of sulci due to a greater number of precur-
sor cells undergoing additional rounds of mitosis (Chenn and
Walsh 2002, 2003). (3) Thirdly, changes in cell cycle duration.
In mice, reduction of G1 duration via forced expression of
cyclin D1 and cyclin E1 expands the pool of precursor cells by
promoting self-renewing proliferative divisions of radial glia
and IP cells (Pilaz et al. 2009). Van den Berg and Ball (1972)
demonstrated that Hela cells exposed to MAM show delay in
subsequent interphase and S phase. It needs to be determined
whether MAM affects G1 duration of cortical precursor cells in
E33 MAM-treated ferrets.

E33 MAM-Treated Ferrets as an Animal
Model of Lissencephaly
In human, lissencephaly is a rare malformation characterized
by simplified cortical gyration pattern and usually associated
with a normal sized head at birth. Classically, this brain malfor-
mation is described as a neuronal migration disorder (reviewed
by Kerjan and Gleeson 2007). However, the radial unit model
proposed by Rakic (1988) predicts that lissencephaly can also
result from disruption of early phases of neurogenesis. This
hypothesis is reinforced by the findings that candidate genes
for lissencephaly encode proteins controlling neuronal
migration and cell division (Yingling et al. 2008; Pramparo
et al. 2010). The different animal models of lissencephaly
developed (mainly mice and rats) are interesting to study in
relation to the neuronal migration defects associated with the
disease, but are limited in exploring the neurogenic com-
ponent due to the lack of gyration in the rodent cortex. E33
MAM-treated ferrets, however, present defects in neurogenesis
leading to reduced cortical surface as presented here and also
defects in neuronal migration (Poluch et al. 2008; Abbah and
Juliano 2013). In conclusion, E33 MAM-treated ferrets are a
unique and valuable model to understand the evolutionary ex-
pansion of the cerebral cortex and human lissencephaly.
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Supplementary material can be found at: http://www.cercor.
oxfordjournals.org/.
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