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Rho family small GTPases are important regulators of neuronal development. Defective Rho regulation causes nervous system dysfunc-
tions including mental retardation and Alzheimer’s disease. Rac1, a member of the Rho family, regulates dendritic spines and excitatory
synapses, but relatively little is known about how synaptic Racl is negatively regulated. Breakpoint cluster region (BCR) is a Rac
GTPase-activating protein known to form a fusion protein with the c-Abl tyrosine kinase in Philadelphia chromosome-positive chronic
myelogenous leukemia. Despite the fact that BCR mRNAs are abundantly expressed in the brain, the neural functions of BCR protein have
remained obscure. We report here that BCR and its close relative active BCR-related (ABR) localize at excitatory synapses and directly
interact with PSD-95, an abundant postsynaptic scaffolding protein. Mice deficient for BCR or ABR show enhanced basal Racl activity but
only a small increase in spine density. Importantly, mice lacking BCR or ABR exhibit a marked decrease in the maintenance, but not
induction, of long-term potentiation, and show impaired spatial and object recognition memory. These results suggest that BCR and ABR
have novel roles in the regulation of synaptic Racl signaling, synaptic plasticity, and learning and memory, and that excessive Racl

activity negatively affects synaptic and cognitive functions.

Introduction

Neuronal development involves diverse molecular and cellular
events including the morphogenesis of dendrites and dendritic
spines. Rho family small GTPases regulate dendritic and spine
development (Carlisle and Kennedy, 2005; Ethell and Pasquale,
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2005; Govek et al., 2005; Calabrese et al., 2006; Tada and Sheng,
2006), and defective Rho signaling is associated with mental re-
tardation, Alzheimer’s disease, and amyotrophic lateral sclerosis
(Blanpied and Ehlers, 2004; Newey et al., 2005; van Galen and
Ramakers, 2005; Boda et al., 2006; Zhao et al., 2006; Nadif Kasri
and Van Aelst, 2008). Rac1, a well known Rho GTPase, regulates
spine/synapse structure (Luo et al., 1996; Nakayama et al., 2000;
Tashiro etal., 2000; Penzes et al., 2001; Zhang et al., 2003; Tashiro
and Yuste, 2004; Carlisle and Kennedy, 2005; Tada and Sheng,
2006) and synaptic function (Lamprecht and LeDoux, 2004;
Wiens et al., 2005; Haditsch et al., 2009; Rex et al., 2009).

Racl at excitatory synapses acts in concert with upstream regu-
lators and downstream effectors. Known downstream effectors of
synaptic Racl include p21-activated kinase (PAK) (Boda et al,
2006), IRSp53 (Soltau et al., 2002; Choi et al., 2005; Kim et al., 2009;
Sawallisch et al., 2009), and WAVE (Wiskott—Aldrich syndrome
protein family verprolin-homologous protein) (Choi et al., 2005;
Pilpel and Segal, 2005; Kim et al., 2006). Activators of synaptic Racl
that possess guanine nucleotide exchange factor (GEF) activity in-
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clude Kalirin-7 (Penzes et al., 2003; Xie et al., 2007), BPix (Park et al.,
2003; Zhang et al., 2005; Saneyoshi et al., 2008), and Tiam1 (Tolias et
al., 2005, 2007; Penzes et al., 2008). However, relatively little is
known about inhibitors of synaptic Racl with GTPase-activating
protein (GAP) activity. Recently, al-chimaerin, a diacylglycerol-
binding protein with Racl GAP activity, has been shown to inhibit
dendritic spines in a diacylglycerol-dependent manner (Van de Ven
etal., 2005; Buttery et al., 2006).

Breakpoint cluster region (BCR) was originally identified as a
protein that forms a fusion protein with c-Abl tyrosine kinase via
Philadelphia chromosomal translocation, and thereby induces
chronic myeloid leukemia (Groffen et al., 1984; Heisterkamp et
al., 1985). BCR and its close relative active BCR-related (ABR)
(Heisterkamp et al., 1989) show Rac GAP activities both in vitro
and in vivo (Diekmann et al., 1991; Heisterkamp et al., 1993; Tan
etal., 1993; Chuangetal., 1995; Voncken et al., 1995; Kaartinen et
al., 2001; Cho et al., 2007). Importantly, BCR and ABR mRNAs
are abundantly expressed in the brain (Heisterkamp et al., 1993).
In addition, BCR and ABR double-null mice exhibit hyperactive
astroglia and vestibular dysgenesis (Kaartinen et al., 2001, 2002),
suggesting that BCR and ABR regulate neural development.
However, their involvement in synaptic function/plasticity and
higher brain functions has not been explored.

Here, we report that BCR and ABR proteins are mainly ex-
pressed in the brain, localize to excitatory synapses, and directly
interact with PSD-95, an abundant postsynaptic scaffolding pro-
tein (Sheng and Hoogenraad, 2007). Our data from mice lacking
BCR or ABR suggest novel involvements of these proteins in the
regulation of neuronal Racl activity, long-term potentiation
(LTP) maintenance, and learning and memory.

Materials and Methods

Constructs. BCR and ABR expression constructs were generated by sub-
cloning full-length human BCR (amino acids 1-1271) and ABR (1-859)
into pEGFP-C1 (Clontech). For pull down, the C-terminal regions of
BCR (1059-1271) and ABR (665—859) were subcloned into pGEX4T-1.
For yeast two-hybrid, fragments of BCR (1072-1271) and ABR (665—
859) were subcloned into pBHA.

Antibodies. H6-BCR (amino acids 1059—-1271) and GST-ABR (650—
859) were used to generate polyclonal BCR (1359 rabbit) and ABR (1388
rabbit) antibodies. The following antibodies were purchased: BCR N-20,
BCR C-20, synaptophysin, c-Jun N-terminal kinase (JNK), phospho-
JNK (Santa Cruz), ABR, pan-extracellular signal-regulated kinase (ERK)
(BD Biosciences Transduction Laboratories), synapsin I (Millipore Bio-
science Research Reagents), PAK1, PAK3, phospho-PAK1/3, phospho-
ERK1/2 (p44/42), p38 mitogen-activated protein kinase (MAPK), and
phospho-p38 MAPK (Cell Signaling).

Animals. Male Sprague Dawley rats were used for experiments including
dissociated hippocampal culture, immunoblot analysis, in vivo coimmu-
noprecipitation, and electron microscopy. BCR ~/~ and ABR ™/~ mice in
genetic backgrounds of 50% 129Sv plus 50% C57BL/6 and 50% 129Sv
plus 50% Black Swiss, respectively (Voncken et al., 1995; Kaartinen et al.,
2001), were backcrossed with C57BL/6 females. Littermates were used as
controls for spine analysis, LTP/long-term depression (LTD) analysis,
and all behavioral assays.

In situ hybridization. Brain sections (12 pm thick) from postnatal day 14
(P14) rats were used. BCR- and ABR-specific hybridization probes encom-
passing the C terminus and the 3’-untranslated region were prepared from
the following constructs: pPGEM-7Zf containing nucleotides 39654284 of
rat BCR (coding region, nucleotides 131-3943) and nucleotides
3965-4284 of rat ABR (coding region, 251-2866). Antisense ribo-
probes were prepared using Riboprobe System (Promega) and
[a-?S]UTP.

Electron microscopy. Hippocampal sections (60 um) from 10-week-old
rats were incubated overnight with BCR (C-20) or ABR (BD) antibodies and
biotinylated secondary antibodies for 2 h. The sections were incubated with
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ExtrAvidin peroxidase (Sigma-Aldrich), and the immunoperoxidase was
revealed by nickel intensified 3,30-diaminobenzidine tetrahydrochloride.
Sections were osmicated, dehydrated, embedded with Durcupan ACM
(Fluka), and cured for 48 h at 60°C. The area containing the pyramidal cell
layer and stratum radiatum of the CA1 region was trimmed. Thin sections
were cut, mounted on nickel grids, and stained with uranyl acetate and lead
citrate. Grids were examined on a Hitachi H 7500 electron microscope (Hi-
tachi) at 80 kV accelerating voltage. Images were captured with Digital Mon-
tage software driving a MultiScan cooled CCD camera (ES1000W; Gatan)
and saved as TIFF files.

Neuron culture, transfection, and immunocytochemistry. Cultured hip-
pocampal neurons were prepared from embryonic day 18 rat hip-
pocampi. Neurons were transfected by calcium phosphate transfection
kit. For immunofluorescence staining, cultured neurons were fixed with
4% formaldehyde and 4% sucrose in PBS, and permeabilized with 0.2%
Triton X-100 in PBS. Mouse brain sections (50 wm) for immunostaining
were perfused with 4% formaldehyde and permeabilized by 0.5% Triton
X-100. ABR signals, but not BCR signals, were amplified by tyramide
signal amplification (PerkinElmer Life Sciences).

Pull down of active Racl. Amount of active Racl was determined using
the EZ-Detect Racl activation kit (Pierce). Mouse brains (3~4 weeks)
were homogenized in the lysis/binding/washing buffer containing 320
mM sucrose, 10 mm Tris-HCl, pH 7.4, 5 mm EDTA, and protease inhib-
itors, followed by centrifugation. The supernatant was incubated with
GST-PAK1-PBD (p21 binding domain) fusion proteins immobilized on
glutathione-agarose bead at 4°C for 1 h, followed by precipitation, wash-
ing, and immunoblotting with Racl monoclonal antibodies.

DiOlistic spine labeling. Hippocampal slices from 6-week-old mice
were labeled by gene gun-mediated ballistic delivery of lipophilic dye Dil
as described previously (Gan et al., 2000). Z-stacked images from the
proximal stratum radiatum region of hippocampus were used for blind
image analysis. Spines were defined by protrusions with a bulbous head
wider than the neck and with length longer than 0.4 wm. Spine density
was measured from 40 to 80 um segments of secondary dendrites on
approximately one to two dendrites per neuron. The narrowest point in
the spine neck was defined as the border between spine head and neck.
MetaMorph software (Molecular Devices) was used for quantitative
analysis.

Electrophysiology. LTP was induced in hippocampal slices (P21-P28)
by four episodes of theta-burst stimulation with 10 s intervals. Theta-
burst stimulation consisted of 10 stimulus trains delivered at 5 Hz; each
train consisted of four pulses at 100 Hz. LTD was induced in hippocam-
palslices (P21-P28) by low-frequency stimulation (900 pulses at 1 Hz for
900 s). Average responses (£SEM) were expressed as percentage of base-
line response (at least 10 min of stable responses). The experimenters
were blind to mouse genotypes. Data were analyzed by using custom
macros written in Igor (Wavemetrics). For whole-cell recordings, CA1
pyramidal cells (P21) were held at —70 mV using a MultiClamp 700B
amplifier (Molecular Devices). Pipette solutions for miniature EPSCs
(mEPSCs) contained the following (in mm): 110 Cs-gluconate, 30 CsCl,
20 HEPES, 4 MgATP, 0.3 NaGTP, 4 NaVitC, 0.5 EGTA (10 EGTA for
AMPA vs NMDA receptor ratio). TTX (0.5 um) and bicuculline (20 pm)
were added to artificial CSF (ACSF) for mEPSC measurements. To ob-
tain AMPA receptor-mediated EPSCs, neurons in ACSF with 100 um
picrotoxin were held at —70 mV and stimulated at 0.066 Hz. NMDA
receptor-mediated EPSCs were isolated by changing the holding poten-
tial to +40 mV and adding 10 um CNQX to ACSF. The 25~30 EPSC
samples were averaged to obtain the AMPA/NMDA EPSC ratio.

Morris water maze. In the water maze test, BCR ~/~ male littermates
(2—-6 months of age) were trained to find the hidden platform in a 100-
cm-diameter apparatus using three trials per day with intertrial intervals
of 1 h; ABR /™ male littermates were trained using two successive trials
per day. Probe tests were performed 24 h after the last training session.
Target quadrant occupancy and exact platform crossings were deter-
mined using Ethovision software (Noldus).

Novel object recognition. Novel object recognition tests were conducted in
an open-field box on 4 successive days, with 10 min daily trials. For the first
2 d, mice were allowed to explore an empty box for adaptation. On the third
day, mice were presented with two different objects: A and B (sample phase).
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Figure1.

Spine / dendrite ratio

PSD-95 interacts with BCR and ABR but does not promote their synaptic localization. 4, Domain structure of BCR and ABR. C, Coiled coil; S/T kinase, serine-threonine kinase; DH, Dbl homology; PH,

pleckstrin homology; C2, protein kinase C conserved region 2; PB, PDZ-binding motif that ends with STEV* or STDV*. B, The C termini of BCR and ABR interact with the first two PDZ domains of PSD-95 family
proteins (PSD-95, PSD-93/chapsyn-110, SAP97, and SAP102) in yeast two-hybrid assays. GRIP1 PDZ4-6, A negative control. V1271A/V859A, A C-terminal point mutation. €, Pull down of PSD-95 and SAP97
expressed in HEK293T cells by GST-BCR/ABR. GRIP2, A negative control PDZ protein. D, PSD-95 forms a complex with BCR and ABR in HEK293T cells. Cells doubly transfected (Trf) with EGFP-BCR/ABR and PSD-95
were immunoprecipitated (IP) with EGFP antibodies and immunoblotted with PSD-95 antibodies. Input (Inp), 5%. E, F, PSD-95 forms a complex with BCR and ABR in the brain. The crude synaptosomal fraction
of rat brain atindicated developmental stages were immunoprecipitated with BCR (1359) and ABR (1388) antibodies and immunoblotted with the indicated antibodies. S-SCAM, A negative control PDZ protein;
1gG, control rabbit antibodies. Input (inp), 5%. G, H, BCR and ABR do not depend on PSD-95 binding for synaptic localization. Cultured hippocampal neurons were transfected (DIV 17—-19) with WT or mutant
BCR/ABR and monitored of the spine localization of the proteins, as determined by the spine/dendrite ratio. Data represent mean == SEM.n = 13—20 neurons (20 —25 ratios per neuron); *p << 0.05 (ANOVA for

BCR, and Student’s ¢ test for ABR). Scale bars, 10 um.

After 24 h, the mice were exposed to two objects: A and C, where C is a novel
object. Object exploration was defined as each instance in which a mouse’s
nose touched the object or was oriented toward and within 2 ¢cm to the
object.

Open-field, elevated plus-maze, and rotarod assays. The open-field assay
was performed in a white open-square chamber. The elevated plus-maze
consisted of two open arms, two closed arms, and a center area, and was
elevated to a height of 50 cm above the floor. Mice were placed in the center
area and allowed to explore the space for 5 min. For the accelerating rotarod
test, mice were placed on a rotarod rotating at a slow speed (~4 rpm) for 30s.
The speed was then gradually increased from 4 to 40 rpm over 5 min (one
trial per day), and the latencies to falling were measured.

Results

PSD-95 interacts with BCR and ABR but does not promote
their synaptic localization

To better understand the role of PSD-95 in excitatory synaptic
regulation, we screened PSD-95-interacting proteins using yeast

two-hybrid assays, identifying BCR and ABR Rac GAPs as novel
PSD-95-binding partners (Fig. 1 A). The C termini of BCR and
ABR interacted with the first two PDZ domains of PSD-95 and
PSD-95 relatives (PSD-93/chapsyn-110, SAP97, and SAP102)
(Fig. 1 B). Mutant BCR and ABR with V-to-A point mutation of
the C-terminal residue failed to bind PSD-95 family proteins.
These interactions were further confirmed by glutathione
S-transferase (GST) pull down and in vitro coimmunoprecipita-
tion assays (Fig. 1C,D). In rat brains at postnatal days 7, 21, and
42, BCR formed a complex with PSD-95 (Fig. 1 E). ABR was also
in complex with PSD-95 (Fig. 1F). ABR, but not BCR, weakly
associated with SAP97, contrary to the in vitro results.

We next tested whether PSD-95 promotes synaptic localiza-
tion of BCR and ABR. In cultured hippocampal neurons, the
spine localization of a mutant BCR lacking PSD-95 binding (VA)
was comparable with that of wild-type (WT) BCR (Fig. 1G). This
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Expression patterns of BCR and ABR mRNAs and proteins. A, Widespread, but distinct, distribution patterns of BCR and ABR mRNAs in rat brains (P14), revealed by in situ hybridization.

(tx, Cortex; Ch, cerebellum; H, hippocampus; 0B, olfactory bulb; St, striatum. Scale bar, T mm. B, BCR and ABR proteins are mainly expressed in the brain. Br, Brain; Sp, spleen; Lu, lung; Lv, liver; Sm,
skeletal muscle; Kd, kidney; Ts, testis. €, Expression of BCR and ABR proteins in various brain regions. Stem, Brainstem; SC, spinal cord. D, Expression of BCR and ABR proteins during rat brain
development. W, Week; M, month. E, Widespread distribution of BCR and ABR in subcellular fractions of adult rat brain (6 weeks). H, Homogenates; P2, crude synaptosomes; S2, supernatant after
P2 precipitation; S3, cytosol; P3, light membranes; LP1, synaptosomal membranes; LS2, synaptosomal cytosol; LP2, synaptic vesicle-enriched fraction. F, Greater enrichment of BCR (relative to ABR)
in PSD fractions, prepared by detergent extraction of the synaptosomal fraction, once with Triton X-100 (PSD ), twice with Triton X-100 (PSD I1), once with Triton X-100 plus once with sarcosyl (PSD
I11). G, Abundant expression of BCRin the CA1 region of hippocampus, with successively lesser expression in the dentate gyrus (DG) and CA3 regions. WT and BCR /™ sections were doubly stained
for BCRand NeuN (a neuron-specific protein). Scale bar, 250 um. H, Similar expression levels of ABR in DG and CA1 regions, with lower expression in CA3. Brain sections were doubly stained for BCR
and vGlutT (an excitatory presynaptic protein; NeuN was not used for antibody incompatibility). Scale bar, 250 m. I, Ultrastructural localization of BCR and ABR mainly in spines and dendrites of
CA1 pyramidal neurons. Signals for BCR (/7-13) and ABR (/14 -16 ), shown as dark DAB precipitates (red arrowheads), are mainly detected in dendritic spines (7, /4; arrows) and dendritic trunks (/2,
15; arrows), although occasionally observed in axon terminals (13, 16; arrows). Scale bar, 0.2 wm. J, Normal gross morphologies of BCR /= and ABR ~/ brains, revealed by Niss| staining. Scale

bars, 1and 0.25 mm.

suggests that BCR does not require PSD-95 binding for synaptic
localization. Interestingly, deletion variants of BCR that lack the
N-terminal coiled coil (CC) domain showed significantly re-
duced spine localization. In addition, a BCR variant containing
the CC + S/T kinase domains showed spine localization compa-
rable with that of WT BCR, suggesting that the CC domain is
important. ABR, which lacks the CC and S/T kinase domains,
showed much lower levels of spine localization compared with
BCR (Fig. 1H). As expected, WT and VA ABR showed similar
levels of spine localization. These results suggest that BCR and
ABR do not require PSD-95 binding for synaptic localization,
and that the CC domain of BCR promotes spine localization.

Expression patterns of BCR and ABR mRNAs and proteins in
the brain
In situ hybridization revealed that BCR and ABR mRNAs are
widely, but distinctly, expressed in various rat brain regions (Fig.
2A). For instance, BCR mRNAs were more abundant in the stri-
atum and cerebellum than in other regions, whereas ABR signals
were stronger in forebrain regions, including the olfactory bulb,
cortex, and hippocampus. In the hippocampus, BCR transcripts
were weaker in the CA3 region, whereas ABR mRNAs were sim-
ilarly expressed in all hippocampal subregions.

BCR and ABR protein expression was mostly restricted to the
brain, not or barely being detected in other tissues (Fig. 2 B). BCR
and ABR proteins were detected in multiple brain regions, in-

cluding the cortex, hippocampus, cerebellum, and brainstem,
as well as the spinal cord (Fig. 2C). During rat brain develop-
ment, BCR expression levels were initially high at a late em-
bryonic (E18) stage and maintained at slightly decreased levels
throughout postnatal brain development, whereas ABR ex-
pression gradually increased, similar to the expression pattern
of PSD-95 (Fig. 2D).

Both BCR and ABR proteins were widely distributed in sub-
cellular fractions of rat brain extracts (Fig. 2E), although BCR
was more abundant in synaptic fractions, such as crude synapto-
some (P2) and synaptic membrane (LP1) fractions, than was
ABR. Consistently, BCR was highly enriched in PSD fractions,
including the most detergent-resistant PSD III fraction, similar to
PSD-95 (Fig. 2F). In contrast, a relatively small portion of ABR
was detected in PSD fractions, although it was present in PSD III.

Immunohistochemical analyses of brain slices from WT and
knock-out (KO) mice revealed a differential expression of BCR
and ABR proteins in hippocampal subregions. BCR protein was
most abundant in the CA1 region and was expressed at succes-
sively lower levels in the dentate gyrus and the CA3 region (Fig.
2G), partly similar to the mRNA expression patterns (Fig. 2A).
Substantial BCR signals were observed in the dendritic field of the
CA1 region as well as the pyramidal cell body area. ABR proteins
were expressed at similarly high levels in the dentate gyrus and
CA1 regions, but were lower in the CA3 region (Fig. 2H). The
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basal Racl activity in the brain, and sug-
gest that BCR and ABR function as impor-
tant negative regulators of neuronal Racl
activity.

Figure3.

Band intensity (AU)

BCR '~ and ABR ~/~ mice show enhanced basal Rac1 activity. A, Enhanced basal Rac1 activity and phosphorylation
levels of PAK1/3 and ERK1/2, but not JNK and p38 MAPKs, in BCR ~/~ and ABR ~/" brains. Protein expression levels in KO mice

were normalized to those in WT mice.n = 3—4 (3— 4 weeks); *p << 0.05, **p << 0.01; Student's t test. B, Normal expression levels

BCR ™'~ and ABR ™/~ mice showa
small increase in dendritic spine
density but unaffected synaptic transmission

Because Racl positively regulates dendritic spines, we tested
whether the enhanced basal Racl activity in BCR ™/~ and
ABR /™ mice exerted a positive effect on dendritic spines. We
visualized dendritic spines on the apical dendrites of CA1 pyra-
midal neurons by ballistic Dil delivery (Gan etal.,2000). BCR ™/~
and ABR ™/~ mice showed small, but significant, increases in
spine density compared with WT animals (Fig. 4A,B), whereas

of other synaptic proteinsin BCR ~/~ and ABR ~/~ mice. BCR and ABR, n = 3. Error bars indicate SEM.

spine head area was unchanged (Fig. 4C), suggesting that BCR
and ABR negatively regulate dendritic spine density.

We next tested whether these structural changes induce
changes in synaptic transmission, by measuring mEPSCs. Both
the frequencies and amplitudes of mEPSCs in BCR ~/~ and
ABR ™/~ CAl pyramidal neurons were comparable with those of
WT animals (Fig. 4 D-F). In addition, the ratio of evoked AMPA
receptor-mediated currents to NMDA receptor-mediated cur-
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SEM.

rents at Schaffer collateral (SC)-CA1l pyramidal neuron (CAl)
synapses was not changed in BCR '~ or ABR /™ mice (Fig. 4G).
Together with the absence of changes in evoked AMPA receptor-
mediated EPSCs (see below), these results suggest that both
AMPA receptor- and NMDA receptor-mediated excitatory syn-
aptic transmission are normal in BCR '~ and ABR /™ mice.
This suggests that genetic ablation of BCR or ABR induces a small
increase in spine density without affecting excitatory synaptic
transmission.

BCR ~’~ and ABR ™/~ mice show reduced maintenance

of LTP

Filamentous actin is a major cytoskeletal element of dendritic
spines (Matus et al., 1982; Nimchinsky et al., 2002; Hayashi and
Majewska, 2005; Matus, 2005; Tada and Sheng, 2006; Alvarez and
Sabatini, 2007; Schubert and Dotti, 2007; Sekino et al., 2007;
Bourne and Harris, 2008; Cingolani and Goda, 2008). Actin fila-
ments lie in the downstream of Racl and have been associated
with various forms of synaptic plasticity (Tada and Sheng, 2006;
Cingolani and Goda, 2008). Thus, we measured LTP and LTD at
SC—CAL1 synapses of BCR '~ and ABR ™/~ hippocampus, using
extracellular recordings. The input—output ratio, determined by
plotting the slopes of field EPSPs (fEPSPs) against fiber volley
amplitudes, was unchanged at BCR ~/~ and ABR '~ SC-CA1
synapses compared with that in WT mice (Fig. 54, B), suggesting

that AMPA receptor-mediated basal synaptic transmission is
normal in both KO mice. In addition, paired-pulse facilitation at
SC—-CAL1 synapses was normal in BCR ™/~ and ABR /™ mice
(Fig. 5C,D), suggesting that the probability of neurotransmitter
release was unchanged.

Interestingly, LTP induced by theta-burst stimulation was re-
duced atboth BCR ~/~ and ABR ~/~ SC-CA1 synapses compared
with that at WT synapses, as determined by comparing fEPSP
slopes at baseline and during the last 10 min of recordings (Fig.
5E,F) (BCR,143.9 + 9.6 and 116.9 * 7.4% of baseline in WT and
KO, respectively; p < 0.05; n = 11 slices from 6 mice for WT and
20, 10 for KO; ABR, 154.0 = 8.1 and 112.5 = 9.5% of baseline in
WT and KO, respectively; p < 0.01;n = 12,7 for WT and 17, 8 for
KO). In contrast, LTP magnitudes during the first 10 min after
LTP at BCR '~ and ABR ~/~ SC—CA1 synapses were not signif-
icantly different from those at WT synapses, although a trend
toward decreased LTP magnitudes was apparent, especially at
ABR ™/~ synapses (Fig. 5E,F). These results suggest that a defi-
ciency of BCR or ABR leads to a strong reduction in the mainte-
nance, but not induction, of LTP. In contrast to LTP, LTD
induced by low-frequency stimulation (1 Hz, 900 pulses) was
comparable in WT and KO (BCR ™/~ and ABR ~/7) animals (Fig.
5G,H). These results suggest that BCR or ABR deficiency selec-
tively suppresses LTP maintenance.
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Impaired spatial and object recognition
memory in BCR ™/~ and ABR ™/~ mice
Because LTP maintenance has been impli-
cated in sustaining memory (Pastalkova et
al., 2006; Sacktor, 2008), we tested spatial
learning and memory in these animals us-
ing the Morris water maze (Morris, 1984).
During the learning phase of the maze,
BCR ™/~ and ABR ™/~ mice showed re-
duced learning relative to WT mice, ex-
hibiting longer escape latencies at several
data points (Fig. 6 A, E). In the probe test,
performed in a pool without the platform,
ABR ™/~ mice spent a reduced amount of
time in the target quadrant compared
with WT mice, whereas the time spent by
BCR ™/~ mice was not different from WT
mice (Fig. 6 B,F). Importantly, the num-
ber of exact crossings over the former lo-
cation of the platform was substantially
reduced in both BCR ™/~ and ABR /~
mice (Fig. 6C,G). No significant changes
were observed in swimming speeds (Fig.
6D,H). These results suggest that BCR/
ABR deficiency impairs spatial learning
and memory.

We next tested object recognition,
which measures hippocampus-dependent
nonspatial visual-discrimination memory
(Vnek and Rothblat, 1996). In the sample
phase, during which BCR ~/~ and
ABR ™'~ mice were exposed to two differ-
ent objects (A and B), the mice spent equal
amounts of time on each (Fig. 61,]), indi-
cating that the two objects were equally
preferred. In addition, the total amount of
time spent exploring the objects (A + B)
was similar in KO and WT mice (supple-
mental Fig. S1A, available at www.
jneurosci.org as supplemental material),
suggesting that these mice have compara-
ble levels of attention and motivation for
the objects. When one of the two objects
(B) was replaced with a new one (C) 24 h
after the sample phase, WT mice spent
more time in the novel object, whereas
BCR ’~ and ABR /™ mice show an equal
preference for the two objects (A and C)
(Fig. 6K,L). The total amounts of time
spent exploring the objects (A + C) were
not different between KO and WT mice
(supplemental Fig. S1 B, available at www.

jneurosci.org as supplemental material). These results suggest that
BCR/ABR deficiency impairs object recognition memory.

In the open-field test, KO and WT mice showed similar levels
of total distance moved and time spent in the center zone, indi-
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BCR ~/~ and ABR /™ mice show reduced maintenance of LTP but normal LTD. 4, B, Normal AMPA receptor-

mediated basal synaptic transmission at BCR '~ and ABR ~/~ SC—CA1 synapses. BCR, n = 14slices, 8 mice for both WT and KO;

ABR, n

=10, 8. ¢, D, Normal paired-pulse facilitation (PPF) at BCR '~ and ABR ~/~ SC-CA1 synapses. BCR, WT, n =

9,4; K0,

n=16,6; ABR, WT,n = 13,6; K0, n = 12, 6., F, Reduced maintenance of LTP induced by theta-burst stimulation at BCR ~/~
and ABR /™ SC—CA1 synapses. The gray and black traces were taken at 0 min and at the end of recording, respectively. The
asterisks indicate statistical significances of the differences in fEPSP slopes between the indicated 10 min windows and the baseline
before stimulation (for the bottom two rows) and between WTand BCR ~/~ or ABR /™ synapses (the top row). ***p < 0.001,
**p < 0.01, *p < 0.05, and n.s., not significant, Student’s ¢ test. G, H, Normal LTD, induced by low-frequency stimulation, at
BCR ~/~ and ABR ~/~ SC—CA1 synapses.BCR, WT,n = 15,8;K0,n = 10, 5; ABR, WT,n = 10,4;K0,n = 17, 8. Error bars indicate

SEM.

assay, the initial latency to fall and the extent of daily motor

cating that their motor activities and anxiety levels are similar

(supplemental Fig. S2, available at www.jneurosci.org as supple-
mental material). In an elevated plus-maze, KO and WT mice
spent comparable amounts of time in open arms and entered the
open arms with similar frequencies (supplemental Fig. S3, avail-
able at www.jneurosci.org as supplemental material), suggesting
normal levels of anxiety in these mice. In the accelerating rotarod

Discussion

learning were not different between KO and WT mice (supple-
mental Fig. S4, available at www.jneurosci.org as supplemental
material), suggesting that BCR/ABR deficiency does not affect
motor coordination.

Previous studies of BCR have mainly focused on BCR involve-
ment in immune regulation and leukemia development. Our
study identifies a novel synaptic function of BCR and its close
relative ABR, showing that these proteins are mainly expressed in
the brain, where they are distributed to excitatory synapses and
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Student’s t test. Error bars indicate SEM.

interact with PSD-95. Moreover, our data provide strong genetic
evidence that BCR and ABR regulate synaptic Racl signaling,
LTP maintenance, and spatial and object recognition memory.
These results suggest the novel involvement of BCR and ABR in
the regulation of synaptic signaling and plasticity, and related
cognitive functions.

Interaction of PSD-95 with BCR and ABR Rac GAPs

Our study identifies a direct interaction of BCR and ABR with
PSD-95, a key scaffolding protein of excitatory synapses. One
known function of PSD-95 is that it promotes synaptic localiza-
tion of interacting proteins. Our results, however, indicate that
BCR and ABR do not require PSD-95 interaction for their syn-
aptic localization. In this respect, BCR and ABR are similar to
SPAR (spine-associated RapGAP), a regulator of dendritic spine
morphology (Pak et al., 2001; Pak and Sheng, 2003) that directly
interacts with PSD-95 but does not depend on PSD-95 interac-
tion for spine targeting. An alternative function of PSD-95 is to
couple interacting proteins with functionally related proteins.
For instance, PSD-95 interacts with both NMDA receptors and
nNOS (neuronal nitric oxide synthase) and promotes their func-
tional coupling (Sattler et al., 1999).

WT BCR-/-

Number of crossing
o - N w » w1
?
Swimming speed (cm/sec) I
° 8 8

Impaired spatial learning and object recognition memory in BCR ~/~ and ABR ~/~ mice. A, E, Impaired spatial
learning of BCR ~/~ and ABR ~/~ mice in Morris water maze. BCR, n = 6 for WT and 7 for KO; ABR, n = 7 for WT and KO; *p <
0.05, Student'sttest. B, F,ABR ~/~, butnotB(R ~/~, mice spend reduced amount of time in the target quadrant in the probe test.
T, Target; L, left; R, right; 0, opposite. *p << 0.05.C, G,BCR ~/~ and ABR /™ mice show reduced numbers of exact crossings over
the former platform area in the probe test. *p << 0.05. D, H, Normal swimming speeds in BCR '~ and ABR ~/~ mice. I, J,
BCR ~/~ and ABR /™ mice spend equal amounts of time on the two objects (4, B) during the sample phase of object recognition
experiments. BCR, n = 11 for WT and 12 for KO; ABR, n = 10 for WT and 9 for KO. K, L, BCR ~/~ and ABR ~/™ mice spend equal
amounts of time on the two object (A, €), whereas WT mice prefer the novel object (€) in the test phase of object recognition
experiments. BCR, n = 11 for WT and 12 for KO; ABR, n = 10 for WT and 9 for KO; ***p << 0.001, *p << 0.05, n.s., not significant,
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In this context, it should be noted that
PSD-95 interacts with other Racl-related
signaling proteins, including Kalirin-7 (a
Rac GEF) and IRSp53 (a Rac effector)
(Penzes et al., 2001; Choi et al., 2005). It is
thus conceivable that PSD-95 could bring
two proteins with opposing functions
(e.g., Kalirin-7 and BCR/ABR) into
close proximity to promote tight local
regulation of Racl activity. Alterna-
tively, PSD-95 could link upstream reg-
ulators of Racl, such as Kalirin-7 and
BCR/ABR, with downstream Rac1 effec-
tors, including IRSp53.

In addition to direct interactions,
PSD-95 indirectly associates with various
Racl signaling proteins; PSD-95 associ-
ates with BPix (a Rac GEF) and the Arp2/3
complex (a Rac effector) via GKAP (guan-
ylate kinase-associated protein), Shank,
80 and cortactin scaffolding proteins (Her-

’_‘ ﬁ ing and Sheng, 2003; Park et al., 2003). In

addition, PSD-95 is linked to Tiaml (a
Rac GEF), via NMDA receptors (Tolias et
al., 2005). Thus, PSD-95 might function
to organize synaptic Racl signaling in a
0 multiprotein complex in which BCR and

AC AC . .

ABR function as negative regulators.
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Regulation of synaptic Racl signaling
and spine density by BCR and ABR

We found that, under basal conditions, a
deficiency of BCR or ABR in mice leads to
enhanced Racl activity. Enhanced basal
Racl activity, in turn, was accompanied
by increased levels of phosphorylated
PAK1/3 and ERK1/2, which act down-
stream of Racl (Carlisle and Kennedy,
2005; Kennedy et al., 2005; Boda et al,,
2006). These results provide strong ge-
netic evidence that BCR and ABR func-
tion as important negative regulators of Racl activity.

BCR/ABR-deficient mice showed a small increase in spine
density in the CA1 region of hippocampus, suggesting that BCR
and ABR negatively regulate spine density. One mechanism that
might underlie this regulation is the inhibition of Racl activity
through BCR and ABR Rac-GAP domains, with subsequent sup-
pression of Racl-dependent F-actin polymerization and spine
morphogenesis or maintenance. This possibility is supported by
the observation that mice deficient for BCR or ABR show en-
hanced activity of Racl and PAK1/3, both of which positively
regulate dendritic spines (Luo et al., 1996; Nakayama et al., 2000;
Tashiro et al., 2000; Penzes et al., 2001; Zhang et al., 2003; Boda et
al., 2004, 2006, 2008; Hayashi et al., 2004, 2007; Tashiro and
Yuste, 2004; Carlisle and Kennedy, 2005; Zhang et al., 2005; Tada
and Sheng, 2006; Kreis et al., 2007).

It should be noted, however, that the increase in spine density
in BCR ™/~ and ABR ™/~ mice was small, and was not accompa-
nied by a concomitant increase in spine head area or spontane-
ous/evoked excitatory synaptic transmission. These results
suggest that compensatory mechanisms that partially uncouple
enhanced Racl activity from spine density increases may be in-
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duced; thus, BCR or ABR may not be major regulators of spine
density and synaptic transmission.

Regulation of LTP maintenance by BCR and ABR

BCR ™/~ and ABR /" mice showed a marked decrease in the
maintenance, but not induction, of LTP (but not LTD), with no
effects on basal transmission or presynaptic release. A clue to the
potential underlying mechanisms may come from the well
known association between the actin cytoskeleton and LTP (Kim
and Lisman, 1999; Krucker et al., 2000; Fukazawa et al., 2003;
Matsuzaki et al., 2004; Okamoto et al., 2004; Lin et al., 2005;
Kramar et al., 2006; Cingolani and Goda, 2008). Particularly rel-
evant to our results is the report that inhibition of F-actin by low
concentrations of actin-depolymerizing compounds such as la-
trunculin and cytochalasin, which preferentially inhibit the dy-
namic pool of actin filaments, selectively inhibit the maintenance
of LTP (Krucker et al., 2000), whereas higher concentrations of
these compounds block LTP induction (Kim and Lisman, 1999).
More recent studies have shown that LTP induction increases the
levels of phosphorylated PAK and cofilin in dendritic spines
(Chenetal., 2007), and that distinct signaling pathways involving
RhoA-ROCK-cofilin and Rac-PAK regulate the induction and
maintenance phases of LTP, respectively (Rex et al., 2009). These
results, together with the positive influence of Rac-PAK signaling
on excitatory synaptic transmission (Boda et al., 2004; Wiens et
al., 2005), suggest the hypothesis that the heightened Racl activ-
ity in the BCR '~ or ABR /™ brain may partly saturate signaling
mechanisms required for the maintenance of LTP. Alternatively,
enhanced basal Racl activity may evoke compensatory mecha-
nisms that inhibit Racl activity under basal conditions in a ho-
meostatic fashion; this, however, would likely have a negative
influence on the Racl activity required for the stabilization of
actin filaments during LTP maintenance. Possible compensatory
mechanisms include enhanced activity or levels of Rac GAPs
other than BCR and ABR, or reduced activity/levels of Rac GEFs
such as Kalirin-7, BPix, and Tiaml.

Regulation of learning and memory by BCR and ABR

BCR ™/~ and ABR /" mice showed impairments in spatial and
object-recognition memory tasks. One of the most important
questions in the field of memory—Does LTP maintenance sustain
memory?— hints at a possible underlying mechanism for this obser-
vation. That LTP maintenance may indeed be involved in sustaining
memory is supported by a large body of evidence (Reymann and
Frey, 2007). For instance, PKM{, an atypical protein kinase M, has
been shown to be both necessary and sufficient for LTP maintenance
(Pastalkova et al., 2006; Sacktor, 2008). It is thus conceivable that the
reduced LTP maintenance in BCR '~ and ABR ™/~ mice might
underlie the impaired memory in these animals.

It should be noted that excessive Racl activity in BCR ~/~ and
ABR ™/~ mice had negative effects on synaptic plasticity and cog-
nitive function. These consequences are similar to those of the
opposite situation in which Racl signaling is suppressed, for ex-
ample, by mutations in genes such as aPix/ARHGEF6 and PAK3
that are known to be associated with mental retardation (Newey
et al., 2005; Boda et al., 2006; Nadif Kasri and Van Aelst, 2008).
Therefore, an appropriate level of Racl activity under basal con-
ditions appears to be important in maintaining normal synaptic
plasticity and cognitive functions. This view may also shed light
on how defective regulation of Racl leads to cognitive dysfunc-
tion, an important question in the field of mental retardation.

Notably, a recent study showed that increased Racl activity
promotes passive memory decay and interference-induced for-
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getfulness in Drosophila (Davis, 2010; Shuai et al., 2010). This
study also showed that the PAK-LIMK-cofilin pathway down-
stream of Racl is important in mediating the effect of Racl. In-
terestingly, our mice showed enhanced Racl and PAK1/3
activities. Whether the underling molecular/neural mechanisms
of the reduced performance of BCR /" and ABR '~ mice in
memory tasks have any shared aspects with those in flies remains
to be determined.

Similar phenotypes of BCR ~/~ and ABR ~/~ mice

It is possible that the various phenotypes observed in BCR ™/~
and ABR ™/~ mice are attributable to domains other than the Rac
GAP domain, such as the S/T kinase domain of BCR, which is not
present in ABR. However, it should be noted that BCR ™/~ and
ABR ™'~ mice showed many substantially overlapping pheno-
types, including enhanced activation of Racl, PAK1/3, and
ERK1/2; increased spine density; reduced LTP maintenance; and
impaired spatial and object recognition memory. These results
strongly suggest that the shared phenotypes in BCR ™/~ and
ABR /" mice stem from their shared domains. BCR and ABR
share the DH domain in addition to the Rac GAP domain. How-
ever, the DH domains of BCR and ABR do not exhibit Rho GEF
activity (Cho et al., 2007), suggesting that this domain is unlikely
to account for the phenotypes of BCR ™/~ and ABR /"~ mice.

Another possibility is that the phenotypes observed in
BCR '~ and ABR '~ mice are caused by long-term changes that
accumulate during embryonic brain development. However,
ABR expression is weak at the embryonic day 18 stage and sharply
increases during the first few weeks of postnatal brain develop-
ment (Fig. 2 D), suggesting that the effect of ABR deletion is likely
to be minimal during embryonic development. BCR expression
is stronger at the embryonic day 18 stage than in postnatal stages;
however, the overall phenotypic similarity between BCR ~'~ and
ABR ™/~ mice suggests that BCR deficiencies at adult stages are
likely to have a greater influence on the observed phenotypes of
BCR ™'~ mice. In addition, the fact that BCR ™/~ and ABR '~
mice showed enhanced and persistent Racl activation at adult
stages during which synaptic plasticity and memory perfor-
mances were measured further reduces the possibility of embry-
onic defects.

In conclusion, our study provides strong genetic evidence in
support of the idea that BCR and ABR regulate synaptic Racl
signaling, synaptic plasticity, and learning and memory. A direc-
tion for future studies would be to elucidate the detailed molec-
ular mechanisms underlying these regulatory functions.
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