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Abstract

Neocortex expansion during human evolution provides a basis for
our enhanced cognitive abilities. Yet, which genes implicated in
neocortex expansion are actually responsible for higher cognitive
abilities is unknown. The expression of human-specific ARHGAP11B
in embryonic/foetal mouse, ferret and marmoset neocortex was
previously found to promote basal progenitor proliferation, upper-
layer neuron generation and neocortex expansion during develop-
ment, features commonly thought to contribute to increased
cognitive abilities. However, a key question is whether this pheno-
type persists into adulthood and if so, whether cognitive abilities
are indeed increased. Here, we generated a transgenic mouse line
with physiological ARHGAP11B expression that exhibits increased
neocortical size and upper-layer neuron numbers persisting into
adulthood. Adult ARHGAP11B-transgenic mice showed altered
neurobehaviour, notably increased memory flexibility and a
reduced anxiety level. Our data are consistent with the notion that
neocortex expansion by ARHGAP11B, a gene implicated in human
evolution, underlies some of the altered neurobehavioural features
observed in the transgenic mice, such as the increased memory
flexibility, a neocortex-associated trait, with implications for the
increase in cognitive abilities during human evolution.
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Introduction

Neocortex expansion during human evolution likely enabled our
enhanced cognitive abilities (Rakic, 2009; Lui et al, 2011; Geschwind
& Rakic, 2013; Florio & Huttner, 2014; Dehay et al, 2015; Fernandez

et al, 2016; Miller et al, 2019; Molnar et al, 2019). A number of genes
have been implicated in neocortex expansion because they have been
shown to increase basal progenitor (BP) proliferation and abundance,
leading to greater production of cortical neurons (Stahl et al, 2013;
Boyd et al, 2015; Florio et al, 2015; Liu et al, 2017; Cardenas et al,
2018; Fiddes et al, 2018; Florio et al, 2018; Suzuki et al, 2018; Kalebic
et al, 2019; Kostic et al, 2019; Heide et al, 2020). One such gene is
the human-specific ARHGAPI 1B. In the developing human neocortex,
ARHGAP11B is preferentially expressed in neural progenitor cells
(NPCs) (Florio et al, 2015; Florio et al, 2018).

ARHGAPI 1B arose by partial duplication of the widespread gene
ARHGAPI1A ~ 5 mya, that is, after segregation of the lineage lead-
ing to modern humans from that leading to the chimpanzee
(Sudmant et al, 2010; Antonacci et al, 2014). Subsequently,
ARHGAPI1B underwent a single base substitution that endowed
ARHGAPI1B with the ability to increase BP proliferation and abun-
dance. Specifically, this single base substitution generated a new
splice-donor site, the use of which results in a reading frame shift
and the generation of a unique, human-specific 47-amino acid
C-terminal sequence (Florio et al, 2015; Florio et al, 2016). Due to
this change in protein sequence, the ARHGAP11B protein, in
contrast to the ARHGAP11A protein, is imported into the mitochon-
dria of NPCs where it acts to increase glutaminolysis, a metabolic
pathway that underlies the ARHGAP11B-induced increase in BP
proliferation and abundance (Namba et al, 2020). ARHGAPI11B has
emerged as a particularly promising candidate gene for the evolu-
tionary expansion of the human neocortex because not only when
overexpressed in embryonic mouse and ferret neocortex (Florio
et al, 2015; Kalebic et al, 2018), but also when expressed to physio-
logical levels in the foetal neocortex of a non-human primate, the
common marmoset, ARHGAP11B increases BP proliferation and
abundance, raises the generation specifically of upper-layer neurons
and expands the neocortex during development (Heide et al, 2020).

However, two key questions regarding the potential role of
ARHGAP11B in the evolutionary expansion of the human neocortex
have remained unanswered. First, would the ARHGAP11B-induced
phenotype of increased cortical neuron numbers and an expanded
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neocortex during development persist into adulthood? Second, if so,
would this phenotype be associated with higher cognitive abilities?
To address these questions, we generated a stable transgenic mouse
line that expresses an ARHGAP11B protein in the neocortical NPCs
at a physiological level.

Results
Generation of an ARHGAP11B-transgenic mouse line

To generate a stable transgenic mouse line that expresses an
ARHGAP11B protein, we first determined the temporal and spatial
expression patterns of human ARHGAPI1A and human ARHGAPI11B
mRNAs by qPCR of foetal human neocortical tissue at various devel-
opmental stages (gestational weeks 12-21; Fig EV1A and B) and by
analysing previously published RNA-seq data sets of defined
isolated NPC and neuron populations (Florio et al, 2015) (Fig EV1C
and D), respectively. As the expression patterns of ARHGAP11A and
ARHGAPI1B mRNAs were found to be similar, we decided to gener-
ate the transgenic mouse line by converting one allele of the mouse
Arhgaplla gene into a mutant mouse ARHGAPIIB gene (mARH-
GAPI11B), using the CRISPR/Cas9 genome editing technology (for
details, see Materials and Methods). In mARHGAPIIB, the 55
nucleotides of Arhgaplla that in humans would be deleted from the
ARHGAPI1B mRNA by splicing using the new splice-donor site are
replaced by the 141 nucleotides encoding the human-specific 47-
amino acid sequence plus three nucleotides to generate a transla-
tional stop codon (Fig EV1E). Unless indicated otherwise, the
ARHGAPI 1B-transgenic mice obtained (referred to as 11B mice here-
after) were used as heterozygous animals, that is, with one mouse
Arhgaplla allele being replaced by mARHGAPI11B. The resulting
ARHGAP11B protein will be expressed in developing mouse neocor-
tex under the control of the native mouse Arhgapl1la promotor.
Accordingly, the expression patterns of the Arhgaplla mRNA in
wild-type mice (Fig EV1F), of the Arhgaplla mRNA in heterozy-
gous ARHGAPI 1B-transgenic mice (11B mice; Fig EV1F), and of the
MARHGAPI11B in 11B mice (Fig EV1G), were overall similar across
the developmental stages examined, with highest mRNA levels at
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embryonic day (E) 12.5 and lowest mRNA levels at postnatal day
(P) 56. Immunostaining of E12.5 and E14.5 11B mouse embryos
revealed Arhgaplla and ARHGAP11B protein expression in the
neocortex, in other parts of the central nervous system (CNS), and
outside the CNS (Appendix Fig S1A-C). In the E14.5 neocortex,
Arhgaplla and some of ARHGAP11B were found in the cell bodies
of both VZ and SVZ NPCs (Appendix Fig S1C). The apparent dif-
ferences in the pattern of immunofluorescence between Arhgaplla
and ARHGAP11B most likely reflected primarily the different
subcelluar localization of Arhgaplla, which is nuclear, and of
ARHGAP11B, which is in mitochondria and hence in the cytoplasm
extending into cell processes (Namba et al, 2020).

Furthermore, we noticed a reduction in Arhgaplla protein
expression in 11B mouse embryos compared with wild type
(Appendix Fig S1D). This reduction reflected the conversion of one
allele of Arhgaplla to mARHGAPI1B (Fig EV1E), resulting in a
corresponding reduction in Arhgaplla mRNA levels (Fig EV1F),
and was also evident upon Arhgaplla immunoblot analysis
(Appendix Fig S1E and F). Given this reduction, we generated an
Arhgaplla knockout mouse line, in order to be able to conclude
that any phenotype we may observe in the 11B mice is due to the
expression of ARHGAP11B rather than the reduction in Arhgaplla.
This Arhgaplla knockout mouse line was generated by introducing
a translational stop codon in exon 1, i.e., shortly 3’ to the transla-
tional start codon, again using the CRISPR/Cas9 genome editing
technology (Appendix Fig S2A; for details, see Materials and Meth-
ods). As described below, heterozygous Arhgaplla knockout mice,
which showed a similar level of Arhgapl1a protein reduction as 11B
mice (Appendix Figs SIC-F and S2B-D), were used as controls and
compared with wild-type mice to corroborate that the differences
observed in the various parameters analysed in the 11B mice were
due to ARHGAPI11B protein expression and not the reduction in
Arhgapl1a protein expression.

Increased BP proliferation and abundance in the neocortex of
11B mouse embryos

We first examined the NPC levels in the developing neocortex of
11B mice. Analyses of NPCs at E14.5 for mitotic markers by

Figure 1. Increase in BP proliferation in 11B mouse neocortex at E14.5.

A Representative immunofluorescence for PH3 (green), combined with DAPI staining (white), of E14.5 wild-type (WT) and 11B mouse dorsolateral neocortex rostrally.

B Representative immunofluorescence for pVim (yellow), combined with DAPI staining (white), of E14.5 WT and 11B mouse dorsolateral neocortex rostrally. Boxes
(50 um x 65 um) in (B) indicate areas that are shown at higher magnification in (B'). Arrow, pVim* BP with basal process (mitotic bRG); notched arrowheads, basal
process; arrowhead, pvVim" BP without basal process (mitotic blIP).

C-E Quantification of PH3" APs (C), PH3" BPs (D) and pVim" bRG (E, left) and blIPs (E, right) in a 200 pm-wide field of E14.5 WT (white) and 11B (black) mouse
dorsolateral neocortex rostrally. Note the difference in ordinate scales in (E).

F Representative immunofluorescence for Pax6 (cyan) and Tbr2 (magenta), combined with DAPI staining (white), of E14.5 WT and 11B mouse dorsolateral neocortex
rostrally. Boxes (25 um x 25 um) in (F) indicate areas that are shown at higher magnification in (F'). Outlined by dashed white lines, Pax6" & Tbr2" BP; outlined by
solid white lines, Pax6" & Tbr2~ BP.

G-K Quantification of Pax6" & Tbr2~ cells in VZ (G), Pax6" & Tbr2" cells in VZ (H), Pax6" & Tbr2™ cells in SVZ and IZ (I), Pax6" & Tbr2" cells in SVZ and 1Z ()) and Pax6™ &
Tbr2" cells in SVZ and 1Z (K) in a 200 um-wide field of E14.5 WT (white) and 11B (black) mouse dorsolateral neocortex rostrally.

L-N Sequential BrdU-EdU labelling. BrdU was injected into pregnant mice at E135, i.e, 24 h before sacrifice at E14.5, and EdU was injected into the same pregnant

mice 0.5 h before sacrifice at E14.5. (L) Representative immunofluorescence for BrdU (magenta), combined with EdU staining (cyan) and DAPI staining (white), of
E14.5 WT and 11B mouse dorsolateral neocortex rostrally. (M, N) Quantification of BrdU* & EdU" cells (M) and the percentage of BrdU" cells that are BrdU" & EdU"
(N) in VZ and SVZ in a 200 um-wide field of E14.5 WT (white) and 11B (black) mouse dorsolateral neocortex rostrally.

Data information: Images are single optical sections (A, B, B/, L) and Z projections of four optical sections (F, F). Scale bars, 50 um (A, B, F, L), 10 um (B/, F'). Data are the
mean of 6-19 (WT) and 6-26 (11B) littermate embryos, which were derived from 3-9 separate litters. Error bars indicate SD, two-tailed unpaired Student’s t-test,

*Pp < 0.05; **P < 0.01 (C, D, E, G-K, M, N). P = 0.0269 (D); P = 0.0302 (E, left); P = 0.0139 (E, right); P = 0.0281 (I); P = 0.0088 (J); P = 0.0014 (K); P = 0.0049 (M, SVZ);

P = 0.0323 (N, SVZ).
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phosphohistone H3 (PH3) and phosphovimentin (pVim) immunoflu-
orescence (Fig 1A and B) revealed no change in mitotic apical
progenitors (APs, Fig 1C), but a ~ 50% increase in mitotic BPs
(Fig 1D and E) in the neocortex of 11B mouse embryos compared
with wild-type littermate embryos. The latter increase comprised both
mitotic basal (or outer) radial glia (bRG) (pVim™ & basal process”), a
minor BP subpopulation in mouse (Shitamukai et al, 2011; Wang
et al, 2011), and mitotic basal intermediate progenitors (bIPs) (pVim"
& basal process™), the major BP subpopulation in mouse (Florio &
Huttner, 2014) (Fig 1E).

Upon immunofluorescence for Pax6 and Tbr2 (Fig 1F), two
markers used to distinguish NPC subpopulations(Englund et al,
2005), the E14.5 11B mouse neocortex compared with wild-type
littermate embryos showed no change in Pax6™ & Tbr2~ APs in the
ventricular zone (VZ) (Fig 1G) nor in Pax6" & Tbr2" newborn BPs
in the VZ (Fig 1H), but substantial increases in the abundance of
Pax6" & Tbr2~ (Fig 1I) and Pax6" & Tbr2" (Fig 1J) BPs, two minor
BP subpopulations likely to include bRG, and of Pax6~ & Tbr2" BPs
(Fig 1K), i.e., bIPs, in the subventricular zone (SVZ) plus intermedi-
ate zone (IZ). Heterozygous Arhgaplla knockout mouse embryos
showed no alteration in the level of the various BP subpopulations
in interphase or at mitosis (Appendix Fig S2E-K). Hence, the
increased BP levels in the neocortex of 11B mouse embryos are due
to the expression of ARHGAP11B and not the reduction in
Arhgapl1la.

To determine whether the increase in BP levels in the neocortex
of 11B mouse embryos involved increased cell cycle re-entry, we
carried out sequential labelling with two thymidine analogs, a single
pulse with BrdU at E13.5 and a pulse with EAU 23.5 h later, half an
hour prior to sacrifice at E14.5 (Fig 1L). In light of the known cell
cycle parameters of APs and BPs in the neocortex of E14.5 mouse
embryos(Arai et al, 2011), this approach allowed determining the
abundance and proportion of the progeny of the BrdU-labelled NPCs
that were in S-phase, i.e., cycling. We observed no difference in the
abundance of BrdU" & EdU" progeny in the VZ, comprising APs and
newborn AP-derived BPs undergoing S-phase in the VZ, but nearly a
doubling in the abundance of BrdU" & EdU" progeny in the SVZ,
i.e., BPs, in the neocortex of 11B mouse embryos compared with
wild type (Fig 1M). These data are not consistent with a scenario in
which the increased neocortical BP levels in the SVZ of 11B mouse
embryos (Fig 1I-K) are due to an increased generation of BPs from
APs in the VZ followed by the subsequent migration of the BPs to
the SVZ where they undergo S-phase, as one would then expect a
decrease in the abundance of BrdU" & EdU" progeny in the VZ,
which was not the case (Fig 1M). Rather, the data suggested that in
contrast to the wild-type situation, in which the vast majority of the
BPs in the SVZ divide to generate two post-mitotic neurons and only
a minority generates cycling progeny (Haubensak et al, 2004;
Miyata et al, 2004; Noctor et al, 2004), in the neocortex of 11B
mouse embryos a significantly greater proportion of the BPs in the
SVZ generated cycling progeny. We therefore conclude that BPs in
the SVZ of 11B mouse embryos increasingly generate progeny that
re-enters the cell cycle, i.e., generate more BPs and hence self-
amplify. This conclusion was further supported when we expressed
the BrdU" & EAU" progeny as a percentage of the originally BrdU-
labelled NPCs. This revealed no difference between E14.5 wild-type
and 11B embryos for the BrdU" & EdU" progeny in the VZ, indica-
tive of unaltered AP self-renewal, but a significant increase for the
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BrdU* & EdU" progeny in the SVZ of 11B embryos, indicative of
increased BP self-renewal (Fig 1N).

We sought to obtain independent evidence in support of our
conclusion that the increased BP levels in the neocortical SVZ of
11B mouse embryos resulted from BPs in the SVZ undergoing self-
amplification, rather than from an increased generation of BPs from
APs in the VZ followed by migration of the newborn BPs to the
SVZ. To this end, we chose a labelling approach that, similar to cell
lineage tracing, allowed us to follow the fate of the AP progeny.
Specifically, we introduced a GFP-expressing plasmid into neocorti-
cal APs in the VZ of E13.5 wild-type and 11B mouse embryos by in
utero electroporation (IUE) and then analysed the distribution of the
GFP" cells across the cortical wall at four different time points post-
IUE, that is, at 8, 18, 30 and 42 h (Fig EV2A-D). As expected, at 8 h
post-IUE, virtually all GFP* cells were located in the VZ for both
wild-type and 11B embryos (Fig EV2E). Ten hours later, at 18 h
post-IUE, about half of the GFP" cells had remained in the VZ while
the other half was now found in the SVZ, equal for both wild-type
and 11B embryos (Fig EV2E), indicating that irrespective of the
absence or presence of ARHGAP11B expression, a similar propor-
tion of the progeny of the originally GFP-expressing APs had
become GFP" BPs. In contrast, at 30 h post-IUE, while still about
half of the GFP" cells were found in the VZ in both wild-type and
11B embryos, the percentage of GFP" progeny found in the SVZ was
significantly increased in 11B embryos compared with wild type, at
the expense of the percentage of GFP* progeny appearing in the 1Z
(Fig EV2E). The same difference between wild-type and 11B
embryos was observed 42 h post-IUE, with the GFP" cells in the VZ
now constituting only about 30% of total GFP" progeny in both
wild-type and 11B embryos (Fig EV2E). Taken together, these data
corroborate our conclusion that the increase in BP levels in the
neocortex of 11B mouse embryos compared with wild type is not
due to increased BP generation from APs, but to increased self-
renewal of BPs once they have reached the SVZ.

The immunofluorescence data with the mitotic marker PH3 and
the NPC markers Pax6 and Tbr2 that had revealed an increased
level of BPs, but not APs, in 11B mouse neocortex compared with
wild type had all been obtained at E14.5 (Fig 1A-K). We performed
similar immunofluorescence analyses on wild-type and 11B mouse
neocortex at E12.5, an earlier stage of BP generation. These analyses
showed that the levels of apical mitoses (Appendix Fig S3A and B)
and Tbr2" cells in the VZ (Appendix Fig S3D and E) were not
different between wild-type and 11B embryos, but that the levels of
basal mitoses (Appendix Fig S3A and C) and Tbr2" cells in SVZ
(Appendix Fig S3D and F) were increased in 11B embryos. These
data not only indicated that also at this earlier developmental stage,
the increase in BP levels in 11B embryos is not due to increased BP
generation from APs but to increased BP self-renewal in the SVZ,
but also implied that the increase in BP levels in 11B embryos
observed at E14.5 did not involve a greater BP generation earlier in
neocortical development.

We also investigated whether reduced BP apoptosis contributed
to the increased BP levels in 11B embryos. However, this was not
the case as the level of Tbr2" & Caspase-3" cells in the SVZ was not
different between E14.5 wild-type and 11B mouse embryos
(Appendix Fig S3G and H).

Considering all these findings together, they indicate that 11B
mouse embryos show an increased BP abundance that is the result

© 2021 The Authors
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of increased BP proliferation (rather than increased BP generation);
this increased BP proliferation is due to the expression of
ARHGAP11B at a physiological level (rather than the reduction of
Arhgapl1a).

Cortical expansion and increased neuron production in the
developing 11B mouse neocortex

As a consequence of the increased BP proliferation and abundance
in the neocortex of 11B mouse embryos, which are due to the
expression of ARHGAP11B and not the reduction in Arhgaplla, 11B
mouse embryos show an expanded neocortex and an increase in
cortical neuron numbers. Measurement of the cortical perimeter,
cortical thickness and ventricle length at E18.5 as shown in Fig 2A
revealed increases in the lateral perimeter (Fig 2B) and radial thick-
ness (Fig 2C), but not ventricle length (Fig 2D), of the neocortex of
11B mouse embryos compared with wild-type littermate embryos.
These increases were most pronounced in the rostral part of the
brain (Fig 2E and F; compare to G). The increase in radial thickness
was due to an increased thickness of the IZ and cortical plate (CP;
Fig 2H and I). The latter increase in turn reflected increased
numbers of Tbr1", Ctip2" and Satb2" neurons in the CP of the E18.5
11B mouse neocortex (Fig 2H and J-L). These increased numbers of
cortical neurons were not accompanied by alterations in cell density
(Appendix Fig S4A and B) or in the abundance of cells expressing
markers of gliogenesis (Appendix Fig S4C-E).

Cortical expansion and increased neuron numbers in the 11B
mouse neocortex persist into adulthood

Key aspects of the neocortex expansion and increase in cortical
neuron numbers observed in 11B mouse embryos were found to
persist into adulthood. Thus, in contrast to the previous transient
and locally confined overexpression of ARHGAPI1B in embryonic
mouse neocortex (Florio et al, 2015), the present ARHGAPI1B-
transgenic mouse line that expresses ARHGAP11B physiologically in
the neocortex allowed us to extend our studies to the adult stage.
Specifically, we observed significant increases in neocortex width
and neocortex area in adult 11B mice at P56 (Fig 3A-C). Moreover,
the increases in cortical thickness and cortical perimeter observed in
11B mouse embryos persisted into adulthood (Fig 3D-F), notably
the increase in CP thickness (Fig 3G-I). The latter increase was due
to a specific thickening of the upper cortical layers, i.e., layers
II + III (Fig 3J). Consistent with this, the adult 11B mouse neocortex
at P56 showed increased numbers of Satb2™ and Brn2" upper-layer
neurons (Fig 3G, H, K and L), but not of Ctip2" deep-layer neurons
(Fig 3G, H and M). These increased numbers of upper-layer neurons
were not accompanied by alterations in cell density (Appendix Fig
S4F and G). Importantly, as neither Arhgaplla nor ARHGAP11B is
expressed in the adult wild-type or 11B mouse brain, the differences
between adult wild-type and 11B mice with regard to neocortex size
and upper-layer neuron numbers can be assumed to be the conse-
quence of the differences between wild-type and 11B mice during
embryonic brain development.

Importantly, key aspects of the morphology of layer II + III
neurons in the somatosensory cortex of the rostral neocortex
(Fig EV3A-C), that is, apical dendrite branching (Fig EV3D), basal
dendrite branching (Fig EV3E), total dendrite branching (Fig EV3F),
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dendrite length (Fig EV3G), dendritic spine number (Fig EV3H) and
spine morphology (Fig EV3I), were all unchanged in adult 11B
mouse neocortex compared with adult wild-type littermate mouse
neocortex.

In contrast to the previous overexpression of ARHGAPI1IB in
embryonic mouse neocortex which resulted in cortical folding in
about half of the cases (Florio et al, 2015), we did not observe corti-
cal folding in the present 11B mice, neither at the embryonic
(Fig 2A) stage nor at the adult (Fig 3A and D) stage. We explored
whether this lack of cortical folding reflected a lesser increase in the
level of upper-layer neurons in the present 11B mice, which
expressed ARHGAPIIB at a physiological level, than in the mouse
embryos that overexpressed ARHGAP11B upon IUE. To this end, we
repeated the ARHGAPI11B overexpression in the developing neocor-
tex by IUE of mouse embryos at E13.5 with a plasmid driving
ARHGAPI1B expression from the strong constitutive CAG promoter,
followed by analysis at E18.5, as done previously (Florio et al,
2015). This showed, again, that ARHGAPIIB overexpression in
embryonic mouse neocortex can induce folding (Appendix Fig S7A).
This cortical folding was accompanied by an almost doubling (1.8-
fold increase) of upper-layer neuron abundance among the progeny
of the targeted APs (Appendix Fig S7B and C), which was a much
greater increase in upper-layer neuron abundance than that
observed in the 11B embryos (1.2-fold; Fig 2L). We conclude that
the lack vs. the occurrence of cortical folding in 11B embryos vs.
embryonic mouse neocortex overexpressing ARHGAPI1IB can be
explained by the difference in the degree of increase in the level of
upper-layer neurons.

Adult 11B mice exhibit altered neurobehaviour

We exploited the fact that the present line of ARHGAPI1B-transgenic
mice, which exhibited an expanded neocortex with increased upper-
layer neurons, allowed us to subject adult animals to a battery of
behavioural tests to investigate their neurobehaviour. Thus, we
conducted four separate behavioural tests targeting different aspects
or types of learning and memory, including working memory (Y
maze), spatial learning and memory (Barnes maze), associative
memory (contextual fear conditioning) and memory flexibility
(IntelliCage). The data obtained with the Barnes maze (Fig EV4A-
F), Y maze (Fig EV4G-I) and contextual fear conditioning (Fig EV4J
and K) revealed no statistically significant differences between adult
wild-type and 11B mice. Presumably, this reflected the fact that
these tests focus mostly on the hippocampal-dependent learning
and memory. In line with this, we observed no significant changes
in NPC abundance and newborn neuron numbers in the adult 11B
mouse hippocampus compared with wild type (Appendix Fig SSA-
C). Of note, neither 11A nor 11B protein expression was observed in
adult wild-type and 11B mouse hippocampus.

IntelliCage, a fully automated system for the behavioural assess-
ment of mice that live in social groups, was used to investigate the
cognitive functions of 11B mice, especially the long-term learning
behaviour, which heavily relies on neocortex rather than hippocam-
pus function. The discrimination error rate (visits to the incorrect
corners per first 100 visits during the drinking phase) was taken as
an indicator of the initial place learning and reversal place learning
and was used to evaluate the memory flexibility. Four independent
test sessions were carried out, two separate ones for male mice and
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Figure 2. Neocortex expansion and increased cortical neuron production in embryonic 11B mouse neocortex at E18.5.
A Representative DAPI staining (white) of E18.5 wild-type (WT) and 11B mouse neocortex illustrating the measurements of cortical perimeter (blue), cortical thickness
(red) and ventricular length (green).
B-G Quantification across the rostral-caudal axis (sections 1-9, B-D) and only the rostral part of the brain (sections 1-3, E-G) of cortical perimeter (B, E), cortical
thickness (C, F) and ventricular length (D, G) of E18.5 WT (white) and 11B (black) mouse neocortex.
H Representative immunofluorescence for Tbrl (cyan), Ctip2 (magenta) and Satb2 (green), combined with DAPI staining (white), of E18.5 WT and 11B mouse
neocortex at the position where cortical thickness was measured (A, red lines).
| Quantification of zone thickness of E18.5 WT (white) and 11B (black) mouse neocortex at the position where cortical thickness was measured (A, red lines).
J-L  Quantification of Tbr1* (J), Ctip2" (K) and Satb2" (L) neurons in the CP in a 100 um-wide field of E18.5 WT (white) and 11B (black) mouse neocortex at the position

where cortical thickness was measured (A, red lines).

Data information: Images are single optical sections (A, H). Scale bar, 1 mm (A), 20 um (H). Data are the mean of 7 (WT) and 8-12 (11B) littermate embryos, which were
derived from four separate litters. Error bars indicate SD. Two-way ANOVA, followed by Bonferroni’s multiple comparisons test (B-D); two-tailed unpaired Student’s t-test
(E-G, I-L), *P < 0.05, **P < 0.01, ****P < 0.0001. WT vs. 11B, P < 0.0001; section number 3, P = 0.0322; section number 8, P = 0.0411 (B). WT vs. 11B, P < 0.0001; section
number 1, 2, P = 0.0233; section number 3, P < 0.0001 (C). P = 0.0476 (E); P < 0.0001 (F); P = 0.0287 (I, 1Z); P = 0.0039 (I, CP); P = 0.0085 (J); P = 0.0093 (K); P = 0.0157 (L).

two separate ones for female mice. We observed that both wild-type
and 11B mice learned the correct place to drink water over time
during the acquisition stage, as it was evident that the discrimina-
tion error decreased markedly over the training days (Fig 4A and
B). However, we did not observe any difference between wild-type
and 11B mice during the acquisition stage, which indicates that the
initial place learning was not affected by ARHGAP11B. This finding
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is in agreement with our data from the Barnes maze on spatial
learning and memory.

Next, we applied a serial reversal task to compare the memory
flexibility of wild-type and 11B mice. After each reversal, as
expected, the mice committed a high number of errors, but the error
rates on the first day of each reversal eventually declined as the
mice learned the reversal task rule (Fig 4C and D). We found that

© 2021 The Authors
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Figure 3. Persistence of neocortex expansion and increased cortical neuron numbers in adult 11B mouse brain at P56.

A Dorsal view of adult wild-type (WT) and 11B mouse brain at P56. Orange lines illustrate the measurements of neocortex width and length; red lines illustrate the

measurements of neocortex area.
B,C Quantification of neocortex width, length and area.

D Representative DAPI staining (white) of P56 adult WT and 11B mouse neocortex illustrating the measurements of cortical perimeter (blue) and thickness (red).
E, F Quantification of cortical perimeter (E) and thickness (F) in the rostral part of P56 adult WT and 11B mouse brain.
G, H Representative immunofiuorescence for Ctip2 (magenta), Satb2 (green) and Brn2 (yellow), combined with DAPI staining (white), of P56 adult WT and 11B mouse

neocortex at the position where cortical thickness was measured (D, red lines).

I, Quantification of zone thickness (l) and layer thickness (J) of P56 adult WT and 11B mouse neocortex at the position where cortical thickness was measured (D, red

lines).

K-M Quantification of Satb2" (K), Brn2" (L) and Ctip2" (M) neurons in a 200 um-wide field of P56 adult WT and 11B mouse neocortex.

Data information: Images are single optical sections (D, G). Scale bar, 1 mm (A, D), 20 um (G, H). Data are the mean of 8 (WT) and 8 (11B) adult littermate mice. Error
bars indicate SD, two-tailed unpaired Student’s t-test (B, C, E, F, I-M), *P < 0.05, **P < 0.01, ****P < 0.0001. P < 0.0001 (B, neocortex width); P < 0.0001 (C); P = 0.0297
(E); P = 0.0092 (F); P = 0.0227 (I, CP); P = 0.0308 (J, layer Il + Ill); P = 0.0278 (K); P = 0.0133 (L).

the discrimination error rate during reversal place learning was
overall significantly lower for both genders of 11B mice than wild-
type mice (Fig 4C and D). Not only did the two male sessions
(pooled in Fig 4A and C) and the two female sessions (pooled in
Fig 4B and D) yield essentially the same results, but (not shown in
Fig 4A-D) the two male sessions yielded essentially the same
results, and the two female sessions yielded essentially the same
results. Using a modified IntelliCage protocol that scored the success
rate during the drinking phase rather than the discrimination error
rate, the place learning and reversal place learning experiments
were repeated with another independent cohort of male wild-type
and 11B mice. This yielded essentially the same results. These data
indicate that 11B mice exhibit increased memory flexibility and
better adaptation to new rules. This increased memory flexibility
was not due to any alteration in basic motor functions (Fig EVSA—
C), pain response (Fig EVSD), social preference (Fig EVSE and F),
compulsive and impulsive behaviours (Fig EV5G and H), or compet-
itive dominant behaviours (Fig EVSI).

A second set of behavioural phenotypes we observed pertained
to the emotionality of adult mice. Both the light-dark box test
(Fig 4E and F) and the open-field test (Fig 4G and H) indicated that
adult 11B mice exhibited a reduced level of anxiety compared with
adult wild-type mice.

Figure 4. Enhanced memory flexibility in adult 11B mice.

Discussion

The present study not only corroborates previous findings showing
that the human-specific gene ARHGAPI 1B promotes BP proliferation
and neocortex expansion during development (Florio et al, 2015;
Kalebic et al, 2018; Heide et al, 2020), but also provides a crucial
further insight—that adult mice exhibiting an ARHGAPI1B-induced
increase in neocortex size and cortical neuron numbers show higher
cognitive abilities. In this regard, two sets of findings of our study
will be discussed in detail.

Increased neocortex size and cortical neuron numbers in adult
11B mice

The increased neocortex size and cortical neuron numbers that we
observed in adult 11B mice had their basis in the mode of
ARHGAPI1B expression during mouse embryonic development.
Thus, in contrast to previous studies in which ARHGAPI11B was
strongly overexpressed by electroporation of an exogenous vector,
however only in a proportion of the NPCs present in the limited area
of embryonic mouse neocortex that could be targeted (Florio et al,
2015), the present approach of expressing ARHGAPIIB from an
engineered endogenous genomic locus resulted in physiological

A-D IntelliCage was used to evaluate the memory flexibility of adult 11B mice. Four separate sessions were carried out: (i) five WT males together with five 11B males;
(ii) five other WT males together with five other 11B males; (iii) five WT females together with seven 11B females; (iv) four other WT females together with eight
other 11B females. Data are the mean of the total 10 males (WT), 10 males (11B), nine females (WT) and 15 females (11B) adult littermate mice. Data points were
obtained at consecutive days; error bars indicate SD. (A, B) Quantification of the discrimination error rate in the first 100 visits during the drinking phase of the
acquisition stage of adult wild-type (WT) and 11B mice (male, A; female, B) in the IntelliCage. Overall place learning performance of WT and 11B mice was
analysed using two-way ANOVA followed by Fisher’s LSD test; all data points during the acquisition phase were included. For males (A), WT vs. 11B, P > 0.05; data
over time, ****P < 0.0001; interaction, P > 0.05. For females (B), WT vs. 11B, P > 0.05; data over time, ****P < 0.0001; interaction, P > 0.05. (C, D) Quantification of
the discrimination error rate in the first 100 visits during the drinking phase of the six reversal sessions of adult wild-type (WT) and 11B mice (male, C; female, D)
in the IntelliCage. Overall reversal place learning performance and memory flexibility of WT and 11B mice were analysed using two-way ANOVA. For males (C), WT
vs. 11B, **P = 0.004358; data over time, ****P < 0.0001; interaction, P > 0.05. For females (D), WT vs. 11B, **P = 0.000578; data over time, ****P < 0.0001;
interaction, P > 0.05. Differences between WT and 11B mice at each individual training day were compared by Fisher’s LSD tests following two-way ANOVA,

*P < 0.05. P = 0.0037718 (C, day 10), P = 0.043855 (C, day 24); P = 0.018903 (D, day 12), P = 0.045954 (D, day 29); P = 0.041434 (D, day 330). (A-D) Note that (i) the
two male sessions (pooled in panels A, C) and the two female sessions (pooled in panels B, D) yielded essentially the same results, and (ii) not shown in panels A-D,
the two separate male sessions yielded essentially the same results, and the two separate female sessions yielded essentially the same results.

E, F Quantification of the time spent (E) and the time active (F) in the light side of the light-dark box. Data are the mean of 12 male (WT), 11 male (11B), nine female
(WT) and 12 female (11B) adult littermate mice. Error bars indicate SD, two-tailed unpaired Student’s t-test, *P < 0.05. P = 0. 0417 (E, male); P = 0. 0401 (F, male).

G, H Quantification of the percentage of the time spent in the centre area of the open-field arena (G), and quantification of the latency to enter the centre area (H) of
the open-field arena. Data are the mean of 7 male (WT), 12 male (11B), 8 female (WT) and 9 female (11B) adult littermate mice. Error bars indicate SD, *P < 0.05.
Two-tailed unpaired Student’s t-test, P = 0. 0114 (G, male); Mann-Whitney test, P = 0. 0193 (H, male).

Data information: The lack of statistical significance for female WT vs. 11B mice in the light-dark box test (E, F) and the open-field test (G, H) presumably reflects the
greater variability among females as compared to males due to non-synchronized oestrus cycles.
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levels of mRNA and protein throughout the embryonic mouse
neocortex. This physiological ARHGAPI11B expression caused a
~ 50% increase in BP abundance, which pertained to both bIPs
and bRG. This increased BP abundance in 11B mouse embryos in
turn resulted in a corresponding increase in both deep-layer and
upper-layer neuron generations by the end of embryonic cortical
neurogenesis.

Importantly, the increase in upper-layer neuron number induced
by ARHGAP11B during embryonic corticogenesis, but not that in
deep-layer neuron number, persisted into adulthood. The lack of
persistence of the ARHGAPI11B-induced increase in deep-layer
neurons reflected apoptosis during postnatal development (Appendix Fig
S6A-E), presumably due to failure of these "extra-neurons" to wire prop-
erly into the cortical circuits (Fricker et al, 2018). In contrast, the
increased number, in the adult 11B mouse neocortex, of upper-layer
neurons, which exhibited a normal dendritic and spine morphology,
provided a basis to explore whether the physiological ARHGAPIIB
expression would lead to enhanced cognitive abilities of these mice, as is
discussed below. Upper-layer neurons are known to connect cortical
areas (Arlotta et al, 2005; Molyneaux et al, 2007). Hence, the fact that an
increase in upper-layer neurons has been implicated in enhanced cogni-
tive performance (Fame et al, 2011; Fame et al, 2016) constituted a ratio-
nale for this exploration.

Concomitant with the persisting increase in upper-layer neurons,
the neocortex expansion in both the lateral and radial dimensions
that we observed in the 11B mice by the end of embryonic cortico-
genesis also persisted into adulthood. The enlarged neocortex of
adult 11B mice showed normal lamination, cell density and
neuronal specification. However, the 11B mice showed no signs of
cortical folding, neither at the embryonic stage nor at the adult
stage. This apparently reflected the fact that in the 11B mice,
ARHGAP11B was “only” expressed at a physiological level, which
resulted in an increase in cortical neuron numbers that presumably
did not surpass the “threshold” to induce cortical folding as seen
previously (Florio et al, 2015). Consistent with this notion, the corti-
cal folding induced by ARHGAPIIB overexpression in mouse
embryos (Appendix Fig S7A) was indeed accompanied by a greater
increase in upper-layer neuron abundance (1.8-fold; Appendix Fig
S7B and C) than that observed in embryonic and adult 11B mice
(< 1.2-fold; Figs 2L and, 3K and L).

It is interesting to compare these data obtained with 11B mice to
the results of a previous study with another transgenic mouse line
in which cortical expansion was achieved by the overexpression of
cyclin-dependent kinase 4 and cyclin D1 (4D) (Nonaka-Kinoshita
et al, 2013). In these 4D mice, too, the abundance of BPs and upper-
layer neurons was increased during development; however, no
cortical folding was observed. Interestingly, and similar to the 11B
mice, the increase in upper-layer neurons in the 4D mice was also
“only” ~ 1.2-fold (Nonaka-Kinoshita et al, 2013). These data, again,
are consistent with our “threshold” hypothesis regarding the induc-
tion of cortical folding, that is, that a certain fold increase in upper-
layer neurons (> 1.2-fold) is required for cortical folding to occur.

By showing neocortex expansion with increased upper-layer
neurons that persisted into adulthood, the 11B mice generated in
the present study exhibited two key features assumed to be associ-
ated with the emergence of higher cognitive abilities in humans.
However, this assumption is mainly based on comparative studies
across various mammals. To obtain direct evidence showing that
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neocortex expansion and increased upper-layer neurons indeed
contribute to enhanced cognitive abilities has been challenging due
to the lack of appropriate animal model systems. The behavioural
analyses of the adult 11B mice described in the present study and
discussed below therefore provide an opportunity to examine the
potential link between neocortex expansion, increased upper-layer
neurons and higher cognitive abilities.

Increased memory flexibility and reduced anxiety in
adult 11B mice

Higher cognitive functions, including spatial learning, reference
memory and long-term memory flexibility, involve (but are not
limited to) brain areas such as the entorhinal cortex, the hippocam-
pus, the amygdala and the frontal cortex (Clark, 2018; Yavas et al,
2019). Although the initial formation of memory is dependent on
the hippocampus, the neocortex is believed to be the site of long-
term memory storage (Mercer et al, 2008; Vann & Albasser, 2011;
Clark, 2018). Indeed, through the process of systems consolidation,
the hippocampus guides the reorganization of the information that
has been gradually stored in the neocortex such that it eventually
becomes independent of the hippocampus (Mercer et al, 2008; Vann
& Albasser, 2011; Richards & Frankland, 2017; Clark, 2018; Yavas
et al, 2019). In our study, neither hippocampal neurogenesis nor
hippocampus-dependent learning and memory were different
between wild-type and 11B mice; however, the hippocampus-
independent memory flexibility was increased in the latter.
Although further neural circuit analyses are required to assess the
behavioural consequences of ARHGAP11B-induced cortical expan-
sion, the increased memory flexibility we observed in the adult 11B
mice is fully in line with the expanded neocortex and increased
abundance of upper-layer neurons in these mice (Fig 3). However,
other changes in neurobehaviour, notably the reduced anxiety, that
were observed in the adult 11B mice may not necessarily reflect the
effects of ARHGAP11B on embryonic development of the neocortex,
but perhaps of other regions of the CNS that also showed
ARHGAP11B expression in the embryo (Appendix Fig S1A and B).

Previous studies have reported that behavioural flexibility was
associated with changes in the structure and function of a frontal
cortical network in macaques (Sallet et al, 2020) and that changes
in cortical pyramidal neuron abundance and morphology led to
cognitive flexibility impairment in mice (Aung et al, 2016).
Although enhanced memory flexibility does not necessarily mean
higher cognitive abilities, it is conceivable that in a challenging envi-
ronment, a greater reliance on learned information could indeed
facilitate a better performance and hence be advantageous.

Other reports either have studied genes implicated in neocortex
expansion transiently in mouse embryos (Stahl et al, 2013; Rani
et al, 2016; Cardenas et al, 2018; Fiddes et al, 2018; Florio et al,
2018; Suzuki, 2019) or non-human primate foetuses (Heide et al,
2020), or have established transgenic mouse lines carrying primate-
or hominoid-specific genes (Ju et al, 2016; Liu et al, 2017).
However, in contrast to the present work, none of these studies has
addressed the potential relationship between neocortex expansion
and function, that is, cognitive abilities. In conclusion, the present
study strongly suggests that the neocortex expansion induced by
ARHGAI11B, a gene implicated in the increase in brain size in the
course of human evolution, contributes to altered neurobehaviour.

© 2021 The Authors



Lei Xing et al

Materials and Methods
Mice

C57BL/6N mice were used throughout. All experimental procedures
were designed and conducted according to the European directive
2010/63/EU and in agreement with the German Animal Welfare Legis-
lation and the institutional guidelines of the Animal Care Committee
of the Institute of Molecular Genetics. The licence number pertaining
to the present experiments with mice is as follows: WH-19-
ARGHAP11B Gehirnentwicklung (9/2019). Animals used for this
study were kept pathogen-free at the Biomedical Services Facility
(BMS) of the Max Planck Institute of Molecular Cell Biology and
Genetics (MPI-CBG) and Czech Centre for Phenogenomics of the Insti-
tute of Molecular Genetics of the Czech Academy of Sciences under
project licences (62/2016; 45/2017) (BIOCEV/IMG).

Human tissue

Foetal human brain tissue was obtained from the Human Develop-
ment Biology Resource (HDBR), with the foetal human material
being provided by the Joint MRC/Wellcome Trust (MR/R006237/1)
Human Developmental Biology Resource (http://www.hdbr.org).
The HDBR provided fresh tissue from foetuses aged 10-19 weeks
postconception (wpc). Upon arrival, the tissue obtained from HDBR
was flash-frozen and stored at —80°C until further experimentation.

Generation of the ARHGAP11B-transgenic and the Arhgaplla
knockout mouse lines

The mouse Arhgaplla gene was engineered to generate mARH-
GAPI11B which resembles the human ARHGAPIIB gene as follows:
we replaced the last 55 nucleotides of the mouse Arhgaplla exon S,
starting at the position where in human ARHGAPIIB, the C—>G
point mutation generates a new splice-donor site, with the 141
nucleotides encoding the ARHGAPII1B-specific 47 amino acid
sequence followed by three further nucleotides (TAG) to generate a
translational stop codon (Fig EV1E). We achieved this by using
CRISPR-mediated homology directed repair (HDR). Specifically, a
mixture containing (i) 111 ng/ul in vitro transcribed single guide
RNA (5-AGAGAAGAAGCTACGTCTGC), (ii) 8 ng/ul synthetic
double-stranded HDR template DNA encoding the C-terminal
human-specific 47 amino acid sequence in ARHGAP11B plus the
stop codon TAG with 100 bp of homology arms (gBlock IDT), (iii)
334 ng/ul Cas9 nuclease (ToolGen) and (iv) 1 mM NU7026 (NHEJ-
inhibitor) was delivered into mouse zygotes ex vivo by pronuclear
injection, and the zygotes were transferred to foster mothers as
described previously (Fei et al, 2014). The resulting founder mouse,
verified as described below, was found to have one allele of the
Arhgaplla gene converted to mARHGAPI11B. It was used to obtain,
by sequential breeding steps, homozygous mice in which both alle-
les of the Arhgaplla gene were replaced by mARHGAPI11B. The
homozygous mARHGAPI1B mice in turn were crossed with wild-
type mice to obtain heterozygous mARHGAPI1B mice, which were
routinely used in the experiments, unless indicated otherwise.

We used a similar strategy to generate an Arhgaplla knockout
mouse line. The mouse Arhgaplla gene was engineered to contain
a premature stop codon in exon 1 (75 nucleotide downstream of the
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start codon), by replacing nucleotides CCGCG with TTA (Appendix Fig
S2A). Specifically, a mixture containing (i) 2.3 pM single guide RNA
(5'-TCCTGCGATCGCACTGACCGCGG), (ii) 2.3 uM synthetic double-
stranded HDR template DNA encoding TTA with 68-nt 5 and 36-nt 3’
homology arms (gBlock IDT) and (iii) 2.1 uM Cas9 nuclease (MPI-
CBG) was used for pronuclear injection.

Positive founders were identified by PCR, and the engineering of
Arhgaplla to generate mMARHGAPIIB and the Arhgaplla knockout
was verified by DNA sequencing of the target region using the
primers described in Appendix Table S1.

In utero electroporation of embryonic mouse neocortex

In utero electroporation was performed as described previously
(Xing et al, 2020). Pregnant mice carrying E13.5 embryos were
anaesthetized with 4% isoflurane (Baxter, HDG9623) in a narcosis
box, followed by 2.5% isoflurane during the IUE procedure on a
heated operation platform. Subsequently, the animals were injected
subcutaneously with analgesic (0.1 ml, Metamizol, 200 mg/kg).
The abdominal cavity was then surgically opened, and the uterus
was exposed. Embryos were injected intraventricularly with a solu-
tion containing 0.1% Fast Green (Sigma) in PBS and 0.3-1.3 mg/ml
plasmids (0.3 mg/ml of pCAGGS-GFP alone; 0.3 mg/ml of
pCAGGS-GFP plus 1 mg/ml of either empty pCAGGS vector or
pCAGGS-ARHGAP11B (Namba et al, 2020)), using a borosilicate
microcapillary (Sutter instruments, BF120-69-10). This was followed
by six 50-ms pulses of 27 V at 1-s intervals (BTX Genetronics Inc.,
45-0052INT) delivered by 3-mm diameter electrodes (BTX Genetron-
ics Inc., 45-0487), with anode and cathode positioned appropriately
to promote DNA entry into the neocortex. After the IUE, the uterus
was placed back into the abdominal cavity, and the peritoneum
was sutured (VICRYL 5-0, V493H). Abdominal skin was closed with
clips. Animals received painkiller (metamizole 1.33 mg/ml) in
drinking water.

For the cell linage tracing-like analysis, pregnant mice carrying
littermate wild-type and 11B E13.5 embryos were used for IUE with
GFP-expressing plasmid and were then sacrificed by cervical dislo-
cation at 8, 18, 30and 42 h post-IUE. Embryonic brains were
dissected and fixed in 4% paraformaldehyde in 120 mM phosphate
buffer pH 7.4 (PFA-PB), overnight at 4°C, for immunofluorescence.

For ARHGAPI11B overexpression studies, pregnant mice carrying
wild-type E13.5 embryos were used for IUE with GFP-expressing
plus either control or ARHGAPII1B-expressing plasmids and were
then sacrificed by cervical dislocation at E18.5. Embryonic brains
were dissected and fixed in PFA-PB, overnight at 4°C, for
immunofluorescence.

Gene expression analysis by RT-qPCR

Total RNA was isolated from 10, 12, 14, 16 and 19 wpc human
neocortical tissue and one hemisphere of E10.5, E12.5, E14.5, E16.5,
E18.5, P20 and P56 mouse brains using the RNAeasy Mini Kit (Qia-
gen) according to the manufacturer’s instructions. ¢cDNA was
synthesized using the Maxima first-strand cDNA synthesis Kkit
for RT-qPCR (Thermo Scientific). qPCR was performed using
the FastStart essential DNA green master (Roche) and LightCycler®
96 Instrument (Roche). Primers used are indicated in Appendix
Table S1.
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Immunofluorescence

Immunofluorescence on cryosections was performed as previously
described (Xing et al, 2020). Briefly, embryonic mouse brains were
fixed in 4% paraformaldehyde in 120 mM phosphate buffer pH 7.4
(PFA-PB) for 24 h at 4°C. Adult mouse brains were fixed by sequen-
tial intracardial perfusion with saline and then PFA-PB at room
temperature (RT). Next, brain tissue was infiltrated with 30% sucrose
at 4°C before being embedded in Tissue-Tek (Sakura Finetek) and
stored at —20°C. Cryosections were cut at 20 um and stored at —20°C
until required. Cryosections were incubated in antigen retrieval solu-
tion (10 mM sodium citrate buffer pH 6.0) for 1 h at 70°C or 5 min at
95°C (Tbr2 immunostaining). After cooling down to RT, sections
were permeabilized with 0.3% Triton X-100 in phosphate-buffered
saline (PBS) for 30 min, PFA was quenched with 0.1 M glycine in
PBS for 30 min and blocked with Tx buffer (0.2% gelatin, 300 mM
NaCl, 0.3% Triton X-100 in PBS) for 30 min at RT. Primary antibodies
(active caspase-3 [ab2302, Abcam, RRID:AB_302962]; Arhgaplla
[ab113261, Abcam, 1:500, RRID:AB_10866587]; ARHGAP11B [MPI-
CBG, 1:200] (Namba et al, 2020); Brn2 [sc-6029, Santa Cruz, 1:200,
RRID:AB_2167385]; Ctip2 [ab18465, Abcam, 1:500, RRID:AB_2064130];
Dcx [ab18723, Abcam, 1:200, RRID:AB_732011]; GFP [ab13970, Abcam,
RRID:AB_300798]; Ki67 [9129S, CST, 1:500, RRID:AB_2687446]; Pax6
[BLD-901301, BioLegend, 1:300, RRID:AB_291612]; PH3 [abl0543,
Abcam, 1:500, RRID:AB_2295065]; pVim [ab22651, Abcam, 1:500, RRID:
AB_447222]; Satb2 [ab51502, Abcam, 1:100, RRID:AB_882455]; Tbrl
[ab31940, Abcam, 1:500, RRID:AB_220021]; Tbr2 [MPI-CBG, 1:200]) were
added to Tx buffer, and cryosections were incubated with primary antibod-
ies overnight at 4°C. After washing the sections with Tx buffer for three
times, 10 min each, the incubation with fluorophore-conjugated
secondary antibodies (A488-, A594-, A555-, or A647-labelled secondary
antibodies (Alexa Fluor, Thermo Fisher Scientific), diluted 1:500) and
DAPI (1:1,000) was carried out for 1 h at RT. After washing with PBS,
sections were mounted in Mowiol (Merck Biosciences).

For cell cycle re-entry analysis, 0.1 ml of BrdU (1 mg/ml in PBS)
was injected intraperitoneally into pregnant mice at E13.5, i.e., 24 h
before sacrifice at E14.5, and 0.1 ml of EAU (1 mg/ml in PBS) was
injected intraperitoneally into the same pregnant mice 0.5 h before
sacrifice at E14.5. BrdU staining was performed as previously
described (Wong et al, 2015) with minor modifications. Briefly,
permeabilized and quenched cryosections that had not yet been
subjected to antigen retrieval were incubated with 2 M HCI three
times in a water bath at 37°C, 15 min each time. Next, cryosections
were incubated with 10% horse serum in PBS twice, 5 min each
time, followed by Cy3-conjugated BrdU antibody (MPI-CBG, 1:500)
incubation for 2 h at RT. After washing the cryosections with PBS,
EdU staining was performed using the Click-iT EdU Alexa Fluor 488
imaging kit (Invitrogen) according to the manufacturer’s instruc-
tions. All cryosections subjected to BrdU and EdU staining were
counterstained with DAPI (Sigma, 1:1,000) and mounted in Mowiol.

All stained sections were then imaged using a Zeiss LSM 880 Airy
upright confocal microscope and Zeiss Plan-Apochromat 20x 0.8 or
Zeiss Plan-Apochromat 40x 1.2 water objectives.

Immunoblotting

Immunoblotting was performed as previously described (Namba
et al, 2020). Embryonic mouse neocortical tissue was homogenized
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in 100 pl of RIPA lysis buffer (Thermo Fisher Scientific) on ice using
plastic pestles. The homogenates were sonicated at 20 kHz for 10 s
and centrifuged for 12 min at 13,400 g in an Eppendorf benchtop
centrifuge at 4°C. The supernatant was collected, and protein
concentration was determined using the BCA assay (Thermo Fisher
Scientific). Equal amounts (20 pg) of protein were subjected to
SDS-PAGE (Thermo Fisher Scientific, NuPAGE 4-12% Bis-Tris
Protein Gel 1.0 mm, 12-well NP0322; NuPAGE MES SDS Running
Buffer NP0002). After SDS-PAGE, proteins were transferred for 2 h
at 222 mA in NuPAGE Transfer Buffer (Thermo Fisher Scientific,
NP0006) containing 15% methanol to membranes (Merck Immo-
bilon-PVDF Membrane, IPVH00010, Millipore), which were then
blocked with 5% BSA in Tris-buffered saline pH 7.4 with Tween®20
(TBST, 20 mM Tris base, 150 mM NacCl, 0.5% Tween®20) and incu-
bated overnight with primary antibodies (Arhgaplla [ab113261,
Abcam, 1:1,000, RRID:AB_10866587]; B-actin [4970, Biolabs, 1:1,000,
RRID:AB_2223172]) in 5% BSA in TBST at 4°C with gentle shaking.
Membranes were washed three times with TBST and incubated with
appropriate HRP-conjugated secondary antibodies (1:5,000; Jackson
ImmunoResearch) in TBST for 1 h at RT with gentle shaking and then
washed three times with TBST and developed with ECL. Western Blot-
ting Detection Reagents (GE Healthcare RPN 2106). Exposure time to
X-ray film was varied among individual experiments (30 s to 5 min) to
obtain an appropriate intensity of the immunoreacted band of interest.
Images were acquired using PERFECTION V750 PRO scanner
(EPSON). Quantification of immunoblots was performed using Fiji.

Golgi-Cox staining and neuronal dendrite and spine
morphology analysis

Golgi-Cox staining was performed on freshly dissected adult mouse
brain using the FD Rapid GolgiStain™ Kit (FD NeuroTechonologies)
according to manufacturer’s instruction. Stained brain tissue was
embedded in 3% low-melt agarose, and vibratome sections were cut
at 100 pm. Sections were mounted with Mowiol and imaged using a
Zeiss Spinning Disc inverted microscope. Pyramidal neurons in
layers II + III of the somatosensory cortex of the rostral neocortex
were selected for further analysis. Dendritic tracings of upper-layer
neurons were quantified by Sholl analysis to estimate total dendritic
length and dendritic arborization using the Sholl analysis Fiji plug-
in. The dendritic spine density was measured as previously reported
(Parent et al, 2016). Briefly, secondary dendrites that were at least
10 um long were traced, the exact length of the dendritic segment
was calculated, and the number of spines along the dendrite was
counted (to yield spines/10 um). Also, dendritic spines were classi-
fied as previously reported (Parent et al, 2016; Laguesse et al, 2017)
into filopodia, thin, stubby and mushroom.

Behavioural tests

Behavioural testing was performed during the light phase at
BIOCEV/IMG. The wild-type and heterozygous ARHGAI1B-trans-
genic male and female mice were tested at 9-11 weeks of age. Four
separate cohorts were tested, with each cohort being used for 2—4
behavioural tasks to avoid carryover effects arising from the
animal’s experience gained in the previous tests (Bell, 2013). Male
and female cohorts were tested separately on different days. Testing
arenas, mazes, used objects, animal enclosures were thoroughly
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cleaned with 75% ethanol and then dried to remove olfactory traces
before the first tested animal and between each tested animal.

Open field

Animal activity in a novel environment and the level of anxiety were
evaluated in open-field tests as previously described (Kulesskaya &
Voikar, 2014). The area of the open field was a square of
42 x 42 cm uniformly illuminated with a light intensity of 200 lux
in the centre of the field. The testing arena was divided into periph-
ery and centre zones, where the centre zone constitutes 38% of the
whole arena. Each mouse was placed in the corner of the arena for
a 10-min period. The time spent in each zone, the distance travelled
and other indices were automatically computed based on a video
tracking system (Viewer, Biobserve GmbH, Germany).

Light-dark box

Animal anxiety levels were also examined using another test based
on an approach-avoid conflict paradigm in a light-dark box (LDB)
as previously described (Hascoet & Bourin, 1998). The LDB was
divided into two compartments, the light part (light intensity of 430
lux, 67% of the area) and an enclosed dark part with a small
entrance (7 cm x 7 cm) in between. Mice were placed individually
into the dark compartment and allowed to freely explore the LDB
for 5 min. The presence time, distance travelled, number of visits
and latency to enter the light compartment were automatically
computed based on a video tracking system (Viewer, Biobserve
GmbH, Germany).

Hot plate

Nociceptive sensitivity was assessed by using an electronic Hot/
Cold Plate apparatus (Ugo Basile, Gemonio, Italy), where the
animal’s reaction following the exposure to a heat stimulus (52°C
warm plate) was recorded as previously described (Gunn et al,
2011). Each mouse was placed into the apparatus, from which it
was removed immediately after noticing a reaction to the nocicep-
tive stimulus (lifting, shaking or licking either hind paw). Three
measurements of latency to the reaction to the heat stimulus were
recorded with 15-min intertrial intervals. The measurements were
averaged for each animal.

Y maze

Working memory was assessed in a Y-shaped maze with a light
intensity of 50 lux in the centre (Moran et al, 1995). Animal beha-
viour was recorded by a digital video camera for a period of 5 min.
The percentage of alternation was calculated automatically by the
Biobserve software according to the equation %SA = (TAx100)/
(TE-2), where SA—spontaneous alternations, TA—total Alternations
made by the animal, TE—total arm entries.

Barnes maze

The spatial learning and memory abilities were analysed according
to the protocol published previously (Youn et al, 2012). Rather than
using the classical Barnes maze, with holes arranged along the maze
edge, the modified Barnes maze with 44 escape holes positioned
symmetrically in each quadrant was used to prevent mice from
using a serial strategy to find an escape box (O’Leary & Brown,
2012). The whole procedure consisted of four stages: habituation to
the escape box, habituation to the maze, acquisition and probe trial.
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Except for the first habituation day, where a low-light condition (70
lux) and no noise were used, the entire procedure was performed
in high-aversive conditions to motivate animals to search for the
escape target box (illumination of 200 lux and moderate back-
ground noise).

In the first stage, mice were habituated to the escape box placed
in their home cage for 7 days. On the 8th day, the escape box was
removed and thoroughly cleaned to remove olfactory traces. During
the second, two-day habituation phase, mice were allowed to
explore the maze for 7 min to find an escape box positioned in a dif-
ferent place each day. If an animal failed to find the escape box, it
was gently guided in a glass container to the target and left there for
30 s.

The next stage was a 5-day training session, during which 4 dif-
ferent escape box positions in the maze were used alternately as
follows: the specific escape box position for each individual animal
varied, but each individual animal was trained for the same escape
box position during all 5 days of the training session. Each day of
acquisition, mice were allowed to find the target hole during two 3-
min trials with an approximately 2-h intertrial interval.

Animals were tested in probe trial, 24 h after the last day of
acquisition. During the 1-min probe trial, no escape box was present
in the maze. Video recordings were automatically analysed by
Viewer software (Biobserve GmbH, Germany). The primary
distance, latency and errors to reach the target hole were used for
further analysis. Additionally, for probe trial time and distance in
the target quadrant were evaluated.

Contextual and delayed cued fear conditioning

The associative learning was assessed in the standard cage placed
in a soundproof cabinet (Ugo Basile, Gemonio, Italy). The cage
was equipped with a stainless-steel rod for shock delivery. Experi-
ments were performed based on the previously described protocol
(Stiedl et al, 1999), with minor modifications. The acquisition trial
started with a 4-min adaptation period, after which mice were
presented with two pairings of the conditioned stimulus (CS; 20 s
of 4 kHz pure tone at 77 dB) that coterminated with the uncondi-
tioned stimulus (US; 1s, 0.6 mA constant current to the cage
floor). The interval between two pairings was 2 min. Mice
remained in the chamber for 1 min after the last shock delivery.
Animals were tested for associative memory 24 h after training.
They were re-introduced to the training context, and behaviour
was recorded for 6 min with no CS or US presentation. Total freez-
ing time was scored as a response to the context. Three hours
later, the delayed cued memory was tested. The animal was placed
in a novel context with a different cage wall pattern and a smooth
floor texture with the presence of vanilla scent. The freezing
response to the 2-min CS was monitored. Freezing, defined as the
absence of any movement other than that required for respiration,
was detected automatically by ANY-maze software and reviewed
by a trained observer.

Social novelty preference test

The social novelty preference test was performed according to a
previously described protocol, in which two wire cylindrical cages
placed in an open field were used to test the social novelty prefer-
ence in mice (Xuan & Hampson, 2014). Each cage (10.5 cm diame-
ter, 15 cm high) was placed at an equal distance to the two diagonal
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corners of the open field (10 cm). All experimental procedures
were carried out in a low-illuminance condition (70 lux in the
centre of the open field). The juvenile target animal (7-week-old
C57Bl/6n mice) and the mouse to be tested (subject animal) were
gender-matched.

Habituation to the experimental setup: the target animals were
habituated in the wire cages for 10 min without the presence of the
conspecific mouse in the open field; the subject animals were habit-
uated to the empty wire cages in the open field also for 10 min the
day before testing.

On the day of testing, the target mouse was put into one of the
wire cages and the object, Duplo block, to the second cage. The
subject animal was introduced to the open field and allowed to
explore both wire cages for 10 min. The latency, number of visits
and time of interaction with the wire cage containing the target
animal were automatically computed by Viewer software (Biobserve
GmbH, Germany).

IntelliCage

Behavioural flexibility and competitive dominance behaviour were
assessed using IntelliCage based on a previously described protocol
(Benner et al, 2014). The IntelliCage (TSE Systems, GmbH,
Germany) is designed for automatic, long-term, high-throughput
investigation of cognitive abilities and the emotional state of group-
housed laboratory mice. The mice perform a variety of program-
mable behavioural tasks in the familiar environment of their home
cage. Each IntelliCage contains four operant corners, and each
corner has two door-guided openings to drinking bottles. Each
corner is also equipped with an radio-frequency identification
(RFID) antenna detecting an implanted transponder and allowing
unequivocal identification whenever a mouse enters the corner. The
system may reward the mouse by opening access to water, or it may
punish the animals by denying access or even by delivering mildly
aversive air-puffs (www.newbehaviour.com).

Mice were implanted subcutaneously with transponders (ISO
compliant transponders) and pooled together into experimental
groups a week before transfer to IntelliCage. Males (10 animals per
cage) and females (12 animals per cage) were tested in separate
cages. Mice were introduced to the IntelliCage for a free-adaptation
regime for three consecutive days. Animals had free access to water.
This protocol is the initial step of each IntelliCage design. Doors
inside the conditioning corners open whenever an animal enters
and close after it leaves the corner. Data collected during the free-
adaptation yield information about overall activity levels, explora-
tory behaviour and circadian rhythmicity. Augmented or reduced
neophobic behaviour can also be detected during the early stages of
that protocol (Vannoni et al, 2014).

The subsequent regime was nose-poke adaptation and lasted
7 days. Animals were trained to nose poke to get access to water,
5 s long, once per visit. This regime follows free adaptation and
precedes any other animal testing protocol or combination of proto-
cols. This regime evaluates procedural memory/procedural condi-
tioning and prepares animals for the following procedures.

The next procedure is shaping, which lasted 7 days. Animals had
restricted access to water from four corners only between 10 pm
and 1 am each day. Time with water availability was guided by a
constant blue LED light in each corner. Doors opened for 7 s upon
each visit. Restricted access to water within the time frame creates a
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competitive condition for the mice, which allowed the assessment
of the competitive dominant behaviour (Benner et al, 2014). Visit-
ing duration to each corner during the first 5 min of the water-
accessible session was measured for analysing competitive
dominant behaviour.

The next procedure following shaping is corner alternation,
which is a 7-day learning phase (acquisition in Fig 4). Similar to
shaping, water access was restricted to 3 h (between 10 pm and
1 am) per day in the corner alternation procedure. During the water-
accessible session, only one of the two diagonally positioned corners
is “active” (door can be opened by nose poke to allow the animal to
drink water, 4 s per visit), with the other corner being “inactive”
(door is closed and cannot be opened by nose poke). After each
drinking for each specific animal, the “active” corner becomes “inac-
tive”, and the diagonally positioned “inactive” corner becomes
“active”. Thus, the animal had to shuttle between the two diagonally
positioned “active” and “inactive” corners to drink water during
water-accessible session each day. The two remaining corners were
never rewarding (doors can never be opened to allow animals to
drink water). During this corner alternation procedure, nose-poke
frequency per visit at the “active” corner during the drinking session
was analysed for compulsive repetitive behaviour, since excessive
nose poking was behaviourally useless for obtaining additional
reward (water). Nose-poke frequency per visit at the “inactive” and
never rewarding corners was analysed for impulsive behaviour.

The next procedure following corner alternation is corner rever-
sal, which consisted of 6 corner reversal phases (reversal 1-6 in
Fig 4) and lasted 33 days in total. The first two corner reversal
phases lasted 14, 7 days in each reversal phase, and the remaining
four reversal phases lasted 16, 4 days in each reversal phase. The
corner reversal procedure preserved all the conditions of corner
alternation plus one more modification as follows. At the beginning
of each reversal phase, the “active” and “inactive” corners in the
previous phase became never rewarding, while previously never
rewarding corners became rewarding (“active” and “inactive”-
alternating) corners.

Both corner alternation and corner reversal procedures were used
to evaluate the memory flexibility of mice. Discrimination error rate
was calculated as the number of visits to the incorrect (inactive and
never rewarding) corners within the first 100 visits each day during
the drinking session, or the percentage of the total visits that are
incorrect when the total number of corner visits was less than 100.

A modified IntelliCage protocol was used to evaluate the memory
flexibility of a different cohort of male mice. In this protocol, the
corner alteration procedure lasted 4 days and the following corner
reversal procedure lasted 4 days instead. The rest of the modified
IntelliCage protocol remained the same as the original protocol
described above. For the analysis of data derived from the modified
IntelliCage protocol, the success rate was used to evaluate the
memory flexibility. The success rate was calculated as the number of
visits to the correct corners within the first 100 visits each day during
the drinking session, or the percentage of the total visits that are
correct when the total number of corner visits was less than 100.

Quantification and statistical analysis

Sample sizes (individual embryos or mice) used for statistical tests
are reported in each figure legend. All cell counts were performed in
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standardized microscopic fields using the Fiji cell counter plug-in.
All quantifications were done blindly. All statistical analyses were
conducted using GraphPad Prism. Data normality was tested by
Shapiro-Wilk normality test or KS normality test, and variances
between groups were tested using F-test. Means between two
groups were compared using two-tailed unpaired Student’s t-test if
data were normally distributed, or Mann—Whitney test if data were
not normally distributed. Means from multiple groups were
compared using one-way analysis of variance (ANOVA) or two-way
ANOVA, followed by Bonferroni’s or Fisher’s LSD multiple compar-
ison tests. Error bars in all figures indicate SD. Asterisks: *P < 0.05,
**P < 0.01, ***P < 0.001, ****P < 0.0001; no asterisk, not statisti-
cally significant.

Data availability
This study includes no data deposited in external repositories.
Expanded View for this article is available online.
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