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Developmental RacGAP o2-Chimaerin Signaling Is a
Determinant of the Morphological Features of Dendritic
Spines in Adulthood
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Morphological characteristics of dendritic spines form the basis of cognitive ability. However, molecular mechanisms involved in fine-
tuning of spine morphology during development are not fully understood. Moreover, it is unclear whether, and to what extent, these
developmental mechanisms determine the normal adult spine morphological features. Here, we provide evidence that a2-isoform of
Rac-specific GTPase-activating protein a-chimaerin («2-chimaerin) is involved in spine morphological refinement during late postnatal
period, and furthermore show that this developmental o2-chimaerin function affects adult spine morphologies. We used a series of mice
with global and conditional knock-out of a-chimaerin isoforms («1-chimaerin and a:2-chimaerin). a2-Chimaerin disruption, but not
al-chimaerin disruption, in the mouse results in an increased size (and density) of spines in the hippocampus. In contrast, overexpres-
sion of a2-chimaerin in developing hippocampal neurons induces a decrease of spine size. Disruption of a2-chimaerin suppressed
EphA-mediated spine morphogenesis in cultured developing hippocampal neurons. a2-Chimaerin disruption that begins during the
juvenile stage results in an increased size of spines in the hippocampus. Meanwhile, spine morphologies are unaltered when o2-
chimaerin is deleted only in adulthood. Consistent with these spine morphological results, disruption of a2-chimaerin beginning in the
juvenile stage led to an increase in contextual fear learning in adulthood; whereas contextual learning was recently shown to be unaffected
when a2-chimaerin was deleted only in adulthood. Together, these results suggest that a2-chimaerin signaling in developmental stages
contributes to determination of the morphological features of adult spines and establishment of normal cognitive ability.
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Recent studies of neurodevelopmental disorders in humans and their animal models have led to an attractive hypothesis that
spine morphogenesis during development forms the basis of adult cognition. In particular, the roles of Rac and its regulators, such
as Rac-specific GTPase-activating proteins (RacGAPs) and Rac guanine nucleotide exchange factors, are a topic of focus in spine
morphogenesis and cognitive ability. Using a series of mice with global and conditional knock-out (KO) of RacGAP a-chimaerin
isoforms (o1-chimaerin and a:2-chimaerin), we provide compelling evidence demonstrating that a2-chimaerin is involved in
spine morphological refinement during late postnatal development and that this developmental a2-chimaerin function affects
adult spine morphologies. Furthermore, our results clearly showed that a2-chimaerin signaling during late postnatal develop-
ment contributes to normal cognitive ability in adult mice. j

ignificance Statement

(Nimchinsky et al., 2002). Morphological features of dendritic
spines, such as size and density, are fundamental to synaptic func-
tion (Kasai et al., 2010). The size of the spine correlates with the
area of postsynaptic density and strength of the synapse, and the

Introduction
In the mammalian brain, most excitatory synapses are formed on
small protrusions of the dendritic membrane known as spines
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density of the spine indicates the number of excitatory synaptic
inputs received by that dendrite. Accumulating evidence suggests
that the morphological features of spines contribute to cognitive
ability. For example, animals housed in enriched environments
exhibit increased spine density and higher cognitive abilities
(Rampon et al., 2000; van Praag et al., 2000), whereas human
patients with schizophrenia and animal models of this disease
exhibit decreased spine size and density and lower cognitive abil-
ities (Glantz and Lewis, 2000; Penzes et al., 2011).

Spine morphogenesis occurs extensively during the late post-
natal period (Yuste and Bonhoeffer, 2004; Penzes et al., 2011). In
the mature brain, spines still change their size and density from
the “baseline morphological features of spines” in response to a
variety of stimuli (Bourne and Harris, 2008), and this spine re-
modeling in adulthood is considered to be the morphological
basis of neural circuit remodeling underlying brain function,
including learning and memory. The morphology of dendritic
spines primarily relies on actin cytoskeleton remodeling by the
Rho-family of small GTPases, such as RhoA, Rac, and Cdc42
(Ethell and Pasquale, 2005). Accumulating evidence suggests that
Rac and its regulators [e.g., Rac guanine nucleotide exchange
factors (RacGEFs) and Rac-specific GTPase-activating proteins
(RacGAPs)] are important determinants of spine morphology
(Ma et al., 2008; Nakazawa et al., 2008; Zhang and Macara, 2008;
Cabhill et al., 2009; Oh et al., 2010; Carlson et al., 2011; Charrier et
al., 2012; Cheadle and Biederer, 2012; Ramakers et al., 2012; Ray-
naud et al., 2014). However, because most previous studies relied
on data from in vitro experiments and/or phenotypes of global
KO mice, the significance of developmental Rac signaling for
adult spine morphological features is not well understood.

a-Chimaerin (a-chimerin) is a RacGAP that negatively regu-
lates Rac activity (Hall et al., 1990). a-Chimaerin has two splicing
isoforms, al-chimaerin and «2-chimaerin, which are tran-
scribed from distinct promoters (Hall et al., 1993; Dong et al.,
1995). al-Chimaerin is dominantly expressed in adulthood,
whereas a2-chimaerin is preferentially expressed during devel-
opment (Lim et al., 1992; Hall et al., 2001). a2-Chimaerin regu-
lates midline axon guidance of the corticospinal tract and the
spinal central pattern generator, and a loss of function of this
protein leads to hopping gaits in mice, as reported previously by
us and in other studies (Beg et al., 2007; Iwasato et al., 2007;
Wegmeyer et al., 2007). These reports suggest important roles for
a2-chimaerin in axon guidance during development. In contrast,
although a2-chimaerin is enriched not only in axonal growth
cones but also in dendritic spines (Iwasato et al., 2007; Shi et al.,
2007), the involvement of a2-chimaerin in spine morphogenesis
has never been reported to the best of our knowledge.

In this study, by using a series of mice with global and condi-
tional KO of a-chimaerin isoforms (al-chimaerin and «2-
chimaerin), we provide the first evidence that a2-chimaerin has
an important role in dendritic spine morphogenesis during de-
velopment. Furthermore, and more importantly, we here show
that a2-chimaerin signaling during late postnatal development
contributes to the determination of the basal morphological fea-
tures of adult hippocampal spines and to the establishment of
normal cognitive ability in adulthood.
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Table 1. Primer information

Sequence Purpose

GGAGTTCCAGCTCCATTGTG Genotyping for a:ChnKO mice
CAAGGAAAGCCCTCCAGATG Genotyping for aChnKO mice
GTACACTAGGATCTCAGCTC Genotyping for ac1-floxed mice
AGCTTGGGTAGTAACAAGAC Genotyping for ct1-floxed mice
ATGCAGTAGCACACTTCAGC Genotyping for «2KO0 and a2-floxed mice
AGTGCTGGCCTTTAAGTATG Genotyping for «2KO mice
AACTATCACACTGTTATGAG Genotyping for c2-floxed mice

ACCTGATGGACATGTTCAGGGATCG
TCCGGTTATTCAACTTGCACCATGC

Genotyping Emx1Cre KI-ANeo mice
Genotyping Emx1Cre KI-ANeo mice

GTCGACATGGTGAGCAAGGGCGAGGA Construction of pK173

GAATTCCTACACCTTCCTCTTCTTCTTGG Construction of pK173

AGCTGAATTCGCCACCATGAGCGAGCTG Construction of pK165
ATCAAGGAG

AGCTGGATCCTCATCTGTGCCCCAGTTTGC Construction of pK165
TAGG

AGTCGACGTCCACCATGGTGCCCAAGA Construction of pK166

TGGATCCGTCCCCATCCTCGAGCAG Construction of pK166

AGGATCCGGAAGCGGAGCTACTAACTTCAGCCTGCT  Construction of pK166
GAAGCAGGCTGGAGACGTGGAGGAGAACCCT
GGACCTATGAGCGAGCTGATCA

AGAATTCTCATCTGTGCCCCAGTTTGC Construction of pK166

GACTCTACGGAGTGTCAGGATTTAGTG
GACACTCCGTAGAGTCCTTCAGAATT
GAGTTTCCCCACACTGAGTG
GAGGCTTGAGAATGAACCAAGA

Construction of pK193, pK197, and pK195
Construction of pK193, pK197, and pK195
Titration of AAV
Titration of AAV

Materials and Methods
Mouse lines and genotyping
aChnKO, a2KO, a2-floxed, al-floxed, and Emx1Cre KI-ANeo mice
were previously reported (Iwata et al., 2014). PCR primer pairs for
genotyping are as follows: 5'-GGAGTTCCAGCTCCATTGTG-3'/5"-
CAAGGAAAGCCCTCCAGATG-3" (137 bp and no bands for WT and
aChnKO alleles, respectively); 5'-GTACACTAGGATCTCAGCTC-3'/
5'-AGCTTGGGTAGTAACAAGAC-3' (471 and 583 bp bands for WT
and al-floxed alleles, respectively); 5'-ATGCAGTAGCACACTTCA
GC-3'/5"-AGTGCTGGCCTTTAAGTATG-3' (421 bp and 1.6 kb bands
for a2KO and WT alleles, respectively); 5'-ATGCAGTAGCACACTT
CAGC-3'/5"-AACTATCACACTGTTATGAG-3' (328 and 408 bp bands
for WT and a2-floxed alleles, respectively); 5'-ACCTGATGGACATGT
TCAGGGATCG-3'/5'-TCCGGTTATTCAACTTGCACCATGC-3" (108
bp band for Emx1Cre KI-ANeo). The primers are listed in Table 1.
Quantitative analyses in Figures 1, 2, 3D, 4-6, and 8 were conducted
under strict genotype-blind conditions, and the genotypes of mice were
disclosed to the experimenter only after all experiments and analyses
were completed.

DNA constructs

PAAV-EF10a—~GFPCre~WPRE-pA (pAAV-GFPCre). The GFPCre se-
quence was amplified from the AAV-GFPCre (Addgene, 49056) using
the following primers: 5'-GTCGACATGGTGAGCAAGGGCGAGGA-
3'/5'-GAATTCCTACACCTTCCTCTTCTTCTTGG-3'. The pAAV-
GFPCre (pK173) was generated by ligation of GFPCre into the Sall/
EcoRI sites of the pAAV-EF1a—DIO EYFP vector (Addgene, 27056).

PAAV-EF1a—RFP-WPRE-pA (pAAV-RFP). The RFP sequence was
amplified from TurboRFP (Evrogen) using the following primer pair:
5"-AGCTGAATTCGCCACCATGAGCGAGCTGATCAAGGAG-3'/5'-
AGCTGGATCCTCATCTGTGCCCCAGTTTGCTAGG-3". The pAAV—
RFP (pK165) was generated by ligation of RFP into the blunted Bam
HI/EcoRV site of the pAAV-EF1a-DIO EGFP-WPRE-pA (Addgene,
37084).

PAAV-EF1a—Cre—P2A-RFP-WPRE-pA (pAAV—-Cre—RFP). The Cre
sequence was amplified from pBlue.iCre (Shimshek et al., 2002) using the
following primer pair: 5'-AGTCGACGTCCACCATGGTGCCCAAGA-
3'/5'-TGGATCCGTCCCCATCCTCGAGCAG-3'. The P2A-RFP se-
quence was amplified from TurboRFP (Evrogen) using the following
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Figure 1. Axonal projections and dendritic morphologies in the hippocampus of DT-2K0 mice. A, Inmunohistochemical analyses using anti-a2-chimaerin antibody revealed that expression
levels of ac2-chimaerin in the hippocampus were highest at ~P14 and decreased toward adulthood (2 months old). DG, Dentate gyrus. B, Inmunostaining patterns of netrin-G1and netrin-G2 were
similar between control and DT-«2K0 mice in adulthood. Netrin-G1 and netrin-G2 are pathway-specific axonal markers (Nishimura-Akiyoshi et al., 2007). For example, axons of entorhinal cortex
(EC) layer Il neurons that terminate on the stratum lacunosum-moleculare (SLM) of the hippocampus CA1 express netrin-G1, whereas the axons of CA3 neurons that terminate on the stratum
radiatum (SR) and stratum oriens (SO) of CAT express netrin-G2. €, Quantitative analyses of immunofluorescence for netrin-G1 and netrin-G2 in the (Figure legend continues.)



Iwata et al. ® a2-Chimaerin Establishes Framework for Adult Spines

primer pair: 5'-AGGATCCGGAAGCGGAGCTACTAACTTCAGCCTG
CTGAAGCAGGCTGGAGACGTGGAGGAGAACCCTGGACCTATGA
GCGAGCTGATCA-3'/5"-AGAATTCTCATCTGTGCCCCAGTTTGC-
3'. The pAAV-Cre-RFP (pK166) was generated by ligation of Cre and
P2A-RFP into the Sall/BamHI and BamHI/EcoRI sites of the pAAV—
EF1a-DIO EYFP vector (Addgene, 27056).

Constructs for overexpression experiments. The al-chimaerin (WT), a2-
chimaerin (WT), and a2-chimaerin (AN) cDNAs were described previously
(Iwasato et al., 2007). The GAP-inactive a-chimaerin mutant cDNAs [a1-
chimaerin (R304G), a2-chimaerin (R304G), and «2-chimaerin (AN and
R304G)] were generated by a PCR-based method using the following primer
pair: 5'-GACTCTACGGAGTGTCAGGATTTAGTG-3'/5'-GACACTCCG
TAGAGTCCTTCAGAATT-3'. These six types of a-chimaerin cDNAs were
fused with the TagRFP (Evrogen) and inserted into the pCAG-loxP—
STOP-loxP—pA vector (Niwa et al., 1991; Mizuno et al., 2014) to
generate the pCAG-loxP-STOP-loxP—al-chimaerin(WT)TagRFP-
PA  (pK194), pCAG-loxP-STOP-loxP—al-chimaerin(R304G)TagRFP—
PA (pK195), pCAG-loxP-STOP-loxP-a2-chimaerin(WT)TagRFP—pA
(pK192), pCAG-loxP-STOP-loxP—a2-chimaerin(R304G)TagRFP—pA
(pK193), pCAG-oxP-STOP-loxP—a2-chimaerin(AN)TagRFP-pA (pK196),
and pCAG-loxP-STOP-loxP-a2-chimaerin(AN and R304G)TagRFP—
PA (pK197) vectors. All coding sequences in each construct were verified
by nucleotide sequencing. The primers and vectors are listed in Tables 1
and 2, respectively.

Histology

For histological analyses, mice were overdosed with an intraperitoneal
injection of pentobarbital. Mice for immunohistochemistry were tran-
scardially perfused with saline. The brains from perfused mice were dis-
sected and postfixed in 4% paraformaldehyde (PFA) in 0.1 M phosphate
buffer (PB). For slice preparation, microslicer (Dosaka Zero 1) or cryo-
stat (Leica CM 3050S) was used. Laminar structures and the a2-
chimaerin protein expression pattern in the hippocampus were
examined with coronal sections (100 and 60 wm, respectively). For ax-
onal labeling, anti-netrin-G1 polyclonal antibody (pAb) and anti-
netrin-G2 pAb were used as described (Nishimura-Akiyoshi et al., 2007).
Immunohistochemistry were performed with male mice that were 0-10
months of age. For a2-chimaerin protein detection, anti-a2-chimaerin
pADb (1:20,000) was used as described previously (Iwata et al., 2014).

Golgi-Cox staining and analysis of dendrites

Golgi-Cox staining was performed as described previously (Datwani et al., 2002;
Iwasato et al., 2008). It was performed with adult male mice 6—7 months of age.
Serial coronal sections (100 wm) were cut using a microslicer (Dosaka Zero 1).

<«

(Figure legend continued.)  hippocampus CA1 showed no significant differences between DT-
a2K0 and control mice. Netrin-GT intensity was higher at SLM than at SR in both DT-«2K0 and
control mice (control SR vs DT-a2K0 SR, p = 0.31; control SLM vs DT-«2KO SLM, p = 0.77;
control SR vs SLM, two-tailed paired Student’s ¢ test, ***p << 0.001; DT-c2KO SR vs SLM,
two-tailed paired Student’s ¢ test, ***p << 0.001). Netrin-G2 intensity was higher at SR than at
SLM'in both DT-c2KO and control mice (control SR vs DT-«2KO SR, p = 0.74; control SLM vs
DT-a2KO SLM, p = 0.69; control SR vs SLM, two-tailed paired Student’s ¢ test, ***p < 0.001;
DT-02K0 SRvs SLM, two-tailed paired Student's t test, ***p << 0.001). Control: eight slices, two
mice; DT-2KO: six slices, two mice). D, AAV—RFP (Fig. 7A) was unilaterally injected into the
(A3 region in adulthood. RFP-labeled CA3 neurons projected to both ipsilateral and contralat-
eral CA1and CA3 regions in DT-c2K0 mice as in control mice. These results were also similar to
normal projection patterns previously reported (Ishizuka et al., 1990; Naber et al., 2001). Con-
trol: two mice; DT-cc2KO: two mice. E, AAV-RFP was unilaterally injected into the CA1 regionin
adulthood. RFP-labeled CAT neurons projected to the subiculum and layer V/VI entorhinal
cortex in DT-c2K0 mice as in control mice. These results were also similar to normal projection
patterns previously reported (Ishizuka et al., 1990; Naber et al., 2001). Control: two mice; DT-
«2K0: two mice). F, Left, Representative traces of Golgi-Cox-stained neurons from CA1 region
of the hippocampus. Middle, Scholl analysis of CA1 pyramidal neurons in DT-«2KO and control
mice showed no significant differences in branch complexity throughout the dendritic trees
(two-way ANOVA; F; 55 = 0.19, p = 0.67 for genotype). Right, Summed dendrite length was
not significantly different between genotypes (primary apical, p = 0.41; secondary apical, p =
0.97; primary basal, p = 0.61; secondary basal, p = 0.95). Control: 16 dendrites, 5 mice;
DT-0r2KO: 16 dendrites, 5 mice. Data are shown as mean = SEM.
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Hippocampal CA1 pyramidal neurons whose cell bodies were located at the
midlevels of each section and whose dendrites were isolated from those of neigh-
boring neurons were randomly selected from the dorsal region of hippocampus
under a light microscope with a 20X objective. Images of adjacent focal planes
were stacked and analyzed using Image]. Dendrite length and number of den-
dritic branches were analyzed after importing stacked images into Imaris Fila-
ment Tracer software (Bitplane) and tracing neurons. Dendrite branching was
studied by Scholl analysis. In brief, a series of concentric rings spaced 20 wm apart
were laid over the soma center and Scholl measurements were obtained by
counting the number of dendrites that crossed each 20 um ring (Fig. 1F).

In utero electroporation

In utero electroporation (IUE) was performed as previously described
(Mizuno et al., 2014) with some modification. In brief, pregnant mice at
embryonic day (E) 14.5 were anesthetized with sodium pentobarbital
(50 mg kg !, i.p.) in saline. A midline laparotomy was performed to
expose the uterus. For DNA microinjection, glass capillary tubes (Har-
vard Apparatus) were pulled using a micropipette puller (Narishige). A
total of 0.5 ul of DNA solution was injected into the lateral ventricle of
embryos, and square electric pulses (40 V, 50 ms) were delivered five
times at 1 Hz by an electroporator (NepaGene). After electroporation,
the uterus was repositioned and the abdominal wall and skin
were sutured.

Supernova system

To label neurons sparsely and brightly, we used the Supernova RFP sys-
tem, which we reported recently (Mizuno et al., 2014). The Supernova
system takes advantage of the feature of tetracycline response element
(TRE) and tetracycline transactivator (tTA) that, in the absence of the
tTA, the TRE occasionally drives gene expression, albeit very weakly. The
Supernova RFP system used in the present study consists of TRE-Flpe—
WPRE—pA (vector 1: pK036) and CAG-FRT-STOP-FRT-TurboRFP-
irestTA—-WPRE—pA (vector 2: pK037; Figs. 2B, 4, 5), or TRE-Cre—pA
(vector 1: pK031) and CAG-loxP-STOP-loxP-TurboRFP—ires—tTA—
WPRE—-pA (vector 2: pK029; Fig. 3D). In cells carrying both vectors 1 and
2, leakage from TRE drives weak expression of Flpe or Cre on rare occa-
sions. Subsequently, only in these cells, Flpe-mediated or Cre-mediated
recombination removes the FRT-STOP-FRT cassette or loxP-STOP—
loxP cassette from vector 2, and both tTA and RFP are expressed from the
CAG promoter. The expression of tTA facilitates the positive feedback of
the tTA/TRE cycles, and leads to the strong expression of RFP only in the
sparse population of transfected cells. These vectors, delivered to hip-
pocampal CA1 pyramidal neurons by IUE at E14.5, were used in Figures
2B and 3-5.

Supernova overexpression experiments

To overexpress a gene of interest (gene X) in sparse neurons, we used the
Supernova overexpression method. This system consists of TRE-Cre—pA
(vector 1: pK031), CAG-loxP-STOP-loxP-TurboRFP/AmCyan—ires—
tTA-WPRE-pA (vector 2: pK029/pK039), and CAG-loxP-STOP-loxP—
(gene X)—pA (vector 3). These vectors were delivered to hippocampal
CAl pyramidal neurons by IUE at E14.5. For control, the following
groups and mixtures were used: groups: a2(WT)OE, a2(R304G)OE,
a2(AN)OE, a2(AN and R304G)OE, al(WT)OE, and «al(R304G)OE
(Fig. 3); mixtures: pCAG-loxP-STOP—loxP-TurboRFP/AmCyan—ires—
tTA-WPRE-pA (pK029/pK039: 1 pg ul~') and pTRE-nlsCre—pA
(pK031:20-50 ng pl ~'); pK029/pK039, pK031, and pK192 (1 g pul ~1);
pK029/pK039, pK031, and pK193 (1 ug ul~1); pK029/pK039, pK031,
and pK194 (1 ug pl ~1); pK029, pK031, and pK195 (1 g pl ~'); pK029/
pKo039, pK031, and pK196 (1 ug ul ~'); and pK029, pK031, and pK197
(1 pg ul 1], respectively.

Quantitative analyses (blind test) of Supernova overexpression exper-
iments (Fig. 3B) were conducted carefully as follows: an experimenter,
Experimenter 1, prepared vector mixtures for another experimenter, Ex-
perimenter 2, without informing Experimenter 2 of the contents of mix-
tures. Experimenter 2 transfected hippocampal pyramidal neurons of
progeny of B6 males and ICR females with a mixtures by IUE. Experi-
menter 1 anesthetized these mice at the juvenile stage [at postnatal day
(P) 22-P23] with tribromoethanol (125 mg kg ™', i.p.) and perfused
them transcardially with 0.9% NaCl and 4% PFA in 0.1 m PB. Experi-
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Figure2.  «2-Chimaerin regulates the size and density of hippocampal dendritic spines. A, Representative images of apical dendrites of hippocampal CA1 neurons from DT-:2K0 mice and their
control mice in adulthood. In adulthood, DT-:2KO mice showed significantly increased dendritic spine length and volume compared with the control mice (spine length, **p << 0.01; spine volume,
*p < 0.05). The dendritic spine density was also increased in DT-c:2KO mice compared with the control mice (*p << 0.05; control: 871 spines, 16 dendrites, 6 mice; DT-«2KO: 817 spines, 11
dendrites, 6 mice). CA1 neurons were sparsely labeled by Dil. B, Representative images of apical dendrites of hippocampal CA1 neurons from DT-c2KO mice and those from control mice at P24. In
the juvenile stage (at P24), DT-«2K0 mice showed significantly increased dendritic spine length and volume compared with the control mice (spine length, ***p << 0.001; spine volume, ***p <<
0.001). Meanwhile, spine density was unaltered between genotypes (p = 0.49; control: 773 spines, 11 dendrites, 7 mice; DT-2K0: 862 spines, 11 dendrites, 6 mice). Spines of juvenile mice were
labeled by the IUE-based Supernova method (Mizuno et al., 2014), which is a powerful approach to brightly label individual neurons in the brains of young animals. , Representative images of apical
dendrites of hippocampal CA1 neurons from DT-c¢1KO mice and their control mice in adulthood. DT-1KO mice showed normal spine morphology and density. There were no significant difference
between DT-a1KO and their control mice (spine length, p = 0.78; spine volume, p = 0.54; spine density, p = 0.54). Control: 624 spines, 13 dendrites, 5 mice; DT-a1K0: 979 spines, 18 dendrites,
11 mice. Spine length and spine volume: Mann—Whitney U test. Spine density: two-tailed unpaired Student’s  test. Data are shown as mean == SEM. Scale bars, 2 um. CA1 neurons were sparsely
labeled by Dil.

menter 1 intermingled brains from control, «2(WT)OE, and
a2(R304G)OE groups, and handed these brains to Experimenter 2 with-
out attaching the information about the groups. Experimenter 2 con-
ducted all subsequent experiments and analyses. Brains were trimmed
and cut by a microslicer (Dosaka) into 150-um-thick coronal slices. Each

brightly label individual neurons in the brains of young animals. For
images of Figures 2B, 4, and 5, Flpe/FRT-based Supernova vector sets
[pK037 (1 wg ul ") and pK036 (50 ng ul ~')] were introduced into the
hippocampal pyramidal neurons by IUE. Mice were anesthetized with
tribromoethanol (125 mg kg ™', i.p.), and perfused transcardially with

slice was mounted on a glass slide and covered with Vectashield mount-
ing media (Vector Laboratories) containing 4',6'-diamidino-2-
phenylindole (DAPI) for nuclear staining. The information about groups
was disclosed to Experimenter 2 only after all experiments and analyses
were completed.

Spine labeling

To analyze spine morphologies, sparse and bright labeling of neurons is
necessary. Spines of juvenile mice were labeled by the IUE-based Super-
nova method (Mizuno et al., 2014), which is a powerful approach to

0.9% NaCl and 4% PFA in 0.1 M PB. Brains were trimmed and cut by a
microslicer (Dosaka) into 150-um-thick coronal slices. Each slice was
mounted on a glass slide and covered with Vectashield mounting media
(Vector Laboratories) containing DAPI for nuclear staining.

Spines of P61-P81 (Fig. 2A), P64—P92 (Fig. 2C), and P73-P79 (Fig. 6)
mice were visualized by Dil labeling. Mice were anesthetized with tribro-
moethanol (125 mg kg ", i.p.), and perfused transcardially with 0.9%
NaCl and 4% PFA in 0.1 M PB. Brains were trimmed and cut by a micro-
slicer (Dosaka) into 150-um-thick coronal slices. Lipophilic dye (Dil,
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mutants. Both the a1-chimaerin and a2-chimaerin contain C1 and RacGAP domains i
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a2-Chimaerin negatively regulates spine size in a RacGAP activity-dependent manner. A, Schematics of WT cz1-chimaerin [ce1-chimaerin (WT)] and a:2-chimaerin (WT) and their

n their C termini. «2-Chimaerin has an SH2 domain in its N terminus, whereas a1-chimaerin has a relatively

short N terminus that does not contain any recognizable domains. c:2-Chimaerin-specific N terminus is deleted in ce2-chimaerin (AN). a1-Chimaerin (R304G) and a2-chimaerin (R304G) are
RacGAP-inactive mutants. a2-Chimaerin (AN and R304G) lost both N terminus and RacGAP activity. Each of these proteins was fused to a monomeric RFP in the (Figure legend continues.)
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Invitrogen, Life Technologies) was coated onto tungsten, according to
previous reports (Mataga et al., 2004). Dil-coated particles were deliv-
ered to the slices using Helios Gene Gun (Bio-rad) system. A polycarbon-
ate filter with a 3.0 wm pore size (BD Biosciences) was inserted between
the gun and the preparation. The Dil was allowed to transport for 24 h in
fixative before imaging. Each slice was mounted on coverslips in
Vectashield mounting media (Vector Laboratories) containing DAPI for
nuclear staining.

Image analysis and quantification of dendritic spines

Images of dendritic spines in primary apical (Figs. 2, 5, 6), oblique
(Fig. 3), or basal dendrites of pyramidal neurons in the CA1l region of
hippocampus were taken on a Leica TSC-SP5 confocal microscope. Se-
quential z-images consisted of optical sections (1024 X 1024 pixels) with
0.1 wm intervals using a 63X oil immersion objective (numerical aper-
ture, 1.3) with 9X zoom. The z-images were 3D reconstructed and some
parameters (spine length, spine maximum width, spine mean width,
spine minimum width, spine area, spine volume, and density) were mea-
sured by the Imaris Filament Tracer software (Bitplane).

Virus preparation

The AAV (adeno-associated virus) vector was prepared using AAV-D]/8
Helper Free Packaging System (Cell Biolabs). The recombinant AAV
was generated by lipofection (293fectin, Life Technologies) of pAAV.
RC (Agilent Technologies, 240071), pHelper (Agilent Technologies,

<«

(Figure legend continued.) ~ C-terminal regions and was sparsely expressed in the hippocam-
pal neurons using the Supernova overexpression method. B, Left, Representative RFP images of
oblique dendrites of hippocampal CA1 neurons at P22—P23, in which a:2-chimaerin [WT;
a2(WT)OE], cc2-chimaerin [R304G; a2(R304G)OE], or no ae2-chimaerin (control) was overex-
pressed together with RFP. Right, a2(WT)OE neurons, but not «2(R304G)OE neurons, showed
decreased spine length and volume compared with the control neurons (spine length: Kruskal—
Wiallis H test, ***p << 0.001; Mann—Whitney U test with a Bonferroni's correction; WT, ***p <
0.001; R304G, p = 0.63 vs control, respectively; spine volume: Kruskal-Wallis H test,
**p < 0.01; Mann—Whitney Utest with a Bonferroni’s correction; WT, **p << 0.01;R304G, p =
1.00 vs control, respectively). The spine densities of «2(WT)OE and «2(R304G)OE neurons were
notsignificantly different from those of control neurons (one-way ANOVA: , 5, = 4.13,*p <
0.05 for genotype, two-tailed unpaired Student’s  test with Bonferroni’s correction; WT, p =
0.25; R304G, p = 0.30 vs control, respectively). Control: 1764 spines, 30 dendrites, 13 mice;
a2(WT)OE: 851 spines, 16 dendrites, 4 mice; «2(R304G)OE: 619 spines, 9 dendrites, 6 mice. C,
CA1 pyramidal neurons from juvenile mice (at P22—P23), in which a1-chimaerin, c2-
chimaerin, or one of their mutants was overexpressed together with RFP by the IUE-based
Supernova overexpression method. In control neurons, only vectors 1and 2 (see Materials and
Methods) were introduced. Overexpression of either c1-chimaerin or c:2-chimaerin (AN) in
the CA1 neurons affected cell localization and dendritic morphology (arrowheads). These ab-
normalities were not observed in RacGAP-inactive mutant R304G-expressing neurons [ce2-
chimaerin (AN and R304G), a1-chimaerin (R304G)], suggesting that the abnormal cell
positioning and shapes require RacGAP activity. In contrast, neurons overexpressing a2-
chimaerin (WT) or RacGAP-inactive c2-chimaerin (R304G) were normally located in the pyra-
midal layer of CA1. These results are consistent with the view that the o:2-chimaerin-specific N
terminus has an autoinhibitory function that blocks RacGAP activity when the molecule needs
to be inactive (Canagarajah et al., 2004; Colén-Gonzalez et al., 2008). Blue color indicated DAPI
signal. D, c2K0 mice showed normal position of CA1 neurons at P14 [number of cells in CA1
pyramidal layer/number of RFP labeling cells = 617/627 (control), 718/726 («2K0)], suggest-
ing overtly normal cell migration. Control: three mice; «2KO: three mice. P, Pyramidal layer. E,
CA1 pyramidal neurons from juvenile mice (at P22), in which c:2-chimaerin (WT), a2-
chimaerin (R304G), c2-chimaerin (AN), or a1-chimaerin (WT) was overexpressed together
with AmCyan using the IUE-based Supernova overexpression method. Cellular morphology and
positioning was visualized by AmCyan and subcellular localization patterns of c2-chimaerin
(WT/R304G/AN) and ce1-chimaerin (WT) were visualized by RFP fused to the molecules. Sub-
cellular localization patterns of a2-chimaerin (AN and R304G) were similar to those of cc2-
chimaerin (WT). a1-Chimaerin (WT) was not detected, possibly because ce1-chimaerin was
rapidly removed by degradation signals on the ac1-chimaerin-specific N terminus, as suggested
by a previous in vitro study (Marland et al., 2011). F, Representative images of RFP-fused «2-
chimaerin (WT/R304G) and AmCyan expressing apical dendrites of hippocampal CA1 neurons
from juvenile mice (at P22). RFP signals were detected in spines (arrowheads) from RFP-fused
a2-chimaerin (WT/R304G)-expressing neurons. Data are shown as mean == SEM. Scale bars: B,
F,2 pum; C-E, 100 pum.
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Figure4.  EphrinA3-induced spine retraction in hippocampal neurons is suppressed by lack
of a2-chimaerin. A, A sparsely labeled RFP-expressing cell (by IUE-based Supernova RFP
method) with typical morphology of hippocampal pyramidal neurons in organotypic hip-
pocampal slices (sixth day in vitro) prepared from P5 mice. B, Segments of dendrites from
hippocampal slices from «:2K0 and control mice, after treatment with ephrinA3-Fc or Fc (neg-
ative control). C, The spine density was decreased by ephrinA3-Fc treatment in neurons derived
from control mice (***p << 0.001), but not in those from «2KO mice (p = 0.13). There was no
change with Fc treatments between genotypes (p = 0.79). Thus ephrinA3-Fc-induced spine
retraction was suppressed in «2KO neurons (***p << 0.001). Spine size (length and volume)
was not analyzed because this organ culture system is suitable for the analyses of the effects of
EphA signaling to the spine density but not to the spine size (Fu et al., 2007). Control Fc: 10
dendrites, 6 mice; «2KO Fc: 5 dendrites, 3 mice; control EphrinA3-Fc: 16 dendrites, 10 mice;
2K0 EphrinA3-Fc: 8 dendrites, 4 mice. Two-tailed unpaired Student’s ¢ test. Data are shown as
mean = SEM. Scale bars: 4, 100 um; B, 10 um.

240071), and pAAV shuttle vector into HEK293FT cells in complete
medium (DMEM containing 10% heat-inactivated FBS, 1 mm sodium
pyruvate solution, 0.075% sodium bicarbonate solution) with penicillin
and streptomycin. At 72 h after transfection, cells were harvested and
centrifuged at 2500 rpm for 30 min, and the supernatant was passed
through a 0.45 um membrane filter (Millipore). The filtered supernatant
was transferred to ultracentrifuge tubes and 20% sucrose/PBS was added.
The supernatant was centrifuged at 22,000 rpm at 4°C for 2 h. The virus
pellet was resuspended in PBS and stored at —80°C. The genomic titer of
each virus was determined by quantitative PCR using the following
primer pair: 5'-GAGTTTCCCCACACTGAGTG-3'/5'-GAGGCTTGA
GAATGAACCAAGA-3'. The primers are listed in Table 1.

Virus injection

Focal injection within the CA3 and CALl regions of hippocampus. Axon
labeling was performed with adult mice 614 months of age. Mice were
anesthetized with 1.5-3% isoflurane and placed into a stereotaxic frame
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Figure 5.  Dendritic spine morphology is affected by late postnatal a2-chimaerin function. A, Schematic depicting the experimental design. B, Typical GFPCre expression pattern in the juvenile

hippocampus at 14 d postinfection. The AAV—GFPCre vector was injected into the CAT region at P10 and samples were prepared at P24. C, Typical morphology of a GFPCre-positive hippocampal CA1
pyramidal neuron sparsely labeled by the Supernova RFP method. D, Western blot analysis of the juvenile hippocampus (at P24) using anti-a:2-chimaerin antibody. Expression of c2-chimaerin was
significantly lower in the AAV—GFPCre-injected hippocampus than in the contralateral side (one-tailed paired Student's t test, *p << 0.05; contralateral: 1.00 = 0.10; AAV—GFPCre: 0.49 = 0.08; 4
mice each). Most of the remaining ac2-chimaerin expression in AAV-injected side was likely from the DG and CA3 regions, where GFPCre expression was low (Fig. 58). E, Representative images of
Supernova RFP-labeled apical dendrites of hippocampal CAT :2tKO neurons and their control neurons in the juvenile stage (at P24). «2tK0 neurons showed significantly increased dendritic spine
length and volume compared with control neurons (spine length, ***p << 0.001; spine volume, ***p << 0.001). Meanwhile, spine density was unaltered between genotypes (p = 0.84). Control:
843 spines, 12 dendrites, 4 mice; a2tK0: 895 spines, 14 dendrites, 5 mice. Spine length and spine volume: Mann—Whitney U test. Spine density: two-tailed unpaired Student’s ¢ test. Data are shown

asmean = SEM. Scale bars: B, 500 um; €, 100 um; E, 2 um.

(Narishige). The skull was exposed surgically and drilled using a hand
drill (Minimo). Forty nanoliters of AAV-REP (1.0 X 10 '* viral genomes
ml ~") was injected unilaterally into the right hippocampal CA1 (anteri-
or—posterior: —2.18 mm; medial-lateral: +1.5 mm; dorsal-ventral:
—1.75 mm from the dural surface) and CA3 (anterior—posterior: —3.16
mm; medial-lateral: +3.25 mm; dorsal-ventral: —2.75 mm from the
dural surface) regions (Fig. 1 D, E). Virus delivery was performed at a rate
of 20 nl min ~ ! using a programmable syringe pump (KD Scientific) with
34 gauge beveled NanoFil needle (World Precision Instruments). Twenty
days after injection, mice were killed and their brains were fixed and
horizontally sectioned.

Hippocampal injection in juvenile mice. P10 mice were anesthetized
with 1.0-2.0% isoflurane. The skull was exposed surgically and drilled
using a hand drill (Minimo). For spine analysis (Fig. 5), 500 nl of AAV—
GFPCre (9.0 X 10" viral genomes ml ~') was injected unilaterally into
the right hippocampus (Figs. 5, 7). The injection site was located ~1 mm
lateral to the sagittal suture, halfway between the lambda and bregma,
and —1.5 mm from the dural surface. Virus delivery was performed at a
rate of 100 nl min ' using a programmable syringe pump (KD Scien-
tific) with a 34 gauge beveled NanoFil needle (World Precision Instru-
ments). For behavioral analysis (Fig. 7), 2000 nl (total) of AAV-RFP
(7.0 X 10"? viral genomes ml 1) or AAV—Cre—RFP (9.0 X 10! viral
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nesis. A, Schematic depicting the experimental design. B, Typical GFPCre expression pattern in the

adult hippocampus at 14 d postinfection. The AAV—GFPCre vector was injected into the CA1 region at 2 months. C, Typical morphology of a Dil-labeled GFPCre-positive CA1 pyramidal neuron. D,
Western blot analysis of the adult hippocampus using anti-c2-chimaerin antibody. Expression of c2-chimaerin was significantly lower in the AAV-GFPCre-injected hippocampus than in

contralateral side (one-tailed paired Student’s ¢ test, *p << 0.05; contralateral: 1.00 = 0.25;

AAV—GFPCre: 0.59 = 0.16; 4 mice each). Most of the remaining of a2-chimaerin expression in

AAV-injected side was likely from the DG and CA3 regions, where GFPCre expression was low (Fig. 6B). E, Representative images of Dil-labeled apical dendrites of hippocampal CAT a:2tK0 neurons

and their control neuronsin adulthood (2—3 months old). a2-Chimaerin disruptionin adulthood

failed to alter the spine morphology and density in adulthood (spine length, p = 0.38; spine volume,

p = 0.63; spine density, p = 0.76). Control: 584 spines, 13 dendrites, 5 mice; c2tKO: 652 spines, 14 dendrites, 5 mice. Spine length and spine volume: Mann—Whitney U test. Spine density:
two-tailed unpaired Student’s t test. Data are shown as mean = SEM. Scale bars: B, 500 wm; €, 100 um; E, 2 um.

genomes ml ') was injected bilaterally into the hippocampus. The in-
jection site was located ~1 mm lateral to the sagittal suture, halfway
between the lambda and bregma, and —1.5 mm from the dural surface.
Virus delivery was performed at a rate of 200 nl min ' using a program-
mable syringe pump (KD Scientific) with a 34 gauge beveled NanoFil
needle (World Precision Instruments). The blind tests for behavioral
analyses were conducted in a manner similar to that described for the
Supernova overexpression experiments.

Global injection in the hippocampus of adult mice. Male mice 2 months
old were anesthetized with 1.5-3% isoflurane and placed into a stereo-
taxic frame (Narishige). The skull was exposed surgically and drilled
using a hand drill (Minimo). Five hundred nanoliters of AAV—-GFPCre
(9.0 X 10" viral genomes ml ') were injected unilaterally into the right

dorsal hippocampus (anterior—posterior, —2.0 mm; medial-lateral,
+1.5 mm; dorsal-ventral, —1.5 mm from the dural surface; Fig. 6). Virus
delivery was performed at a rate of 100 nl min ~' using a programmable
syringe pump (KD Scientific) with a 34 gauge beveled NanoFil needle
(World Precision Instruments). Fourteen days after injection, mice were
killed and their brains were fixed and coronally sectioned.

Western blot analysis

Western blot analyses were performed as previously reported (Iwata et al.,
2014). AAV-GFPCre-injected a2-chimaerin-floxed (Chnl @10/ a2flox)
mouse hippocampus (AAV-GFPCre-injected side and contralateral side)
was homogenized in Pro-PREP protein extraction solution (iNtROM Bio-
technology), and clarified by centrifugation. Proteins were separated by
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Table 2. Vector information

VectorID Construct Figure
pK029  pCAG-loxP—stop—loxP—TurboRFP—ires—tTA—WPRE—pA Fig. 38-D
pK031  pTRE-Cre—pA Fig. 38—F
pK036  pTRE-Flpe—WPRE-pA Figs. 2B,4,5
pK037  pCAG-FRT—stop—FRT—TurboRFP—ires—tTA—WPRE—pA Figs. 28,4, 5
pK039  pCAG-loxP—stop—loxP—AmCyan—ires—tTA—WPRE—pA Fig. 3£, F
pK165  pAAV-RFP-WPRE-pA Figs. 1GD, 7
pK166  pAAV—Cre—RFP—WPRE—pA Fig.7

pK173  pAAV-GFPCre-WPRE-pA Figs. 5,6
pK192  pCAG-loxP—stop—loxP—c2-chimaerin(WT)TagRFP—pA Fig.38, G E, F
pK193  pCAG-loxP—stop—loxP—cx2-chimaerin(R304G)TagRFP—pA Fig.38, G E, F
pK194  pCAG-loxP—stop—loxP—cx1-chimaerin(WT)TagRFP—pA Fig.38, G E
pK195  pCAG-loxP—stop—loxP—cx1-chimaerin(R304G)TagRFP—pA Fig. 3B, C
pK196  pCAG—loxP—stop—loxP—a2-chimaerin(AN)TagRFP—pA Fig.38, G E
pK197  pCAG—loxP—stop—loxP—a2-chimaerin(AN + R304G)TagRFP—pA Fig. 3B, C

SDS-polyacrylamide gel electrophoresis and electroblotted to PVDF mem-
branes. The membranes were stained with anti-actin monoclonal antibody
(mAb; 1:10,000, mouse; MAB1501, Millipore), anti-a2-chimaerin pAb (1:
20,000, rabbit; Iwasato et al., 2007), and appropriate species-specific
HRP-conjugated secondary antibodies; and detected using enhanced chemi-
luminescence (ECL Plus or ECL Prime, GE Healthcare). Quantification of
Western blot analysis was performed using image reader LAS 4000 mini
(Fujifilm) and Multi Gauge software (Fujifilm). Expression levels of a2-
chimaerin were normalized with those of actin (Figs. 5D, 6D).

Spine retraction assay

Spine retraction assay was performed as previously reported (Fu et al.,
2007) with some modifications. For neuronal labeling, Flpe/FRT-based
Supernova vector sets [pK037 (1 ug ul ~") and pK036 (100 ng ul ~")]
were introduced by TUE into the hippocampal pyramidal neurons of
progeny of Chnl“a2/Aa2 males and Chnl*a2/+ females. Organotypic
hippocampal slice cultures were prepared from P5 pups, according to a
previous report (De Simoni and Yu, 2006). Retraction assay was per-
formed on the sixth day in vitro. For Fc clustering, ephrinA3-Fc (R&D
Systems) and Fc fragment (Jackson Immunoresearch Laboratories) were
preclustered with anti-human Fc pAb (Jackson Immunoresearch Labo-
ratories) in a ratio of 1:4.5 and incubated at room temperature for 1 h
before use. The final concentration for ephrinA3-Fc or Fc was 10 ug
ml ', Each slice was treated with either preclustered ephrinA3-Fc or Fc
for 16 h. After stimulation, slices were fixed with 4% PFA in 0.1 m PB for
30 min, and spine density of RFP-expressing CA1 pyramidal neurons was
observed by a confocal microscope (Leica).

Contextual fear-conditioning test

The fear-conditioning test was conducted using a commercially available
apparatus (O’Hara & Company). In the conditioning session (day 1), the
mouse was placed in a conditioning chamber (10 X 18 cm) in which a
steel grid floor was wired to a shock generator. The chamber had opaque
walls and was housed in a sound-attenuated box. After 150 s free explo-
ration, the mouse was exposed to electric footshocks (0.75 mA, twice, 2 s
each, separated by 90 s interstimulus interval). Sixty seconds after the
second footshock, the mouse was returned to its home cage. The contex-
tual fear-memory test was conducted 24, 48, 72, and 96 h after condition-
ing (day 2-5). The mouse was placed in the conditioning chamber for 5
min, during which neither tone nor footshock was presented. Images
were captured using a video camera and the area (in pixels) over which
the mouse moved was measured. Movement that had <15 pixel changes
in 2 s was considered “freezing.” Total freezing time was measured as an
index of fear memory: freezing percentage = (total freezing time/total
testing time) X 100. Extinction performance was quantified, normalized
to the value at day 2 trial.

Extracellular field potential recording

Hippocampal slice preparation. Three-month-old male DT-a2KO mice
and their control littermates were used. Animals were anesthetized with
isoflurane, and the brain was quickly removed after decapitation and
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placed into ice-cold cutting medium (200 mwm sucrose, 4.0 mm KCI, 1.0
mum NaH,PO,, 26 mm NaHCO;, 10 mm MgSO,, 0.2 mm CaCl,, and 10
mM glucose; bubbled with 5% CO, and 95% O,). Transverse hippocam-
pal slices (350 um thickness) were prepared from both hemispheres
using a LinearSlicer Pro7 (Dosaka). The slices were incubated in the
recording medium (119 mm NaCl, 2.5 mm KCl, 1.0 mm NaH,PO,, 26.2
mm NaHCOj;, 1.3 mm MgSO,, 2.5 mm CaCl,, and 11 mm glucose; bub-
bled with 5% CO, and 95% O,) at 30°C for =2 h before recording.

Extracellular recording. Shaffer collaterals were stimulated at 0.05 Hz
by delivering biphasic current pulses (10—60 @A, 0.2 ms duration). Mul-
tiplanar microelectrodes, arranged in an 8 X 8 pattern with 150 um
spacing, were used for synaptic stimulation and field potential recording.
Evoked field responses from the stratum radiatum in the CA1 area were,
through a 0.1-10 kHz bandpass filter, recorded at a 20 kHz sampling rate
and stored for off-line analysis. Data were acquired and analyzed with
MED64 Mobius software (Alpha Med Scientific). Slope of fEPSP and
amplitude of presynaptic fiber volley were used for the comparison be-
tween genotypes.

Statistical analysis

Statistical analyses were performed using PASW Statistics version 18 or
IBM SPSS Statistics version 19 (IBM). To determine the statistical
method, the normal distribution of data was analyzed using the one-
sample Kolmogorov—Smirnov test. Significance of differences was as-
sessed as follows. For parametrical statistics, two-tailed unpaired
Student’s t test for two independent samples or ANOVA for multiple
independent samples was used. The Tukey—Kramer post hoc test was used
after ANOVA indicated a significant difference. For nonparametrical
statics, Mann—Whitney U test for two independent samples or Kruskal—
Wallis H test for multiple independent samples was used. p < 0.05 was
considered significant. Values are given as mean * SEM (*p < 0.05,
p < 0.01, **p < 0.001).

Results
a2-Chimaerin deficiency affects dendritic spine
morphogenesis in vivo
We recently reported that dorsal telencephalon (DT)-specific a2-
chimaerin KO (DT-a2KO: Emx1¢"*";Chn1 =) mice, in
which all hippocampal excitatory neurons lack a2-chimaerin
from embryonic stages (Iwasato et al., 2000, 2008; Iwata et al.,
2014), show an increase in hippocampus-dependent learning
(including contextual fear learning) in adults (Iwata et al., 2014).
Because a2-chimaerin expression was particularly strong in the
hippocampal CA1 region during development (Fig. 1A; Hall et
al., 2001), it was likely that the DT-a2KO mice had abnormalities
in the development of neuronal circuits in the hippocampus.
To reveal the possible roles of a2-chimaerin in hippocampal
circuit development, we performed morphological analyses of
the DT-a2KO mouse hippocampus. First, we analyzed the gross
morphology of the DT-a2KO hippocampus and found no obvi-
ous abnormalities (data not shown). Second, we analyzed axonal
projection patterns because we and others have previously re-
ported that a2-chimaerin has critical roles in the axon guidance
of the corticospinal tract, spinal central pattern generator, and
ocular motor circuits (Beg et al., 2007; Iwasato et al., 2007; Weg-
meyer et al., 2007; Miyake et al., 2008). To determine whether
DT-a2KO mice show abnormalities in axon guidance in the hip-
pocampus, we visualized the laminar structures of the hippocam-
pus by netrin-G1 and netrin-G2 immunohistochemistry (Fig.
1B,C). Genes for netrin-G1 and netrin-G2 are expressed in a
mutually exclusive manner in the brain, and these proteins are
present on the axons of distinct pathways (Nishimura-Akiyoshi
et al., 2007; Matsukawa et al., 2014). For example, in the hip-
pocampus, axons of entorhinal cortex layer III neurons that
terminate on the stratum lacunosum-moleculare of the hip-
pocampus CA1 express netrin-G1, whereas the axons of CA3
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Virus-mediated ce2-chimaerin disruption beginning during the juvenile stage enhances contextual fear learning in adulthood. A, Schematic depicting the experimental design. To

produce c2tK0 and control mice, we bilaterally injected AAV—Cre—RFP and AAV—RFP, respectively, into the dorsal hippocampus of a2-chimaerin-floxed mice at P10. About 2 months after virus
injection, we performed the contextual fear-conditioning testand sampling. B, The most restricted (mouse Tand mouse 3) and the broadest (mouse 2 and mouse 4) RFP expression patterns in c:2tKO
and control mice used for the fear-conditioning test. AAV was bilaterally injected to the CA1 region. Note that to achieve maximum hippocampal KO, larger amounts of AAV were used for these
experiments than for the experiments in Figures 5 and 6 (see Materials and Methods for detail). However, leakage to outside the hippocampus was rather limited. Scale bar: B, 1 mm. C, Contextual
fear learning (day 2-5) was increased in c2tKO mice compared with control mice (two-way ANOVA; F; 1) = 5.98, *p << 0.05 forvirus; F 5 57, = 17.41,***p < 0.001 for day; F 5 5,y = 0.54,p =
0.66 for virus X day; asterisk: Bonferroni—Dunn post hoc test *p << 0.05 for virus). Freezing levels before conditioning (baseline, day 1) were not significantly different between groups (p = 0.30).
Control: 12 mice; a2tK0: 9 mice. D, Extinction performance was quantified as the percentage freezing normalized to the value of day 2. «2tKO mice exhibited normal extinction (two-way ANOVA;

Fia,10) = 037, p = 0.55 for virus). Data are shown as mean =+ SEM.

neurons that terminate on the stratum radiatum and stratum
oriens of CAl express netrin-G2 (Fig. 1B, left). We found no
apparent differences in the expression patterns of the netrin-Gs
in the hippocampus between DT-a2KO and their control
(Chn1°~) mice (Fig. 1B). Quantitative analyses in CA1 re-
gion also showed no differences in intensities of the laminar-
specific expressions of netrin-Gs (Fig. 1C), suggesting overtly
normal laminar structures in the hippocampus of DT-a2KO

mice. We further examined the axonal projection patterns of the
hippocampus by the local injection of RFP-expressing AAV into
CA3 (Fig. 1D) or CA1 (Fig. 1E) of the hippocampus. In both
analyses, we found that the axonal projections were similar
between DT-a2KO and control mice, although we could not
exclude the possibility that there were minor abnormalities in
DT-a2KO mice that were not detected by our analyses. Third, we
analyzed the dendritic morphologies of hippocampal CA1 pyra-
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midal neurons of DT-a2KO mice in adulthood by using Golgi-
Cox staining (Fig. 1F). There were no significant differences in
dendritic complexity and dendritic length between DT-a2KO
and control mice, suggesting that morphological aspects of DT-
a2KO mouse dendrites were overtly normal.

Finally, we focused on the dendritic spines. «2-Chimaerin is a
RacGAP. RacGAPs are involved in actin cytoskeleton remodel-
ing, which is associated not only with axonal projections but also
with dendritic spine morphogenesis in developing neurons. a2-
Chimaerin is enriched in axonal growth cones and in dendritic
spines (Iwasato et al., 2007; Shi et al., 2007). We showed that
a2-chimaerin expression is particularly strong in the hippocam-
pal CA1 region during the juvenile stage (2—3 weeks old; Fig. 1A),
which is an important period for spine morphogenesis (Yuste
and Bonhoeffer, 2004). Therefore, it is possible that «2-
chimaerin is involved in spinogenesis, particularly in the hip-
pocampal CAl. To test this possibility, we labeled dendritic
spines of CA1 pyramidal neurons in DT-a2KO mice (see Mate-
rials and Methods), and analyzed their morphology (size and
density; Fig. 2A, B). We found that in DT-a2KO mice in adult-
hood (2-3 months old), the size (length and volume) and density
of spines in apical dendrites were significantly larger than those in
the control (Chnl®¥"**~) mice (Fig. 2A). Significant enlarge-
ment but not increased density of spines was detected at the
juvenile stage (P24) in DT-a2KO mice (Fig. 2B). In contrast,
there were no differences in the spines of basal dendrites between
DT-a2KO mice and their littermate controls (data not shown).

We also determined whether the deletion of a1-chimaerin
alters spine morphology in vivo because previous in vitro studies
reported that overexpression or knockdown of a1-chimaerin af-
fected spine morphology in dissociated hippocampal neurons
(Van de Ven et al., 2005; Buttery et al., 2006). DT-alKO
(Emx1°"";Chn1 =) mice in adulthood exhibited normal
spine size and density in hippocampal CA1 pyramidal neurons
relative to those in the control (Chnl*/~) mice (Fig. 20),
which indicated that a1-chimaerin is dispensable for hippocam-
pal spine morphogenesis in vivo. The discrepancy between our
results and previous ones (Van de Ven et al., 2005; Buttery et al.,
2006) may be interpreted by differences of experimental condi-
tions (e.g., in vivo vs in vitro). Phenotypic differences between
DT-a1KO and DT-a2KO mice could be caused by differences of
biochemical properties of al-chimaerin and «2-chimaerin,
which will be described in the following section, and/or by those
of temporal expression patterns of two isoforms (Hall et al., 2001;
Buttery et al., 2006). Together, these results indicate that a2-
chimaerin affects the spine morphology of apical dendrites of
hippocampal CA1 pyramidal neurons.

«2-Chimaerin regulates dendritic spine size in RacGAP

activity-dependent and N terminus-dependent manners

To obtain further insight into the molecular mechanisms by
which a2-chimaerin participates in spine morphogenesis, we
performed single-cell overexpression experiments using the IUE-
based Supernova overexpression method (see Materials and
Methods), by which we can express a gene of interest in a sparse
population of neurons (Fig. 3). Overexpression of wild-type
(WT) a2-chimaerin [a2(WT)OE] in the hippocampal pyramidal
neurons decreased length and volume but not density of spines in
juvenile mice (at P22—P23; Fig. 3B). These results were consistent
with the larger size and normal density of DT-a2KO spines dur-
ing juvenile stage (Fig. 2B). In contrast, overexpression of the
RacGAP-inactive mutant of a2-chimaerin [«2(R304G)OE; Hall
et al., 2001; Iwasato et al., 2007] failed to alter the spine size or
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density (Fig. 3B). Both a2-chimaerin (WT) and a2-chimaerin
(R304G) were present in dendritic spines (Fig. 3E, F). These re-
sults suggest that the RacGAP activity of a2-chimaerin is re-
quired for the negative regulation of dendritic spine size in
hippocampal neurons during brain development. These data also
demonstrate that a2-chimaerin overexpression affects spine
morphology through cell-autonomous mechanisms because, in
these experiments, overexpression was induced only in a sparse
population of neurons primarily in the CA1 region (Fig. 3C).

We also assessed the importance of the a2-specific N termi-
nus, which contains an SH2 domain, by overexpression of N
terminus-deleted a2-chimaerin [a2-chimaerin (AN)] or WT
al-chimaerin [al-chimaerin (WT)]. We found that positioning
of cells expressing either a2-chimaerin (AN) or al-chimaerin
(WT) was abnormal, probably because of excessive cell migration
(Fig. 3C). Such ectopic neurons were not observed when we over-
expressed RacGAP activity-deficient types [a2-chimaerin (AN
and R304G) and al-chimaerin (R304G); Fig. 3C] or in a2-
chimaerin KO (a2KO) mice (Fig. 3D). We also compared the
subcellular localization of a2-chimaerin (AN) and «1-chimaerin
(WT) molecules with that of @2-chimaerin (WT) molecules. a1-
Chimaerin (WT) expression was not detected (Fig. 3E), possibly
because it was rapidly removed by degradation signals on the
al-chimaerin-specific N terminus (Marland et al., 2011). On the
other hand, a2-chimaerin (AN) was normally localized in
cell bodies and dendrites, even in ectopic neurons (Fig. 3E).
Together, our results suggest an important role for the a2-
chimaerin-specific N terminus, which contains an SH2 domain,
for precise regulation of its RacGAP activity. The SH2 domain
significantly contributes to intracellular signaling as a docking
site for phosphorylated tyrosine residues on some molecules,
such as activated Eph receptors (Cowan et al., 2005). Previous in
vitro and structural studies have suggested that the SH2 domain
of a2-chimaerin-specific N terminus is an autoinhibitory region
that inhibits RacGAP function unless the molecule is activated by
specific signaling molecules (Canagarajah et al., 2004; Col6n-
Gonzélez et al.,, 2008). These features of the a2-chimaerin-
specific N terminus may contribute to the tight regulation of
a-chimaerin’s RacGAP activity. Our results also highlight that
al-chimaerin and a2-chimaerin are regulated in distinct ways in
Vivo.

«2-Chimaerin mediates ephrinA-induced spine retraction

We next examined signaling mechanisms upstream of «2-
chimaerin in spine morphogenesis. Among many molecules and
signaling pathways involved in spine morphogenesis (Dalva etal.,
2007; Penzes et al., 2011), we focused on ephrinA3/EphA4
forward signaling as the primary candidate upstream of o2-
chimaerin for the following reasons. First, both in vivo and in
vitro evidence suggests that a2-chimaerin binds to EphA4 and
mediates EphA4 forward signaling in the midline guidance of the
corticospinal tract and the spinal central pattern generator axons
(Begetal., 2007; Iwasato et al., 2007; Shi et al., 2007; Wegmeyer et
al., 2007). Second, ephrinA3/EphA4 forward signaling is pro-
posed to regulate spine morphogenesis in the developing hip-
pocampus: EphA4 is enriched in the spines of apical dendrites of
hippocampal CA1l neurons (Murai et al.,, 2003; Klein, 2009).
EphA4KO mice exhibit increased spine size and density in the
apical dendrites of CA1 pyramidal neurons (Murai et al., 2003).
EphrinA3KO mice exhibit increased spine size in the apical den-
drites of CA1 pyramidal neurons (Carmona et al., 2009). How-
ever, it should also be noted that downstream effectors of
ephrinA3/EphA4 forward signaling in spine morphogenesis
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are not well understood, and a-chimaerin (al-chimaerin and
a2-chimaerin) has never been interpreted as a downstream me-
diator of ephrin/Eph (EphA and EphB) signaling in spine
morphogenesis.

To test our hypothesis that a2-chimaerin regulates spine mor-
phogenesis as a key mediator of ephrinA3/EphA4 forward signal-
ing, we performed a spine retraction assay using organotypic slice
cultures. We prepared hippocampal slices from P5 mice in which
we labeled CA1 pyramidal neurons by using the IUE-based Su-
pernova RFP method. Then, we cultured the slice and treated it
with preclustered ephrinA3-Fc (Fig. 4; see Materials and Meth-
ods). Consistent with previous reports (Fu et al., 2007), ephrinA3
stimulation induced a reduction in the numbers of spines in
control (Chnl®a2/+) mouse neurons (Fig. 4C). In contrast,
ephrinA3-induced spine retraction was suppressed in «2KO
mouse neurons (Fig. 4C). These results suggest that o2-
chimaerin mediates ephrinA-induced spine retraction and sup-
ports our hypothesis that a2-chimaerin acts as a downstream
effector of ephrinA3/EphA4 forward signaling in spine morpho-
genesis in the developing hippocampus.

a2-Chimaerin function in the juvenile stage affects
morphological features of spines

To determine whether a2-chimaerin function in late postnatal
stages (juvenile and adolescence), which is the important period
for spinogenesis, affects morphological features of spines, we
constructed an AAV vector (AAV-GFPCre) that expresses GFP-
fused nuclear localization signal-tagged Cre recombinase under
the control of EFla promoter (Fig. 5). We unilaterally injected
the AAV-GFPCre into the dorsal hippocampus of a2-chimaerin-
floxed mice (Chn1 ") and Chnl*’~ mice at P10 (Fig. 5A).
Fourteen days after virus injection (at P24), strong GFP expres-
sion indicating Cre expression was observed in the hippocampal
CAl pyramidal layers (Fig. 5B). We used the IUE-based Super-
nova RFP method (Fig. 5C) to label CAl neurons, which then
appeared bright and sparse. We then compared the dendritic
spine morphologies of GFP-expressing (Cre ) CAl pyramidal
neurons in a2-chimaerin-floxed mice (a2-chimaerin temporal-
specific KO: a2tKO neurons) with those in Chnl*’~ mice (con-
trol neurons). We found that the spine size (length and volume)
was enlarged in 2tKO neurons in the juvenile stage (at P24; Fig.
5E). These results were similar to those from the DT-a2KO mice
at P24 (Fig. 2B), which indicated the importance of a2-chimaerin
function during the juvenile stage (between P10 and P24) in de-
termination of the spine size.

Lack of a2-chimaerin function in adulthood fails to affect
morphological features of spines

Spines are highly dynamic even in adulthood and change their
size and density in response to a variety of stimuli. Therefore, it is
unclear whether spine phenotypes of DT-a2KO mice in adult-
hood (Fig. 2A) are caused by a lack of a2-chimaerin during
development and/or in adulthood. To examine the roles of a2-
chimaerin in adulthood, we deleted a2-chimaerin only in adult-
hood. We unilaterally injected the AAV—-GFPCre vector into the
dorsal hippocampus of a2-chimaerin-floxed (Chnl “¥*~) and
Chnl*’" mice in adulthood (2 months old; Fig. 6). Fourteen days
after virus injection, strong GFP expression indicating Cre ex-
pression was observed in the hippocampal CA1 pyramidal layers
(Fig. 6B). We sparsely labeled CA1 pyramidal neurons with Dil
and compared spine morphologies of GFP-expressing (Cre ")
CA1 pyramidal neurons in a2-chimaerin-floxed mice (a2tKO
neurons) with those in Chn1™/~ mice (control neurons; Fig. 6C).
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We found that there were no differences in spine length, volume,
and density between a2tKO and control neurons (Fig. 6E). Thus,
a2-chimaerin function in adulthood was dispensable for the
morphological features of adult spines. These results were con-
sistent with the low levels of a2-chimaerin expression in the adult
hippocampus (Fig. 1A). Together, these findings suggested that
a2-chimaerin function in late postnatal development is impor-
tant for the determination of the basal morphological features in
adulthood.

a2-Chimaerin disruption beginning during the juvenile stage
increases contextual fear learning

We recently reported that a2-chimaerin is involved in cognitive
development. When a2-chimaerin is deleted from the embryonic
stage, contextual fear learning, a hippocampus-dependent learn-
ing (Kim and Fanselow, 1992; Phillips and LeDoux, 1992), in-
creases in adult mice (2-3 months old), whereas a2-chimaerin
disruption in adulthood does not affect contextual memory
(Iwata et al., 2014). In the present study, we found that the dele-
tion of a2-chimaerin beginning either during the embryonic or
juvenile stage leads to an increase of spine size (and density),
whereas a2-chimaerin disruption in adulthood did not affect
spine morphology in the hippocampus (Figs. 2, 5, 6).

To determine whether the deletion of a2-chimaerin begin-
ning during the juvenile stage would also lead to the enha-
ncement of hippocampus-dependent learning, we generated
temporally controlled o2-chimaerin-deficient («2tKO) mice
(Fig. 7). We made AAV—Cre-RFP and AAV-RFP vectors, which
express both Cre and RFP, and RFP alone, respectively, under the
control of the EFla promoter. To produce a2tKO and control
mice, we bilaterally injected AAV—Cre—RFP and AAV-RFP, re-
spectively, into the dorsal hippocampus of a2-chimaerin-floxed
mice (Chnl ®310x/a2floxy 4 P10. About 2 months after virus injec-
tion, we performed a contextual fear-conditioning test. The time-
line of the AAV injection and fear-conditioning test and sampling
are shown in Figure 7A. The a2tKO mice exhibited an increase in
contextual fear memory relative to that in control mice (Fig. 7C).
In contrast, extinction learning was not different between the
two groups (Fig. 7D). These phenotypes were similar to those
observed in a2KO and DT-a2KO mice (Iwata et al., 2014). To-
gether, our present and previous findings suggest that a2-
chimaerin function in the hippocampus during the late postnatal
period contributes to establishing normal cognitive ability in
adulthood.

Many studies, such as those using animals housed in enriched
environments, have suggested potential correlations among
spine density, efficacy of synaptic transmission, and learning abil-
ity of the hippocampus (Rampon et al., 2000; van Praag et al.,
2000). Therefore, we hypothesized that DT-a2KO mice, which
exhibited increases in the size and density of hippocampal spines
(Fig. 2A) and greater hippocampus-dependent learning (Iwata et
al., 2014), may also exhibit increased excitatory synaptic trans-
mission in the hippocampus. To test this possibility, we evaluated
the synapse strength of the DT-a2KO mouse hippocampus in
adulthood. As expected, excitatory synaptic transmission at the
CA3-CA1 pathway was significantly increased in DT-a2KO mice
(Fig. 8A). On the other hand, the paired-pulse ratio, which is a
widely used indicator of presynaptic function involved in evoked
release mechanism, was not different between genotypes (Fig.
8B). Increased size and density of spines (Fig. 2A) may result in
increased basal synaptic transmission in the CA3—CA1 synapses
(Fig. 8A) in DT-a2KO mice, which in turn may be ascribed to a
higher learning ability in these mice (Iwata et al., 2014).
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Enhanced synaptic transmission in the hippocampus of DT-2KO mice. 4, Basal synaptic transmission was increased in the CA3—CA1 pathway in hippocampal slice derived from DT-c:2KO mice.

Representative traces of field potentials recorded in the stratum radiatum of the CAT region in response to different stimulus intensities (10— 60 ttA). Input— output relations were significantly different between
control and DT-ac2KO slices. FV, Fiber volley. Linear fits to graded increase of fEPSP slopes were compared between genotypes (two-tailed unpaired Student’s ¢ test; **p << 0.01). Control: 22 slices, 16 mice;
DT-ae2K0: 15 slices, 10 mice. B, Presynaptic facilitation induced by paired stimuli, with the intervals of 25-300 ms, was not significantly different between DT-«:2KO and their control mice (two-way ANOVA;
Fi1.29) = 0.038, p = 0.84for genotype). Control: 12 slices, 8 mice; DT-c2KO: 12 slices, 6 mice. Data are shown as mean + SEM.
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Model of RacGAP «e2-chimaerin signaling in the developing hippocampus that contributes to determination of

the morphological features of adult spines. 4, In the developing hippocampus of WT mice, ac2-chimaerin regulates spine
morphogenesis by inactivating Rac, a positive regulator of actin polymerization, most likely as a critical mediator of
ephrinA3/EphA4 signaling. It is suggested that ephrinA3 on astrocytes activates EphA4 on the postsynaptic neurons and
restricts the growth of dendritic spines in the developing hippocampus (Murai etal., 2003). B, In the developing hippocam-
pus of a2-chimaerin KO mice, the EphA forward signaling fails to suppress Rac activity due to the lack of a2-chimaerin,
which then accelerates actin polymerization, leading to increased spine size and density in adulthood.

Discussion

RacGAP a2-chimaerin regulates spine morphogenesis as a
mediator of EphA forward signaling in the developing

hippocampus

We and others recently identified RacGAP a2-chimaerin as an
important regulator of axon guidance of motor circuits (Beg et

whereas

al., 2007; Iwasato et al., 2007; Shi et al.,
2007; Wegmeyer et al., 2007), cortical
neuron migration (Ip et al., 2012), and
learning and memory (Iwata et al., 2014).
Here we showed that a2-chimaerin is
involved in spine morphogenesis. Hip-
pocampal excitatory neurons in which
a2-chimaerin is disrupted during devel-
opment exhibited increased size (and
density) of dendritic spines (Figs. 2A, B,
5). Overexpression of a2-chimaerin in
the hippocampal pyramidal neurons
during development decreased spine
size. In contrast, overexpression of the
RacGAP-inactive mutant of «2-
chimaerin [a2-chimaerin(R304G)]
failed to alter spine size (Fig. 3), suggest-
ing that a2-chimaerin regulates spine
morphogenesis in a RacGAP activity-
dependent manner in the developing
hippocampus.

In the dendrites of hippocampal CA1
neurons, ephrinA3/EphA4 forward sig-
naling has been reported to play an im-
portant role in neuroglial cross-talk for
spine morphogenesis (see Results for
detailed background information). In
hippocampal slice cultures, ephrinA-
induced spine retraction is suppressed
by a2-chimaerin deletion (Fig. 4), sug-
gesting that o2-chimaerin mediates
ephrin/EphA-dependent spine mor-
phogenesis (Fig. 9). Some synaptic mol-
ecules, such as ephexinl, Cdk5, and
PLC, are also known to be involved in
EphA4-mediated dendritic spine retrac-
tion (Fu et al., 2007; Zhou et al., 2007).

Cdk5 can interact with a2-chimaerin (Brown et al., 2004),
PLCy generates

DAG, which can bind the

a-chimaerin C1 domain (Buttery et al., 2006). These mole-

cules may cooperate with a2-chimaerin in EphA4-dependent
spine formation during development.
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a2-Chimaerin function during late postnatal development is
a determinant of adult spine morphological features
Importantly, our findings also suggest that a2-chimaerin is
involved in developmental mechanisms that determine the
morphological features of spines in adulthood. a2-Chimaerin
disruption beginning during the embryonic stage results in an
increase in spine sizes and density in the adult hippocampus (Fig.
2A), whereas spine morphologies are unaltered when o2-
chimaerin is deleted only in adulthood (Fig. 6). In mice harboring
an a2-chimaerin deletion from the embryonic stage or early ju-
venile stage (P10), spine size increased at the juvenile stage (P24;
Figs. 2B, 5), suggesting an important role of a2-chimaerin in
early spinogenesis. Conversely, spine density is normal in these
juvenile-stage mice (Figs. 2B, 5), suggesting that a2-chimaerin
affects spine density during adolescence (between juvenile stage
and adulthood). In the mouse forebrain, the number of dendritic
spines increases until ~4 weeks of age (juvenile stage) and then
decreases until adulthood (Nimchinsky et al., 2001; Zuo et al.,
2005). This extensive spine loss appears to be impaired in the
absence of «@2-chimaerin function. It is probable that a2-
chimaerin is required for spine pruning/retraction during the
adolescent stage. In support of this, we found in vitro that ephrin/
EphA forward signaling-dependent spine pruning/retraction in
the developing hippocampus was suppressed in the absence of
a2-chimaerin (Fig. 4). Alternatively, adolescent a2-chimaerin
could be involved in suppressing the formation of new spines,
although these two possibilities are not mutually exclusive. Anal-
yses of spine dynamics in the hippocampus during the adolescent
stage could reveal the precise roles of a2-chimaerin in spinogen-
esis. Altogether, a2-chimaerin signaling during late postnatal de-
velopment (juvenile and adolescent stages) contributes to the
determination of the basal morphological features (e.g., size, den-
sity) of hippocampal spines in adulthood (Fig. 9).

Rac activity-mediated spine morphogenesis and

cognitive development

Recent studies, mostly of neurodevelopmental disorders, such as
autism spectrum disorders and schizophrenia in humans and
their animal models, have led to an attractive hypothesis that
spinogenesis during development forms the basis of adult cogni-
tion. In particular, roles of Rac and its regulators (e.g., RacGAPs
and RacGEFs) are a topic of focus in spine morphogenesis and
cognitive ability (Penzes et al., 2011; Ba et al., 2013). Animal
models, most of which are global KO mice, have largely contrib-
uted to insights into the mechanisms underlying neurodevelop-
mental disorders. For example, KO mice of several RacGAPs
(BCR, ABR, and srGAP2) and RacGEFs (kalirin-7 and «-PIX)
were used (Ma et al., 2008; Cahill et al., 2009; Oh et al., 2010;
Carlsonetal., 2011; Ramakers etal., 2012). However, because Rac
signaling plays a wide variety of roles in the development and
function of neuronal circuit (Luo, 2000; Bai et al., 2015), the
global KO strategy is critically limited in its ability to associate a
specific development role (e.g., spinogenesis) of a Rac-related
molecule with a specific behavior in the mouse. For example,
learning deficits in a global KO mouse may be ascribed to impair-
ment in adult function (e.g., synaptic plasticity) of the molecule,
and/or impairment of embryonic function (e.g., axon guidance)
in other brain areas.

We have addressed the issue by generating and analyzing a
series of temporally and spatially restricted deletions of a2-
chimaerin in mice. In our recent study, we revealed that DT-
a2KO mice, in which all hippocampal excitatory neurons lack
a2-chimaerin from embryonic stages, exhibit an increase in
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hippocampus-dependent learning, such as contextual fear learn-
ing, whereas learning is not altered when a2-chimaerin is deleted
only in adulthood (Iwata et al., 2014). In the present study, we
found that, in the DT-a2KO mouse hippocampus in adulthood,
spine size and density of CAl neurons are increased (Fig. 2A),
whereas apparent abnormalities are not observed in the axonal
projection or dendritic morphologies (Fig. 1). Moreover, spine
morphologies are unaltered by adult-specific deletion of a2-
chimaerin (Fig. 6).

In the present study, we further clarified the developmental
role of a2-chimaerin in cognition by demonstrating that AAV-
mediated deletion of a2-chimaerin in the hippocampus and sur-
rounding areas starting from P10 results in increased contextual
fear learning in adulthood (Fig. 7). We also showed that AAV-
mediated deletion of a2-chimaerin in the hippocampus starting
from P10 resulted in enlarged spines at the juvenile stage (Fig. 5).
Although spine size and density in these mice [a2tKO (AAV at
P10) mice] were not directly examined in adulthood, it is reason-
able to assume that they increased in a similar manner as those in
DT-a2KO mice. AAV-mediated a2-chimaerin deletion after P10
resulted in spine morphological phenotypes (size and density) at
P24 that were similar to those of DT-a2KO mice at the same age
(Figs. 2B, 5E). These results suggested that AAV injection at P10
achieved sufficient deletion of a2-chimaerin before P24; there-
fore, spine morphological changes that occurred after P24 should
also be similar between a2tKO (AAV at P10) mice and DT-a2KO
mice.

Together, we clearly showed that, in the mouse, hippocampal
a2-chimaerin acts in the late postnatal stages (juvenile and ado-
lescence) to establish both the baseline level of the dendritic spine
morphology and normal contextual fear-learning ability in
adulthood. Our data in mouse models provide evidence to sup-
port the hypothesis that Rac activity-mediated spine morphogen-
esis during development is a critical determinant of cognitive
ability in adulthood.

Distinct roles of a1-chimaerin and a2-chimaerin

in spinogenesis

The a-chimaerin isoforms al-chimaerin and a2-chimaerin ex-
hibit distinct biochemical properties in vitro (Lim et al., 1992;
Hall et al., 2001; Buttery et al., 2006). However, the isoform-
specific roles of a-chimaerin in vivo are not well understood. By
generating and analyzing isoform-specific KO mice, we recently
reported that the a2 isoform but not the a1 isoform is involved in
the regulation of gait pattern, locomotor activity, and contextual
fear learning of mice (Iwata et al., 2014). Here we showed that the
a2 isoform but not the a1 isoform is involved in the spinogenesis
of hippocampal CA1 neurons in vivo. DT-a2KO mice, but not
DT-a1KO mice, exhibited increased size and density of spines of
hippocampal CA1 neurons (Fig. 2). On the other hand, IUE-
mediated overexpression of the a1 isoform but not that of the a2
isoform in hippocampal CA1 neurons resulted in abnormal lo-
calization of these neurons (Fig. 3C), most likely through exces-
sive cell migration. 1-Chimaerin and a2-chimaerin share the C
terminus, which contains the C1 and RacGAP domains; however,
their N termini are distinct (Yang and Kazanietz, 2007). The
ectopic localization of neurons overexpressing the al isoform
requires the functional RacGAP domain of this a1 isoform be-
cause abnormally localized neurons were not observed when
RacGAP-inactive al-chimaerin [al-chimaerin (R304G)] was
overexpressed (Fig. 3C). Furthermore, it is likely that the absence
of the a2-specific N terminus, which contains an SH2 domain,
and not the presence of the a1-specific N terminus, is critical for
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the role of @1-chimaerin in cell positioning, because ectopic neu-
rons were also observed when a2-chimaerin (AN) was overex-
pressed (Fig. 3C). The SH2 domain provides a docking site for
phosphorylated tyrosine residues on some molecules, such as
activated Eph receptors, and plays an important role in intracel-
lular signaling (Cowan et al., 2005). Previous in vitro and struc-
tural studies suggest that the a2-chimaerin-specific N terminus,
including the SH2 domain, has an autoinhibitory function that
blocks RacGAP activity when the molecule needs to be inactive
(Canagarajah et al., 2004; Colén-Gonziélez et al., 2008). Over-
expression of a2-chimaerin did not cause abnormal cell posi-
tioning (Fig. 3C,E), possibly because the RacGAP activity of
a2-chimaerin was inhibited unless ephrinA3/EphA4 signaling
at the synapse unlocked the autoinhibitory function of the N
terminus.

In conclusion, the present findings suggest that a2-chimaerin-
dependent spine remodeling during late postnatal development
contributes to the adjustment of the baseline and framework of spine
morphology (size and density) in adulthood, in addition to cognitive
ability. Further studies are required to elucidate precise roles of a:2-
chimaerin and other Rac-related molecules in spine morphogenesis
and cognition. Our global and conditional a-chimaerin KO mice are
promising experimental models for clarifying these issues.
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