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Abstract

An expanded and folded neocortex is characteristic of higher mammals, including
humans and other primates. The neocortical surface area was dramatically enlarged
during the course of mammalian brain evolution from lissencephalic to gyrence-
phalic mammals, and this bestowed higher cognitive functions especially to pri-
mates, including humans. In this study, we generated transgenic (Tg) mice in which
the expression of Sonic hedgehog (Shh) could be controlled in neural stem cells
(NSCs) and neural progenitors by using the Tet-on system. Shh overexpression dur-
ing embryogenesis promoted the symmetric proliferative division of NSCs in the
neocortical region, leading to the expansion of lateral ventricles and tangential ex-
tension of the ventricular zone. Moreover, Shh-overexpressing Tg mice showed dra-
matic expansion of the neocortical surface area and exhibited a wrinkled brain when
overexpression was commenced at early stages of neural development. These results
indicate that Shh is able to increase the neocortical NSCs and contribute to expansion

of the neocortex.
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dorso-ventral (D-V) patterning of the neural tube (Echelard
et al., 1993; Fuccillo et al., 2006; Patten & Placzek, 2000)

During mammalian brain evolution, the neocortex was dra-
matically enlarged and adopted a wrinkled shape to accom-
modate the expanded neocortical surface inside the skull
in gyrencephalic mammals (Sun & Hevner, 2014). Sonic
hedgehog (Shh) signaling governs various aspects of the de-
velopment of the central nervous system (CNS), including

© 2021 Molecular Biology Society of Japan and John Wiley & Sons Australia, Ltd

and the proliferation of neural progenitors in the cerebellum
(Wallace, 1999). In the telencephalon, Shh is highly expressed
in the floor plate, and the secreted Shh proteins form a ventral-
high-dorsal-low gradient and play a key role in establishing
ventral identity (Chiang et al., 1996; Dale et al., 1997; Ericson
et al., 1995). Shh proteins can be delivered dorsally through
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the cerebrospinal fluid (CSF) in the brain vesicles (ven-
tricles). In addition, it is known that Shh is produced in the
dorsal telencephalon and influences the neocortical develop-
ment (Dave et al., 2011; Komada et al., 2008, 2013; Yabut &
Pleasure, 2018). It has also been reported that Shh signaling
regulates the proliferation of neural stem cells (NSCs) and
controls their number during neocortical development (Palma
& Ruiz i Altaba, 2004).

Here, we generated transgenic (Tg) mice in which Shh ex-
pression can be controlled in NSCs and neural progenitors
throughout the CNS using the Tet-on system and revealed
that its overexpression enhances the maintenance and prolif-
eration of NSCs in the developing neocortical region. Shh-
overexpressing Tg mice exhibited a dramatic enlargement of
the neocortical surface area and a wrinkled neocortex when
Shh expression was induced from the early stages of neural
development.

2 | RESULTS AND DISCUSSION
2.1 | Overexpression of Shh increased NSCs
and expanded the ventricular zone in the
neocortical region

To investigate the impact of Shh on neocortical develop-
ment, we performed in utero electroporation to overexpress
Shh in NSCs in the ventricular zone (VZ). pCAG-Shh com-
bined with pCAG-EGFP or pCAG-EGFP alone (as a con-
trol) was transfected into the VZ cells at embryonic day
13.5 (E13.5), and brains were fixed and analyzed at E16.5.
Immunohistochemical staining was performed using antibod-
ies against EGFP, Pax6, a marker for NSCs, Tbr2, a marker
for intermediate progenitor cells (IPCs), and Tujl, a marker
for neurons. As shown in the top panels of Figure 1a, expres-
sion vectors were introduced in the VZ of the dorsolateral tel-
encephalon (neocortical region) of the unilateral hemisphere
on the anode side and the VZ of the medial regions of the
contralateral hemisphere on the cathode side. It was observed
that Pax6* NSCs and Tbr2* IPCs were increased in number

and the VZ/subventricular zone (SVZ) was expanded in the
neocortical region transfected with Shh expression vectors,
compared to the corresponding region transfected with con-
trol vectors (Figure 1a,b,d).

We next estimated the cell proliferation rate by
5-bromo-2'-deoxyuridine (BrdU) incorporation experiments.
BrdU was intraperitoneally injected into pregnant mice 30 min
before sacrifice at E16.5 to mark cells that incorporated BrdU
in the S phase. The numbers of BrdU™ cells and cells positive
for Ki67, a marker for proliferating cells, were remarkably
increased in the VZ/SVZ around the electroporated regions
(Figure lc,d). The proportions of Pax6*, Tbr2*, BrdU* and
Ki67" cells among GFP* cells were also increased, except for
the fact that the increase in the proportion of Tbr2" cells was
not significant, indicating that transient overexpression of Shh
promoted the maintenance and proliferation of NSCs through
a cell autonomous and/or paracrine effect (Figure 1d). We then
analyzed the division mode of transfected cells by referring to
previous reports (Wang et al., 2016; Watanabe et al., 2015). EAU
was injected intraperitoneally into pregnant mice and the pro-
portions of Pax6'; EQUY/EdU?" cells and Tbr2t; EQUT/EdU*
cells were evaluated 18 hr later during the period between cell
division and reentry into the S phase, based on the estimated
cell cycle length. We observed that NSCs transfected with Shh
expression vectors continued the expansion of Pax6™ cells via
symmetric proliferative divisions, whereas significantly more
NSCs transfected with control vectors produced Tbr2* IPCs
through asymmetric neurogenic divisions at E14.5 (Figure 1e).

2.2 | Shh-overexpressing mice exhibited
expanded ventricles and a wrinkled neocortex

Based on the results of in utero electroporation, we aimed to
generate Tg mice in which mouse Shh (mShh) expression
in NSCs and neural progenitors could be controlled using
the Tet-on system. We generated TRE-mShh/d2EGFP Tg
mice (Figure 2a) and crossed them with pNes-rtTA Tg mice
(Bansod et al., 2017). In these double Tg mice, Shh and d2E-
GFP were expressed throughout the CNS, including the brain

FIGURE 1

Increase in NSCs and expansion of the VZ by transient overexpression of Shh. (a and b) Immunohistochemical analysis to

estimate the effects of Shh overexpression on Pax6™ NSCs (a) and Tbr2* IPCs (b). pCAG-Shh together with pCAG-EGFP or pCAG-EGFP
alone [as a control (CTRL)] was introduced into the VZ cells of mouse embryos via in utero electroporation at E13.5, and mice were sacrificed

and analyzed at E16.5. Immunostaining was performed with anti-GFP (green), anti-Pax6 (in a) or anti-Tbr2 (in b) (red) and anti-Tujl (green)

antibodies on coronal sections of the telencephalon. (a) The boxed areas in upper panels are magnified in lower panels. Transfected cells (GFP*)

were observed in unilateral neocortical region on the anode (+) side (white arrows) and medial region of the contralateral hemisphere on the

cathode (—) side. (c) Coronal sections of the neocortical region were immunostained using anti-GFP (green) and anti-BrdU or anti-Ki67 (red)

antibodies. BrdU was injected intraperitoneally into the pregnant mice 30 min before sacrifice. (d) The numbers of Pax6", Tbr2", BrdU* and Ki67*
cells within a radial column of 200 pm width in electroporated regions (left) and the proportions of Pax6™, Tbr2*, BrdU* and Ki67* cells among
GFP™ cells (right). (e) Analysis of the division mode of transfected cells. In utero electroporation was performed at E13.5, and EdU was injected
intraperitoneally into pregnant mice 12 hr after in utero electroporation. Proportions of Pax6*; EdU*/EdU" cells and Tbr2*; EdU*/EdU™ cells were
estimated 18 hr after EAU injection at E14.5. Data are mean + SEM (n = 4); *p < .05, **p < .01, ***p < .001 (Student's  test). Scale bars: 1 mm in
a (upper panels); 200 um in a (lower panels), b, ¢



SHQIRAT ET AL.

(@ \yE at E13.5 -> Sacrifice at E16.5

CTRL (pCAG-EGFP)

pCAG-Shh + pCAG-EGFP

No. of Pax6* cells

/200um radial column

400,

*%k

Genes to Cells WILEY-—

(d)

Pax6*;GFP*/GFP* (%)

50

N

Pax6 GFP

Pax6

300! T 40
*%

30
200

20
100!

Merge

-
) =3

CTRL (pCAG-EGFP) \

Tuj1

(b)

pCAG-Shh + pCAG-EGFP

Pax6

° CTRL Shh-OE CTRL Shh-OE

No. of Thbr2* cells
/200um radial column

Tbr2*;GFP*/GFP* (%)

10

0 ]
CTRL Shh-OE CTRL Shh-OE

No. of BrdU* cells
/200um radial column

BrdU*;GFP*/GFP* (%)
Merge

250, *kk 15

CTRL (pCAG-EGFP)

pCAG-Shh + pCAG-EGFP **

.
GFP

Thr2

Thr2
()

200

150

100

50

0

o
CTRL Shh-OE CTRL Shh-OE

No. of Ki67* cells
/200um radial column

Ki67*;GFP*/GFP* (%)

S

=

CTRL (pCAG-EGFP)

and spinal cord, after the administration of doxycycline (Dox)
(Figure 2b,c,e). We obtained several independent Tg lines
and performed screening based on Shh/d2EGFP expression
levels and patterns. Phenotypes of the Shh-overexpressing
Tg mice varied depending on the timing and dosage of Dox
administration. In case of Dox administration from earlier
stages (from E9.5 or earlier) or with higher concentrations
(0.5 mg/ml), Tg embryos frequently showed severe damage
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in the CNS, including intracranial hemorrhage and neural
tube defects such as exencephaly (open brain) and spina bi-
fida (ruptured spinal cord) (Figure S1). With proper timing
and dosage of Dox, Tg mice survived and exhibited a bigger
brain size compared to that in control (Ctrl) mice at embry-
onic and postnatal stages (Figure 2b—d and Figure S2a).

To reveal the expression patterns of Shh, we performed
double staining using anti-GFP and anti-Shh antibodies and
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FIGURE 2 Expansion of neocortical region in Shh-overexpressing Tg mice. (a) Structure of pNes-rtTA and TRE-mShh/d2EGFP transgenes.

Mice generated by crossing both Tg lines bidirectionally expressed mouse Shh (mShh) and the fluorescent reporter d2EGFP in Nestin-expressing

cells, including NSCs and neural progenitors, in the presence of doxycycline (Dox). (b) Bright-field (BF) images of whole bodies and GFP
expression (green) in Ctrl (CTRL) and Shh-overexpressing Tg (TG) mice at E15.5 and E17.5. Dox was administered from E11.5. (c) Bright-field
images of brains and GFP expression (green) in Ctrl and Tg mice at E15.5, E17.5 and postnatal day 0 (PO). Arrowheads indicate bilateral folds

on neocortical surface of the Tg brain. (d) A graph showing the brain weights of Ctrl and Tg mice at E15.5, E17.5 and PO. (e) Expression patterns
of d2EGFP and Shh. Coronal sections of the telencephalon of E15.5 and E17.5 Tg embryos were double-stained using anti-GFP (green) and
anti-Shh (red) antibodies. Arrows indicate double-positive cells in the VZ/SVZ. (f) Analysis of the cell proliferation rate by BrdU incorporation

experiments. BrdU was injected intraperitoneally into the pregnant mice 30 min before sacrifice. Coronal sections of the telencephalon of E15.5,

E17.5 and E19.5 mice were immunostained using anti-BrdU (green) and anti-Ki67 (red) antibodies. (g) Quantification of the numbers of BrdU*

cells and Ki67* cells within a radial column of 200 pm width in the neocortical region. Data are mean + SEM (n = 4); *p < .05, *¥p < .01,

*#%p < .001 (Student's 7 test). Scale bars: 1 mm in b, c, e (upper panels); 500 pm in f; 200 pm in e (lower panels)

found that d2EGFP and Shh were mostly colocalized and that
double-positive (GFP™; Shh*) cells were sparsely distributed
in the VZ and SVZ of the dorsal and ventral telencephalon
(Figure 2e). In the Tg brains, the lateral ventricles were dra-
matically expanded, and the VZ and SVZ of the dorsal tel-
encephalon (neocortical region) were extended tangentially
(Figure 2e,f). Accordingly, the morphology of the dorsal tel-
encephalon was severely deformed; further, sometimes many
wrinkles or folds were observed on the neocortical surface
(Figure 2c,e and Figure S2). Based on the coronal sections of
Tg brains, it was revealed that the structure of cortical folding
was variable; some mice exhibited a dramatic extension of the
germinal layer (VZ) with a tangled cortical wall (Figure S2b),
whereas others exhibited the folding of neuronal layers
(Figure S2c). These results suggested that Shh secreted from
a fraction of VZ/SVZ cells (GFP*; Shh™) exerted the non-cell
autonomous effect on surrounding cells in broad regions.

We next estimated the cell proliferation rate by perform-
ing BrdU incorporation experiments. BrdU was intraperito-
neally injected into pregnant mice 30 min before sacrifice at
E15.5, E17.5 or E19.5. The numbers of BrdU™" cells in the
VZ/SVZ of the neocortical region were significantly higher
in the Tg brains than in the Ctrl brains at E15.5 and E17.5
(Figure 2f,g). Immunostaining with antibodies against Ki67
also demonstrated higher numbers of proliferating cells in
the neocortical region of Tg mice compared to those in Ctrl
mice (Figure 2f,g). These results suggested that secreted Shh
influenced NSCs and neural progenitors in broad areas of the
neocortical region and promoted cell proliferation, leading to
a marked extension of the VZ/SVZ and deformity of the neo-
cortex with wrinkles and folds (Figure 2c,e and Figure S2).

2.3 | NSCs were increased and neuronal
differentiation was suppressed in the
neocortical region of Shh-overexpressing mice
We next examined the maintenance and differen-
tiation of NSCs and formation of neocortical layers.

Immunohistochemical staining using antibodies against Pax6

and Tujl demonstrated that the thickness of the Pax6™ cell
layer was markedly increased in the neocortical region of
Tg brain compared to that in the Ctrl brain (Figure 3a,b). In
contrast, the outer cortical layers, including the intermedi-
ate zone and cortical plate, were markedly thinner in the Tg
brain than in the Ctrl brain. We analyzed the division mode of
neural stem/progenitor cells in the neocortical region by the
same EdU labeling method as in Figure le and observed that
many of them continued expansion of the Pax6™ cells in the
Tg brain, whereas significantly more cells produced Tbr2*
IPCs in the Ctrl brain (Figure 3c). These results indicated
that neuronal differentiation was suppressed in the Tg cortex,
and NSCs continued to proliferate via symmetric divisions
and tangentially expanded in the neocortical region, leading
to extension of the VZ and expansion of lateral ventricles
(Figures 2f, 3a).

It has been reported that Shh signaling promotes the prolifer-
ation of basal progenitors, including IPCs and basal radial glial
cells (bRGCs), in the SVZ of the neocortical region of devel-
oping mice (Shimada et al., 2019; Wang et al., 2016), and it is
assumed that an increase in these basal progenitors induced the
neocortical expansion and folding in gyrencephalic mammals
(Borrell & Gotz, 2014; Nonaka-Kinoshita et al., 2013). Thus,
we performed immunohistochemistry using antibodies against
Pax6 and Tbr2. In the neocortical region of Tg brain, Tbr2*
IPCs were sparsely observed and deceased in number, although
the number of Pax6™ NSCs was increased compared to that in
the Ctrl brain (Figure 3d,e). Pax6™ cells were mostly localized to
the VZ, and Tbr2* cells were distributed more basally in the VZ
and SVZ in the Ctrl brain (Figure 3d). In contrast, Tbr2* cells
were encompassed in the expanded Pax6™ cell layer, and thus,
many Pax6" cells were observed at the basal side of the Tbr2*
cell layer in the Tg brain. These results suggested that Shh over-
expression led to expansion of Pax6™ NSCs at the expense of
Tbr2* IPCs and impaired the integrity of the VZ/SVZ. bRGCs
retain basal processes like apical RGCs (aRGCs) but are de-
tached from the ventricular surface through the loss of apical pro-
cesses and are located in the SVZ (LaMonica et al., 2012; Wang
et al., 2011). They are positive for Pax6 and Sox2 like aRGCs
and continue symmetric or asymmetric divisions in the SVZ. To
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detect bRGC-like cells, we performed double staining using an-
tibodies against Pax6 and phospho-histone H3 (pH3), a marker
of dividing cells. In the Tg brain, we observed many Pax6* cells
dividing at the basal side (Pax6"; pH3™) (Figure 3f,g), but we
could not determine the increase in bRGC-like cells located in

SHQIRAT ET AL.

the SVZ, because the structure of the VZ/SVZ was impaired by
Shh overexpression, and the border between the VZ and SVZ
became ambiguous (Figure 3a,d).

Shh-overexpressing Tg mice were embryonic lethal
when higher concentrations of Dox were administered from
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FIGURE 3 Modification in developing germinal layer and postnatal cortical layer structure. (a) Immunostaining with anti-Pax6 (green)

and anti-Tujl (red) antibodies on coronal sections of the telencephalon of Ctrl and Tg embryos at E17.5. (b) A graph showing the thicknesses of
the Pax6™ cell layer and outer cortical layers of the Ctrl and Tg cortices at E17.5. (c) Analysis of the division mode of NSCs. EdU was injected
intraperitoneally into pregnant mice, and the proportions of Pax6™; EQU*/EdU™ cells and Tbr2"; EAU*/EdU™ cells were estimated 18 hr after EdU
administration at E14.5. (d) Immunostaining with anti-Pax6 (green) and anti-Tbr2 (red) antibodies on coronal sections of the telencephalon of Ctrl
and Tg embryos at E15.5. (e) Quantification of the numbers of Pax6™ and Tbr2* cells in the VZ/SVZ within a radial column of 200 um width at
E15.5 and E17.5. (f) Double-labeling with anti-pH3 (green) and anti-Pax6 (red) antibodies on coronal sections of the neocortical region at E17.5.
(2) Quantification of the numbers of pH3™; Pax6™ cells in basal regions within a radial column of 500 um width at E17.5. (h) Coronal sections of
the Ctrl and Tg brains were immunostained using anti-Satb2 (green), anti-Ctip2 (red) and anti-Tbr1 (green) antibodies at PO. DAPI (blue) represents
nuclear staining. Higher magnification views of the cortices are shown in the right panels. (i) Quantification of the thickness of each cortical layer
at PO. Data are mean + SEM (n = 3); *p < .05, **p < .01, ***p < .001 (Student's ¢ test). Scale bars: 500 um in a; 1 mm in d (upper panels), h (left

panels); 200 um in d (lower panels), f, h (right panels)

early embryonic stages. However, when lower concentra-
tions of Dox (<0.05 mg/ml in drinking water) were admin-
istered from later embryonic stages, some Tg pups survived
until postnatal stages, and mice with milder phenotypes
could grow to adulthood. Thus, we next analyzed the neo-
cortical layer formation in postnatal mice using antibodies
against Satb2, a marker for layer II-IV neurons, Ctip2, a
marker for layer V neurons, and Tbrl, a marker for layer VI
neurons. We found that the neocortical layer structure was
not severely disturbed, although the deep layers (layers V
and VI) were thinner in the Tg neocortex than those in the
Ctrl brain, whereas the superficial layers (layer II-IV) were
rather thicker than those in the Ctrl neocortex (Figure 3h,i).
Shimada et al. reported a similar phenotype in Gpri6l-
mutant mice in which Shh signaling was up-regulated in
NSCs of forebrain regions (Shimada et al., 2019).

These results demonstrated that deep layer neurogenesis
was more severely affected than superficial layer neurogen-
esis, but the migration of each layer neurons was not sig-
nificantly impaired in the Shh-overexpressing Tg neocortex.
Most phenotypes of the Shh-overexpressing Tg mice (exten-
sion of the ventricular surface, expansion of NSCs, forma-
tion of cortical folds, increase in the upper layer and decrease
in deep layer neurons) were consistent with those observed
in other mutant mice in which Shh signaling was enhanced
(Shimada et al., 2019; Wang et al., 2016), but the formation
of folding in the neocortical surface was much more prom-
inent in our Tg mice, as shown in Figure 2c and Figure S2.

2.4 | Shh overexpression caused neocortical
expansion despite ectopic expression of some
ventral marker genes

We observed the marked promotion of NSC proliferation
and a dramatic expansion of the VZ/SVZ throughout the
neocortical region of Tg brain, although only a subset of
cells expressed Shh as shown in Figure 2e. These results
suggested that secreted Shh proteins were distributed to sur-
rounding areas through interstitial spaces in the VZ/SVZ or

diffused to broader areas via the CSF in lateral ventricles
and exerted long-range signaling activity. Thus, we ex-
amined how widely Shh signaling was activated by in situ
hybridization using RNA probes for Shh signaling compo-
nents, including Shh, GLI-Kruppel family member GLII, 2,
3 (Glil, 2, 3), Patched-1 (Ptchl) and Smoothened (Smo).
The expression of Shth mRNA was detected in a subset of
cells in the VZ/SVZ similar to the expression pattern of Shh
proteins shown in Figure 2e (Figure 4a,b and Figure S3a).
Quantitative real-time RT-PCR confirmed high levels of
Shh mRNA expression in the Tg telencephalon at E15.5 and
E17.5 after Dox administration starting at E11.5, compared
to that in the Ctrl brain (Figure 4c). Notably, we observed
higher levels of Glil and Ptchl expression in the VZ/SVZ in
broad areas of the Tg brain, although the expression levels
of Gli2, Gli3 and Smo were comparable to those in the Ctrl
brain (Figure 4a—c and Figure S3a). These results corrobo-
rate the suggestion that Shh proteins produced by a subset
of cells were widely distributed and caused the activation
of Shh signaling in broad areas, thus expanding NSCs by a
non-cell autonomous effect.

It is known that basic helix-loop-helix (bHLH) tran-
scription factors play critical roles in regulating the mainte-
nance and differentiation of NSCs. We previously reported
that Hesl and Hes5, the repressor type of bHLH factors,
inhibit neuronal differentiation and maintain the undiffer-
entiated status of NSCs by repressing and counteracting
neurogenic bHLH factors, such as Neurogl/2 and Ascll,
in the developing brain (Ohtsuka et al., 1999, 2001). We
found that HesI expression was significantly up-regulated
in the Shh-overexpressing Tg brain by in situ hybridiza-
tion and quantitative real-time RT-PCR (Figure 4d—f and
Figure S3b). Neurog2 expression was reduced in the dorsal
telencephalon of Tg brains as compared to that in the Ctrl
(Figure 4d,e and Figure S3b), although Neurog2 expression
level in the whole telencephalon was slightly increased in
the Tg brain (Figure 4g). These results suggested that the
up-regulation of Hes/ led to the inhibition of neuronal dif-
ferentiation by repressing or counteracting Neurog2 and
maintained the proliferation of NSCs in the neocortical
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region of Shh-overexpressing mice. It would be of signifi-
cance to reveal the interactions between Shh signaling and
Notch signaling in addition to the previous findings (Kong
et al., 2015).

Shh is produced from the floor plate of the neural tube, and
Shh signaling is important to promote the ventral fate of the

neural tube, including the telencephalon (Kohtz et al., 1998).
Moreover, ectopic expression of Shh leads to ventralization
in the spinal cord during chicken embryonic development
(Echelard et al., 1993; Yang et al., 2019). Thus, we examined
whether Shh overexpression exerted a ventralization effect
on the developing telencephalon. In the developing brain,
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FIGURE 4 Expression patterns of Shh signal components, bHLH genes and D-V markers. (a) Expression patterns of Shh signal components.
In situ hybridization for Shh, Glil, Gli2, Gli3, Ptchl and Smo was performed on coronal sections of the Ctrl and Tg brains at E17.5. (b) Higher
magnification views of neocortical areas showing mRNA expression of Shh signal components. (c¢) Quantitative real-time RT-PCR using total

RNAs prepared from the whole telencephalon of Ctrl and Tg embryos. Dox was administered from E11.5 onward. Expression levels of Shh were

compared between the Ctrl and Tg brains at E15.5 and E17.5. Glil expression was examined at E15.5. Gapdh was used as an internal control,

and the values were normalized to those of the Ctrl sample. (d) Expression patterns of various bHLH genes and ventral marker genes. In situ
hybridization for Hes!I, Hes5, Neurog2, Ascll, Pax6, Tbr2, Dix1, Gadl, Nkx2.1 and Gbx2 was performed on coronal sections of the Ctrl and Tg
brains at E17.5. (e) Higher magnification views of neocortical areas showing mRNA expression of bHLH genes and ventral marker genes. (f)

Quantitative real-time RT-PCR using total RNAs prepared from the whole telencephalon of Ctrl and Tg embryos. Dox was administered from

E11.5 onward. Expression levels of Hes/ were compared between the Ctrl and Tg brains at E15.5. (g) Quantitative real-time RT-PCR using total

RNAs prepared from the whole telencephalon of Ctrl and Tg embryos. Dox was administered from E11.5 onward. Expression levels of Neurog2,

Ascll, DIx1, Gadl and Olig2 were examined at E15.5. Gapdh was used as an internal control, and the values were normalized to those of the Ctrl
sample. Data are mean + SEM (n = 8 for Glil and HesI; n = 4 for other genes); *p < .05, **p < .01, ***p < .001, ****p < 0001 (Student's # test).

Scale bars: | mmin a, d; 200 umin b, e

Neurogl/2 is expressed in the dorsal telencephalon and in-
duces excitatory glutamatergic neurons. In contrast, Ascll
is predominantly expressed in the ventral telencephalon and
induces GABAergic inhibitory interneurons (Guillemot &
Joyner, 1993; Porteusetal., 1994; Sommeretal., 1996; Toresson
et al., 2000). Therefore, we analyzed the expression patterns
and levels of several D-V marker genes, such as Neurog2,
Ascll, Pax6, Tbr2, DIxl, Gadl, Nkx2.1, Gbx2 and Olig2. In
contrast to that of Neurog2, the expression of Ascll was sig-
nificantly up-regulated in the dorsal telencephalon of Tg brains
compared to that in the Ctrl (Figure 4d,e,g and Figure S3b).
Furthermore, we found markedly higher expression levels of
DIxI and significantly higher levels of Gadl, both of which
are expressed in the ventral telencephalon of Ctrl mice, ectopi-
cally in the dorsal telencephalon of the Shh-overexpressing Tg
mice, although the ectopic expression of other ventral marker
genes such as Nkx2.1 and Gbx2 was not observed in the dorsal
telencephalon (Figure 4d,e and Figure S3b). It was reported
that DIx] expression is up-regulated in accordance with the
up-regulation of Ascll in the dorsal telencephalon of Neurogl,
Neurog2 double mutant mice (Fode et al., 2000). These results
suggested that Shh overexpression enhanced the expression of
Ascll and ventral marker genes instead of Neurog2 expression
in the dorsal telencephalon. However, dorsal marker genes
such as Pax6 and Thr2 were substantially expressed in the
dorsal telencephalon, although their expression levels were re-
duced compared to those in the Ctrl brain.

Our results together indicated that Shh overexpression
after around E11.5 could lead to neocortical expansion with
an increase in cells positive for Pax6, a marker of NSCs of
the neocortical region. Those NSCs were capable of produc-
ing cortical layer neurons and formed orderly cortical layers
(Figure 3h), without inducing a drastic disturbance in D-V
patterning, as shown by the expression of Pax6, Tbrl and
Tbr2 in the dorsal telencephalon (Figures 3d,h and 4d,e and
Figure S2b,c), even though some ventral marker genes were
ectopically expressed in the dorsal telencephalon.

Increasing evidence has revealed that Shh promotes cell pro-
liferation of various types of neural cells, such as granule neuron

precursors in the cerebellum (Wallace, 1999), NSCs in the de-
veloping dorsal midbrain (Martinez et al., 2013) and NSCs
in the postnatal and adult forebrain SVZ (Palma et al., 2005).
However, there have been few studies that demonstrated the
impact of Shh on neocortical NSCs and progenitors in the de-
veloping brain. Most of the previous studies reported the effect
of Shh on promoting the proliferation of neocortical progenitors
through in vitro experiments (Komada et al., 2008), in utero
electroporation (Shikata et al., 2011) or analyses of deletion mu-
tants of Shh signaling components (Dave et al., 2011; Komada
et al., 2008; Machold et al., 2003; Palma & Ruiz i Altaba, 2004;
Shikata et al., 2011; Xu et al., 2005). Dave et al. reported that
the activation of Shh signaling at early stages of neocortical
development resulted in an increase in symmetric proliferative
divisions of NSCs in Ptchl-mutant mice (Dave et al., 2011). In
addition, it was reported that the overexpression of a constitu-
tively active form of Smoothened (SmoM2), an effector of Shh
signaling, in the mutant mice (GFAP::Cre; SmoM. v *) caused
enlargement of the neocortical surface (Wang et al., 2016).
However, in either case, the neocortical expansion and folding
were not prominent due to the difficulty in controlling the levels
of Shh signaling. In contrast, our system enabled control of the
timing and levels of Shh expression, which are critical for brain
morphology and embryonic lethality, by modulating the Dox
dosage in drinking water, and thus succeeded in the acquisition
of a prominently enlarged neocortical surface with complicated
wrinkles and folds. These results suggested that enhanced acti-
vation of Shh signaling during neocortical development might
have contributed to mammalian brain evolution.

3 | EXPERIMENTAL
PROCEDURES
3.1 | Plasmid construction and in utero

electroporation

Polymerase chain reaction (PCR) fragments of mouse
Shh coding sequence from cDNA Library with or without
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hemagglutinin (HA)-tag sequences were cloned into the
pCAG expression vector driven by the CAG promoter
(pCAG-Shh). Enhanced green fluorescent protein (EGFP)
linked to the CAG promoter (pCAG-EGFP) was used as a
control vector and as a reporter when co-transfected with
pCAG-Shh plasmid vector. In utero electroporation was
performed at E13.5 using methods described previously
(Ohtsuka et al., 2011). Embryos were harvested 3 days after
electroporation at E16.5. Brains were excised, fixed in 4%
paraformaldehyde, cryoprotected, embedded in OCT and
cryosectioned at 16 pm.

3.2 | Immunohistochemistry
Immunohistochemistry was performed as described previ-
ously (Ohtsuka et al., 2011). Brains were fixed in 4% para-
formaldehyde, incubated overnight with 20%-25% (w/v)
sucrose in PBS at 4°C, embedded in OCT compound and
cryosectioned coronally at 16 pm thickness. Sections were
blocked with 5% normal goat or donkey serum/0.1% Triton
X-100 in PBS for 1 hr at room temperature. Primary an-
tibodies diluted in 1% normal goat or donkey serum/0.1%
Triton X-100 in PBS were applied overnight at 4°C. Primary
antibodies used in this study are listed in Table S1. Alexa
Fluor-conjugated secondary antibodies (Molecular Probes;
1:200) were applied for 2 hr at room temperature to detect
primary antibodies. DAPI (4',6-diamidino-2-phenylindole;
Sigma-Aldrich) was used for nuclear staining. Images were
analyzed using all-in-one fluorescence microscope BZ-
X800 (Keyence).

3.3 | BrdU incorporation assay
5-Bromo-2'-deoxyuridine (BrdU; Sigma-Aldrich; 50 pg
BrdU/g of body weight) was injected intraperitoneally to
pregnant mice 30 min before sacrifice. The BrdU" cells were
detected by immunohistochemistry as described previously
(Tan et al., 2012).

3.4 | Generation of Shh-overexpressing mice
For the pNes-rtTA transgene, a rtTA-Advanced fragment
excised from pTet-On Advanced vector (Clontech) was sub-
cloned between the Nes promoter (5.8 kb) and polyadenyla-
tion sequence of SV40 with the second intron (1.7 kb) of
Nes gene (Bansod et al., 2017). For the TRE-mShh/d2EGFP
transgene, mouse Shh and d2EGFP (Clontech) cDNAs were
inserted into the pTRE-Tight-BI vector (Clontech). Three Tg
mouse lines were generated using each transgene and main-
tained on the ICR background. Both lines were crossed and

doxycycline hyclate (Sigma-Aldrich; Doxycycline concen-
tration varied from 0.025 to 0.5 mg/ml) in drinking water
with 5% sucrose was continuously administered to pregnant
mice from E11.5 or E12.5 until sacrifice. Images of whole
bodies and brains with GFP fluorescence were obtained
with a MZ16FA fluorescence stereo microscope equipped
with a DFC300 FX digital camera (Leica). Animal experi-
ments were carried out according to the guidelines for ani-
mal experiments at Kyoto University.

3.5 | Estimation of symmetric versus
asymmetric division mode

To estimate the division mode (symmetric versus asym-
metric division) of transfected cells, in utero electroporation
was performed at E13.5. 5-Ethynyl-2'-deoxyuridine (EdU;
Thermo Fisher Scientific; 12.5 pg EdU/g of body weight)
was injected intraperitoneally into pregnant mice 12 hr after
in utero electroporation, and mice were sacrificed 18 hr after
EdU injection at E14.5. To estimate the division mode of
NSCs in the Shh-overexpressing Tg versus control mice,
EdU (12.5 pg EdU/g of body weight) was injected intraperi-
toneally into pregnant mice, and mice were sacrificed 18 hr
after EAU injection at E14.5. The numbers of Pax6™; EdU*/
EdU" cells and Tbr2t; EQU1/EAU? cells were counted within
a radial column of 200 pm width on the coronal sections of
the neocortical region.

3.6 | Insitu hybridization

Preparation of digoxigenin-labeled RNA probes and in situ hy-
bridization were performed as described previously (Ohtsuka
et al., 2011). The coding sequences of Shh (NM_009170.3),
Glil (NM_010296.2), Gli2 (NM_001081125.1), Gli3
(NM_008130.3),Ptch1 (NM_008957.3),Smo(NM_176996.4),
Hesl (NM_008235.2), Hes5 (NM_010419.4), Neurog?2
(NM_009718.3), Ascll (NM_008553.4), Pax6 (NM_
001244198.2), Thr2 (NM_010136.3), Dix/ (NM_010053.2),
Gadl (NM_001312900.1), Nkx2.1 (NM_009385.3) and Gbx2
(NM_010262.3) were used as templates for the RNA probes.
RNA probes were synthesized in vitro using the full- or
partial-length cDNAs cloned into the pTA2/pBS/pGEM/pCR
vectors.

3.7 | Quantitative real-time RT-PCR

Total RNA was prepared from the whole telencephalon of
mouse embryos with QIAGEN RNeasy kit. Reverse tran-
scription was performed using total RNA as described previ-
ously (Tan et al., 2012). KOD SYBR qPCR Mix (TOYOBO)



SHQIRAT ET AL.

and 10 uM primers were used in each reaction. PCR was per-
formed with Step-One machine (ABI). Gapdh was used as an
internal control. PCR primers are listed in Table S2.

3.8 | Cell count

Cell numbers within a radial column of 200 pm (Figures 1d,
2g, 3e) or 500 pm (Figure 3g) width in the neocortical region
were counted on the coronal sections.

3.9 | Statistical analysis

Each value was obtained from at least three independent sam-
ples. Statistical significance was evaluated by Student's ¢ test.
Data are presented as mean + SEM.
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