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The Adhesion-GPCR BAI1 Regulates Synaptogenesis by
Controlling the Recruitment of the Par3/Tiam1 Polarity
Complex to Synaptic Sites
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Excitatory synapses are polarized structures that primarily reside on dendritic spines in the brain. The small GTPase Racl regulates the
development and plasticity of synapses and spines by modulating actin dynamics. By restricting the Racl-guanine nucleotide exchange
factor Tiam1 to spines, the polarity protein Par3 promotes synapse development by spatially controlling Rac1 activation. However, the
mechanism for recruiting Par3 to spines is unknown. Here, we identify brain-specific angiogenesis inhibitor 1 (BAIl) as a synaptic
adhesion GPCR that is required for spinogenesis and synaptogenesis in mice and rats. We show that BAI1 interacts with Par3/Tiam1 and
recruits these proteins to synaptic sites. BAI1 knockdown results in Par3/Tiam1 mislocalization and loss of activated Racl and filamen-
tous actin from spines. Interestingly, BAI1 also mediates Rac-dependent engulfment in professional phagocytes through its interaction
with a different Racl-guanine nucleotide exchange factor module, ELMO/DOCK180. However, this interaction is dispensable for BAI1’s
role in synapse development because a BAI1 mutant that cannot interact with ELMO/DOCK180 rescues spine defects in BAI1-knockdown
neurons, whereas a mutant that cannot interact with Par3/Tiam1 rescues neither spine defects nor Par3 localization. Further, overex-
pression of Tiam1 rescues BAI1 knockdown spine phenotypes. These results indicate that BAI1 plays an important role in synaptogenesis
that is mechanistically distinct from its role in phagocytosis. Furthermore, our results provide the first example of a cell surface receptor

that targets members of the PAR polarity complex to synapses.

Introduction

Synapses transfer information directionally and are therefore
structurally and functionally asymmetric. In the brain, small
actin-rich protrusions, called dendritic spines, serve as the pri-
mary postsynaptic sites for excitatory synapses (Tada and Sheng,
2006). Spines remodel during development and in response to
activity, and changes in spine size and shape typically positively
correlate with alterations in the functional properties of resident
synapses (Tada and Sheng, 2006; Penzes et al., 2011; Bosch and
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Hayashi, 2012). Because defects in spine and synapse develop-
ment and/or plasticity are associated with the vast majority of
cognitive disorders (Ramakers, 2002; Penzes et al., 2011), it is
important to understand how they are formed and remodeled.

The partitioning-defective (PAR) complex is a core determi-
nant of cellular polarity (Ohno, 2001; Welchman et al., 2007).
Consisting of Par3, Par6, and atypical protein kinase C, this com-
plex regulates polarized processes, including axon specification
(Shi et al., 2003), migration (Spindler and Hartenstein, 2011),
and spine and synapse development (Zhang and Macara, 2006,
2008). Many PAR-mediated processes require activation of the
GTPase Racl by Tiaml, a Rac-specific guanine nucleotide ex-
change factor (GEF) (Mertens et al., 2006). Par3 recruits Tiam1
to specific sites, resulting in spatially restricted Racl activation
and localized cytoskeletal remodeling that is essential for cellular
polarity (Mertens et al., 2006). Precise regulation of Racl activity
at synapses is required for proper spine and synapse development
(Tolias et al., 2011). Tiam1 activates Racl at synapses, and loss of
Tiaml function in neurons uncouples Racl activation and spi-
nogenesis from glutamate/NMDA receptor signaling and eph-
rinB/EphB receptor signaling (Tolias et al., 2005, 2007). Par3
recruits Tiam1 to spines, and neuronal knockdown of Par3 delo-
calizes Tiam1, resulting in Racl dysregulation, ectopic spines,
and synaptic dysgenesis (Zhang and Macara, 2006). It remains
unclear how Par3 itself is recruited to synaptic sites.



Duman et al. ® BAIT Recruits Par3/Tiam 1 to Excitatory Synapses

Q\

0 L Qe S o O

H EE QO & & & &
BAI
“ATEV
“RKR »AAA

Overlay\

~-
\

BAI1 OX

— EGFP
BAI1

T
Spine
Dendrite
\;

H S1 P2 S3 Syn PSD

. .
- P R

BAI1

PSD95 .
-_— ’“

Rac1

Figure1. BAITisexpressedin neuronsand localizes to excitatory synapses. 4, Diagrams depicting the domain structures of BAI1
and BAIT mutants used in this study. SS, Signal sequence (cleaved); RGD, arginine-glycine-glutamate motif (binds integrins); TSR,
thrombospondin type | repeat; HR, hormone receptor domain; GAIN, GPCR- autoproteolysis-inducing domain; GPS, G-protein
cleavage site; PR, proline-rich domain; El, ELMO-interacting domain; TEV, threonine-aspartate-valine motif (binds PDZ domains).
B, The 21 DIV EGFP-expressing rat hippocampal neurons were fixed and stained for BAI1, which localizes to dendritic spines. Image
is representative of >100images. Scale bar, 10 wm. C, In situ hybridization (top) was used to detect BAIT message in this sagittal
section of adult mouse brain. An intensity-coded summary image is on the bottom. There is high expression of BAIT in the
hippocampus and broad expression throughout the cortex. Images courtesy of the Allen Brain Atlas. D, Spine enrichment of various
proteins was calculated using gradients as described in Materials and Methods. Data are mean == SEM (n = 30; N = 3).E, BAI1and
EGFP were introduced exogenously into rat hippocampal neurons using calcium phosphate at 6 DIV. Neurons were fixed at 21 DIV
and stained for BAI1. Images are representative of >100 images (N > 10). Scale bar, 5 um. F, Fractions from a PSD preparation
were stained against BAI1, PSD95 (positive control), and RacT (loading control). The PSD fraction is underloaded (per Rac1) relative
to other fractions (H, Homogenate; S1,1900 X g supernatant; P2, 24,000 X g pellet; S3, 33,000 X g supernatant; Syn, synap-
tosome fraction). Like PSD95, BAI1 showed significant enrichment in the PSD. G, The 21 DIV EGFP-expressing rat hippocampal
neurons were stained for BAI1 and the synaptic proteins GluR1 or PSD95. Colocalization images are encoded using the color scale
to the right. Correlation coefficients for these and other markers can be found in Results. Images are representative of 30 neurons
(N'=3).Scale bar, 5 um. Data are mean == SEM. *p << 0.05, ***p << 0.001.

Adhesion GPCRs (A-GPCRs) are a family of GPCRs charac-
terized by long extracellular N-terminal regions containing mul-
tiple adhesion domains connected to GPCR moieties by
G-protein proteolysis sites (Yona et al., 2008). Although humans
have 33 A-GPCRs, little is known of their biology. Brain-specific
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angiogenesis inhibitor 1 (BAIl) is an
A-GPCR that is widely expressed
throughout the brain. BAIl inhibits an-
giogenesis, and accordingly its suppres-
sion is permissive for glioblastoma growth
(Zhu et al., 2011). BAI1 also binds to
phosphatidylserine and mediates the en-
gulfment of apoptotic cells (Park et al.,
2007) and Gram-negative bacteria (Das et
al., 2011) by professional macrophages.
Here, we show that BAI1 is required
for synaptogenesis in hippocampal and
cortical neurons in vitro and in vivo. We
demonstrate that BAIl targets Par3/
Tiam1 to synaptic sites, which is necessary
for proper Racl activation. These results
indicate a synaptogenic role for BAI1 by a
mechanism completely distinct from
those by which it inhibits angiogenesis
and promotes phagocytosis. BAIl’s con-
trol of the localization of Par3/Tiam1 is
the first example, to our knowledge, of a
cell surface receptor that targets members
of the PAR complex to synapses. There-
fore, these results represent an important
advance in the understanding of both syn-
aptogenesis and the biology of A-GPCRs.

Materials and Methods

Antibodies. Rabbit polyclonal antibodies
against BAIl (amino acids 1180-1584) and
phospho-p21-activated kinase (PAK) were
homemade and affinity purified using the Sul-
foLink Protein Immobilization Kit (Thermo
Scientific). We used mouse monoclonal anti-
bodies against: the flag epitope (M2), B-actin
(AC-15), and acetylated tubulin (T7451) (Sig-
ma-Aldrich); the transferrin receptor (13-
6800, Zymed, now Thermo Scientific);
postsynaptic density (PSD) 95 (MAI1-046,
Thermo Scientific); Racl (clone 23A8, Milli-
pore); N-cadherin and NR1 (610920, 556308,
BD Biosciences); c-myc (9E10, Santa Cruz Bio-
technology); ankyrin G (University of Califor-
nia Davis/NeuroMAb mouse monoclonal
antibody resource); and neurofascin (gift of M.
Rasband, Baylor College of Medicine). We
used rabbit polyclonal antibodies against: Par3
and GluR1 (07-330, AB1504, Millipore);
VGLUT1 (135-303, Synaptic Systems); PAK
(#2604, Cell Signaling); and Tiam1 and PKC{
(C-16, C-20, Santa Cruz Biotechnology). We
used a chicken polyclonal against MAP2 (En-
Cor). Texas Red-labeled phalloidin was ob-
tained from Invitrogen. For secondary
antibodies, we used goat polyclonal antibodies
labeled with HRP for Western blotting and
with Cy3, Cy5, or AlexaFluor-647 from Jack-
son ImmunoResearch Laboratories. For direct

visualization of primary antibodies, we labeled them with the DyLight
650 NHS Ester kit (Thermo Scientific).

DNA reagents. Human BAI1 was obtained from Y. Nakamura (Uni-
versity of Tokyo) and subcloned into pcDNA3. Human Tiam1 subcloned
into pCMV-flag was previously described (Tolias et al., 2005). Human
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Par3 was obtained from I. Macara via AddGene
(plasmid 19388) and subcloned into pCMV-
myc. BAI1 -RKR — AAA (Parketal., 2007) was
a gift from K. Ravichandran (University of Vir-
ginia). pCMV-myc-PAK was the same as used
previously (Shamah et al., 2001). We made
BAIL - ATEV using standard molecular cloning
techniques. RaichuEV-Racl (Komatsu et al.,
2011) was a gift from M. Matsuda (Kyoto Uni-
versity). shRNAs against Par3 (Zhang and
Macara, 2006) were a gift from Ian Macara
(University of Virginia). shRNAs against
BAI1 were designed using the Bioinformatics
and Research Computing siRNA Resource at
the Whitehead Institute for Biomedical Re-
search and subcloned into pSuper. After
screening many shRNAs for effectiveness in
knocking down BAIl and maintaining
neuronal health, we used the following se-
quences:  5'-CCCGGACCCTCGTCGTTAC-3' R
and 5'-GCCCAAATACAGCATCAACA-3'. Ex-
periments shown in Figures 2 and 3 were performed
with both of these shRNAs, which yielded the same
results; the results of only one are shown in these
figures. All constructs were sequence verified.
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Cells. Hippocampal neurons were cul- T

tured from E19 Long—Evans rats as described
previously (Tolias et al., 2005). Neurons
were plated in 24-well plates at 70,000—
125,000 cells per well onto nitric acid-
washed glass coverslips coated with 20 ug/ml
poly-p-lysine and 3 ug/ml laminin and
grown in Neurobasal medium supplemented
with B27 (Invitrogen), 2 mM glutamine, and
100 U/ml penicillin/streptomycin. HEK
293T cells and NIH 3T3 fibroblasts were sub-
cultured onto poly-p-lysine-coated glass for
immunostaining. Their medium consisted of
DMEM supplemented with 10% FBS and 100
U/ml penicillin/streptomycin.

Transfection. Neurons were typically trans-
fected at 6 DIV using the calcium phosphate
method of transfection (Tolias et al., 2005). To
achieve late knockdown of BAII, cells were
transfected at 14 DIV. This should lead to BAI1
knockdown by 20 DIV. We added 100 um AP5
during the transfection of these older neurons
and removed it upon completion. For experi-
ments requiring high transfection efficiencies, we used the Neon Trans-
fection System (Invitrogen) on the day of cell isolation according to
manufacturer’s protocols. Using EGFP expression as a transfection in-
dex, we noted a >50% efficiency using this method. HEK 293T cells were
transfected using calcium phosphate, and NIH 3T3 cells were transfected
using Lipofectamine 2000 (Invitrogen).

Biochemistry. Cells were lysed in 50 mm Tris, pH 7.5, 150 mm NaCl, 1
mum EDTA, 5% glycerol, and 1% NP-40 freshly supplemented with 1 mm
DTT, Complete protease inhibitor mixture (Roche), 10 mm NaF, 1 mm
NaVOj;, and 10 mm B-glycerophosphate. For immunoprecipitations, we
used standard protocols, pulling down antibody-antigen complexes
from postnuclear supernatants with Protein A-agarose using nonim-
mune serum as a control and washing 4X with lysis buffer. Standard
SDS-PAGE and wet transfer techniques were used to create blots on
Immobilon-P (Millipore). Western blots were visualized on film or on an
ImageQuant LAS4000 (GE Lifesciences). PSD preparations were per-
formed on P18 rats as previously described (Tolias et al., 2005).

Two-hybrid screen. A yeast two-hybrid screen was performed as de-
scribed previously (Golemis et al., 2011). The Tiaml PDZ domain
(amino acids 840-1025) in pEG202 was used as bait to screen an E14 rat
spinal cord/dorsal root ganglia library.

0.08

o
o
B

Filopod Density (/pm)

Figure 2.

’ -BAI (f.I.)
-BAI1 (cl.)

S =R -actin

I

Duman et al.  BAI1 Recruits Par3/Tiam1 to Excitatory Synapses

o
O

FHE

0.6
ey 1.5

0.4

-
o

0.2

.
)

Spine Length (um)

Spine Density (/pm)
o

-

Spine Density (/pm)

12 16 20 24
DIV

BAIT i required for spinogenesis in hippocampal neurons. A, EGFP and pSuper vector (Vector), shRNA against BAI
(BAI1 Kd), or shRNA and shRNA-resistant BAI1 (Rescue) were introduced into rat hippocampal neurons at 6 DIV, and the neurons
were fixed at 21 DIV and stained for BAI1. Images are representative of 120 neurons (N = 12). B, Vector or shRNA against BAI1 was
introduced to rat hippocampal neurons via the Neon electroporation system on the day of isolation (E19). At 14 DIV, neurons were
processed for SDS-PAGE. Shown are BAIT and S-actin (loading control) blots; >50% of the neurons were transfected by this
method. Blots are representative of four experiments. The full-length (f.l.) and cleaved (cl.) forms of BAI1 are marked. Spine density
(€), spine length (D), and filopodial density (£) for morphological experiments represented in A are shown (n = 120,N = 12).F,
Spine density in rat hippocampal neurons transfected at 6 DIV and fixed on the days indicated on the x-axis is shown (n = 40, N =
4). Data are mean = SEM. **0.01 > p > 0.001. ***p << 0.001. n.d., not different.

Electrophysiology. Whole-cell voltage-clamp recordings were per-
formed with an Axopatch 200B amplifier controlled by Clampex 10 at
25°C. Data were acquired at 10 kHz and low-pass filtered at 2 kHz with
the membrane potential clamped at —60 mV. Series resistance was left
uncompensated, and only cells with series resistance <12 M{) were re-
corded. Whole-cell parameters were monitored every 45 s to ensure sta-
bility, and only data from cells with a steady holding current in the range
of 0 to —80 pA were analyzed. The patch pipette solution contained the
following: 115 mm Cs methanesulfonate, 20 mm CsCl, 10 mm HEPES, 4
mM ATP-Mg, 0.4 mm GTP-Na, 2 mm MgCl,, 1 mm EGTA, 10 mm phos-
phocreatine, 50 U/ml phosphocreatine kinase (300 mOsm, pH 7.4). The
external perfusion solution contained 140 mm NaCl, 2.4 mm KCI, 10 mm
HEPES, 10 mm glucose, 2 mm CaCl,, 2 mm MgCl,, 0.5 um TTX, and 100
uM picrotoxin (300 mOsm, pH 7.4). mEPSCs were detected off-line
using Axograph X software (AxoGraph Scientific).

Immunocytochemisty and microscopy. Cells were fixed with 4% form-
aldehyde/4% sucrose solution and washed with PBS. Generally, antibod-
ies were applied in PBS containing 5% goat serum, 2% BSA, and 0.1%
Triton X-100. Antibodies against PSD95 and Par3 were applied in PBS
containing 0.24% gelatin and 0.72% Triton X-100. Cells were mounted
using aqueous mounting solutions. Confocal images and z-stacks were
collected on a Leica TCS SP2 confocal microscope with a 63X oil-
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Figure3.  BAI1is required for excitatory synaptogenesis in hippocampal neurons. 4, Rat hippocampal neurons transfected on

DIV 6 under the same conditions described in Figure 24 were stained for the presynaptic marker VGLUT1 and the postsynaptic
marker PSD95. Colocalization panels on the bottom show the strength of colocalization according to the color code at the bottom
right; synapses are indicated by regions of high colocalization. Images are representative for 40 neurons (N = 4). B, Density of
these morphological synapses is also shown. C, Representative traces of mEPSCs from vector-expressing and BAI1 knockdown
neurons at 21 DIV. Traces are representative of 10 neurons (N = 3), and mEPSC frequency (D) and amplitude (E) are shown as well.

Data are mean = SEM. *¥0.01 > p > 0.001. ***p << 0.001. n.d., not different.

immersion objective. In neurons, we took z-stacks at 0.4 wm intervals;
and for tissue culture cells, we collected single confocal images where the
cells made contact with the coverslip. Images were scrambled and
blinded before collection and not revealed until after analysis. All neurons
were collected with only the EGFP channel visible to the experimenter. Col-
lection parameters were stable over the course of an experiment, allowing the
data to be semiquantitative (i.e., quantitative but uncalibrated). In rescue
experiments, neurons not expressing the rescue construct or with net overex-
pression were collected because of the blinded experimental conditions. Such
cells were removed from data pool, and the samples were reblinded and imaged.
Unless otherwise noted, we transfected cells with EGFP, which filled the cells, and
used the EGFP channel as a mask to restrict data from other channels to the cell
of interest.
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In utero electroporation and in vivo experi-
ments. In utero electroporation was performed
as described previously (Hedstrom et al,
2007). We introduced shRNA or vector plas-
mids together with pCx-EGFP (CAG promoter
driving EGFP expression) into ICR mice
(Charles River) at E14. Pups were born and
killed at P21. Brains were dissected and fixed with
4% PFA at 4°C for 1 h on ice and equilibrated in
ice-cold 20% sucrose (w/v); 30 wm coronal sec-
tions were cut from the brains and stained in PBS
containing 0.3% Triton X-100 and 5% BSA. Pri-
mary antibodies were applied for 2-3 d and sec-
ondary antibodies for 1 d. Sections were imaged
in a Leica confocal microscope as above, but with
0.12 wm between z-sections.

Live imaging of neurons. To measure spine
formation and elimination rates, we trans-
fected rat hippocampal neurons with EGFP and
either empty pSuper vector or shRNA against
BAI1 at 6 DIV. At 14 DIV, we transferred the cells
to artificial CSF containing 119 mm NaCl, 26.2
mum NaHCOj, 2.5 mm KCl, 1 mm NaH,PO,, 1.3
mm MgCl,, and 10 mm glucose. Cells were im-
aged at 20 min intervals at 35° using a Zeiss epi-
fluorescence microscope. Three or four time
points were collected in each experiment. To
measure Racl activation in live neurons, we cul-
tured rat hippocampal neurons in phenol-red
free Neurobasal medium supplemented as above
and transfected on 7 DIV with the RaichuEV-
Racl probe and either empty pSuper or shRNA
against BAI1. At 17 DIV, neurons expressing low
to moderate levels of the probe were imaged us-
ing a Leica TCS SP2 scanning confocal micro-
scope. Images were collected at ~35°C using the
following settings: Forster resonance energy
transfer (FRET) (excitation 458 nm, emission
530-600 nm), CFP (excitation 458 nm, emission
470-500 nm), and YFP (excitation 514 nm,
emission 530—-500 nm).

RGD peptide experiments. We designed our
RGD-containing peptide to correspond to the
sequence of BAIl analogous to the peptide
used by Shi and Ethell (2006) to promote
integrin-dependent spine remodeling. Thus,
the peptide sequence was PRGDVCL (amino
acids 230-236 of the full-length BAI1 precur-
sor). A scrambled peptide (LGDCVPR) served
as a control. Rat hippocampal neurons were
grown to 21 DIV and then treated with freshly
dissolved peptides at a concentration of 500 um
for 10 min or 1 h. At the end of the incubation,
neurons were lysed and underwent immuno-
precipitation as above.

Data analysis. All measurements of spines
were obtained from 3D confocal stacks using
Imaris software (Bitplane Scientific Software). Spines were visualized by
expressing EGFP in neurons to allow unambiguous morphological mea-
surements and were classified as protrustions emanating from dendrites
with a clear head structure. Protrusions lacking heads were classified as
filopodia. Spine and synapse data were collected from secondary and
tertiary segments of dendrite (100-250 wm dendrite analyzed/neuron)
using the Imaris filament tool. The Imaris Colocalization Plugin was used
to determine Pearson’s correlation coefficients and to detect morpholog-
ical synapses defined by overlap of PSD95 and VGLUT1. We considered
Pearson’s coefficients <0.30 to be chance correlation (Hinkle et al.,
1988). We performed discontinuous localization analyses by resolving
the staining pattern of each label in our 3D volume into clusters with the
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Imaris Spots tool and using the same tool to identify clusters in each
channel that shared >50% overlap with clusters in the other channel.
Gradients of staining for a marker within a neuron were generated by
determining the average intensity value of that marker in spine heads
(using Imaris Spots) and the average intensity value of that marker in
secondary dendrites or somata (using the Imaris Surfaces) and then sub-
tracting the dendrite or somata value from the spine value. In some cases,
the data were normalized by dividing the differences by the dendrite
values. All intensity values were obtained directly from 3D stacks; no data
manipulations were performed outside of background correction.

Pixel-by-pixel FRET was calculated using the PixFRET plugin (Feige et
al., 2005) for NIH Image]. Image] was also used to quantify data from
Western blots and to measure the length of axon initial segment (AIS)
and other simple structures from maximum projections of neuronal
stacks and single confocal images of tissue culture cells. We also used
ImageJ to analyze projection formation and elimination rates in live
neurons. Over the time course measured, all formation and elimination
events were tabulated, and the data from each cell were normalized for
length of dendrite analyzed and total time of measurement. Data are
presented normalized to the average of the vector control for that day.

Data were plotted using Igor Pro (WaveMetrics).

Statistics. Data are mean = SEM. We used KaleidaGraph (Synergy
Software), Igor Pro, and Microsoft Excel to perform statistical analyses.
All of our datasets contained normal data. Statistical significance was
determined using Student’s ¢ test when comparing two independent
groups and ANOVA with Tukey’s post hoc test when comparing multiple
groups. Differences were considered significant when p < 0.05. The fol-
lowing code was used to denote the strength of statistical differences:
*0.05 > p > 0.01; **0.01 > p > 0.001; and ***p < 0.001. Data pairs
within a single graph may be assumed to be statistically the same unless
otherwise noted. Some nondifferent pairs (n.d.) have been so labeled for
emphasis. In figure legends, n refers to the number of subjects of a trial
and N refers to the number of independent preparations used to obtain a
result.

Results

BAI1 localizes to excitatory synapses and is necessary

for synaptogenesis

BAII exhibits a domain structure typical of A-GPCRs: a long
extracellular N-terminal segment with adhesion domains and
motifs, followed by a GPS site, which links this segment to the
GPCR moiety. BAIl also has an extended intracellular
C-terminal domain that contains cell-signaling motifs (Fig. 1A).
BAII was discovered in the brain (Nishimori et al., 1997), and its
message is enriched in the hippocampus and cortex (Fig. 1C). We
posited that BAI1 might be synaptogenic because of its presence
in dendritic spines, apparent even in a low-magnification image
of a mature hippocampal neuron (Fig. 1B). Comparing the gra-
dient of BAII staining from spine heads to immediately adjacent
segments of dendritic shaft revealed that BAI1 was enriched in
spine heads to an extent similar to PSD95, whereas acetylated
tubulin was enriched in dendritic shafts and EGFP filled both
regions equally (Fig. 1D). Strikingly, even overexpressed BAIl
targeted strongly to spines (Fig. 1E).

To verify a synaptic localization for BAI1, we used a twofold
approach. First, we biochemically purified synapses and found
that BAI1 was enriched in the PSD fraction, although to a lower
extent than PSD95 (Fig. 1 F). Second, we stained mature cultured
neurons for BAI1 and the synaptic markers PSD95 or GluR1 (Fig.
1G). In both cases, BAIl colocalized significantly with these
markers in spines, indicative of synaptic localization. Neuron-
wide quantitative analysis of colocalization via Pearson’s analysis
revealed that BAII had significant overlap (Pearson coefficients
(Rp) > 0.3) with both of these markers (R, = 0.398 % 0.007 for
PSD95 and 0.438 % 0.007 for GluR1; n = 30 neurons from 3
preparations). We achieved similar results with the synaptic
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Figure 4.  BAI1 knockdown does not affect the AIS. A, Neurons transfected with EGFP and
vector control or shRNA against BAIT on DIV 6 were fixed on DIV 21 and stained for the AIS
marker neurofascin. Neurofascin staining was used to count the number of AIS per cell (B) and
AlS length (C). Data are mean == SEM (n = 40, N = 4).

markers NR1 and filamentous actin (F-actin) (R, = 0.485 *
0.011 and 0.524 = 0.006, respectively). BAI1 also overlapped with
N-cadherin and Tiam1, which are both synaptic and perisynaptic
(Rp = 0.469 = 0.010 and 0.453 * 0.012, respectively) but did not
significantly colocalize with the axon initial segment marker
ankyrin G (Rp = 0.200 = 0.010). Consistent with these results,
discontinuous colocalization analysis indicated that 87.9 = 1.1%
of PSD95 clusters and 73.4 = 1.1% of NRI clusters colocalized
with BAI1 (n = 30, N = 3), once again indicative of a synaptic
localization for BAI1. Although the majority of BAI1 was found at
synapses (74.7 £ 1.1% of BAI1 clusters in spine heads, colocal-
ized with PSD95; n = 30, N = 3), it was not exclusively present at
synapses because one-fourth of the BAII clusters were visible in
the dendritic shaft (Fig. 1B), colocalized with acetylated tubulin
and the transferrin receptor (data not shown).

To determine whether BAI1 is required for synaptogenesis, we
developed two nonoverlapping shRNAs against BAI1 and used
them to knockdown BAI1 expression in cultured hippocampal
neurons (Fig. 2A, B; see Materials and Methods). BAI1 knock-
down resulted in a 50% reduction in spine density that was res-
cued by wild-type BAI1 (Fig. 2A, C). Spines in BAI1 knockdown
neurons were longer (less mature) than those in control neurons



Duman et al. ® BAIT Recruits Par3/Tiam 1 to Excitatory Synapses

Il Somatosensory cortex

[ Cingulate cortex (area 1) Sk o
—1.04 : - 5 1.5
E : E 2— S
s 3 B
= | = @
> = € 1.0
a *kk g’ E
§05 8 1- 5

*kk O © 0.5
2 & =
5 @ g ]
T — o— T o ;% 0+
& > o >
¢ = S =
QQ) N QO \’\

N
X X

Figure 5.

cortex (area 1). Data are mean == SEM. ***p < 0.001 versus vector.

(Fig. 2A,D) and dendritic filopodial density increased by 100%
(Fig. 2A,E), with both phenotypes being rescued by wild-type
BAII1 (Fig. 2A,D,E). Our protocol for BAI1 knockdown resulted
in a strong reduction in BAI1 expression starting at 14 DIV (data
not shown). Interestingly, BAI1 loss affected spine density very
soon after the time of BAI1 knockdown (Fig. 2F). We also exam-
ined synapses directly using immunostaining and electrophysiol-
ogy. BAI1 knockdown caused a 50% loss in excitatory synapses as
assessed by colocalization of the presynaptic marker VGLUT1
and the postsynaptic marker PSD95 (Fig. 3A, B). Indeed, overall
levels of PSD95 in the BAIl knockdown neurons decreased, al-
though the gradient of PSD95 from spines to dendrites was
unchanged (1.58 * 0.2 in control cells and 1.61 = 0.2 in BAIl
knockdown neurons; n = 40 per condition, N = 4). This loss of
synapses was rescued by wild-type BAI1 (Fig. 3A,B). We tested
to determine whether manipulating neuronal activity could
mimic the effect of BAIl knockdown on PSD95. However,
long-term partial suppression of activity had no effect on
PSD95 staining (data not shown). Electrophysiological mea-

G
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surement also revealed a ~60% de-
crease in mEPSC frequency in neurons
with reduced BAI1 expression (Fig.
3C,D), whereas mEPSC amplitude was
unchanged (Fig. 3C,E). Finally, BAIl
knockdown spared AIS length and
number (Fig. 4), indicating some level
of specificity in the actions of BAI1 be-
cause it is not involved in AIS develop-
ment and/or maintenance. Our studies
of cultured neurons therefore reveal a
strong, early requirement for BAIl in
the processes of spinogenesis and
synaptogenesis.

To investigate BAI1 function in vivo,
we electroporated BAI1 shRNA into
mouse embryos in utero and killed them at
postnatal day 21 (P21) to assess their spine
morphology. The shRNAs were very ef-
fective in vivo, resulting in an almost com-
plete knockdown of BAII expression in
transfected neurons within both somato-
sensory cortex (Fig. 5A) and cingulate
cortex (area 1) (Fig. 5C). Secondary den-
drites imaged in both regions exhibited
dramatic decreases in spine density (Fig.
5B,D,E) and small but significant increases
in spine length (Fig. 5B, D,F) and decreases

ok

*kk

BAI1 is required for spinogenesis in vivo. A, Shown is a representative region of somatosensory cortex from a P21
mouse having undergone in utero transfection of sShRNA against BAI1 and EGFP on E14. The transfected neurons (green) show no
BAI1 staining at this time. All five of the cell somata visible are completely contained within the volume of the confocal stack used
to collect these data. Scale bar, 20 .um. B, Enlarged images of secondary dendrites from mice treated asin A. Scale bar, 5 um. ¢, D,
The same types of images are shown for a region of cingulate cortex (area 1). As above, all four somata shown in Care completely
contained in the volume of the confocal stack. Images such as these were used to quantify spine density (E), spine length (F), and
spine maximum diameter (G) in both of these regions. All data were collected from three pairs (vector and BAI1 Kd) of mice. Spine
density data were collected from at least 23 dendritic segments (minimum length 30 wm) from each mouse. Spines in these
segments were used for quantification of length and diameter parameters. n = 1348 for control spines and n = 454 for BAI1
knockdown spines in somatosensory cortex, and n = 1098 for control spines and n = 659 for BAIT knockdown spines in cingulate

in spine diameter (Fig. 5B,D,G). These re-
sults, combined with the data from cultured
neurons, indicate that BAI1 is necessary for
spinogenesis in the hippocampus and
cortex.

To differentiate between a role in spine
formation and spine maintenance, we
performed live imaging experiments to
directly measure spine formation and
elimination rates. Neurons transfected
with control or BAIl shRNAs at 6 DIV
were imaged at 20 min intervals on DIV
14, a time at which exuberant spine for-
mation and remodeling normally take
place (Anderson et al., 2004), and BAI1
was effectively knocked down in our ex-
periments (data not shown). We observed a ~40% decrease in
the rate of spine formation in BAI1 knockdown neurons (Fig.
6A,B). This implicates BAI1 in the formation of spines. By the
time neurons reached maturity (21 DIV), spine formation and
elimination rates had dropped to very low levels, and we did not
detect significant differences between control and BAI1 knock-
down neurons.

Despite our inability to detect increased rates of spine elimi-
nation at 14 DIV (Fig. 6C) and 21 DIV (data not shown), we did
observe trends toward a higher rate of elimination in BAIl
knockdown neurons. Therefore, we used an alternative means for
testing the role of BAII in spine stability. Normally, we trans-
fected neurons at 6 DIV to knock down BAIl by 13-14 DIV,
ensuring that BAI1 was reduced by the peak period of synapto-
genesis. To test for a role in maintenance, we did not introduce
BAIl shRNAs until 14 DIV, resulting in a loss of BAI1 well after
the peak phase of spinogenesis. In these late-transfected neurons,
we observed small but significant decreases in spine density and
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increases in spine length at 21 DIV (Fig. A
6D-F). These data suggest that BAI1 may
have a small role in spine maintenance,
although the bulk of its action under our
conditions appears to be through its effect
on spine formation.

BAI1 interacts with and regulates the
localization of components of the
cellular polarity machinery

We sought to determine BAII’s mecha-
nism of action in synaptogenesis by iden-
tifying its binding partners. A yeast two-
hybrid screen revealed an interaction
between BAIl and the PDZ domain of
Tiam1 (Fig. 7A), suggesting a connection
between BAIl and cellular polarity. We
confirmed that BAIl and Tiam1 interact
by demonstrating that exogenously ex-
pressed proteins coimmunoprecipitate y )
from tissue culture cells (Fig. 7B) and en- (Sl St
dogenous proteins coimmunoprecipitate
from both hippocampal neurons in cul-
ture (Fig. 7C) and adult brain lysates (Fig.
7D). Moreover, immunostaining revealed
that BAI1 and Tiam1 show similar expres-
sion patterns throughout the dendritic ar-
bor (Fig. 7E). Because Tiaml interacts
with the Par polarity complex (Mertens et
al., 2006; Zhang and Macara, 2006), we
next asked whether BAI1 could also do so.
Indeed, we observed a weak but detectable interaction between
exogenously expressed Par3 and BAI1 in 293T cells (data not
shown). Moreover, we found that Par3 and BAI1 coimmuno-
precipitate from cultured hippocampal neurons (Fig. 7F).
During development, BAIl preferentially associates with a
short form of Par3, whereas it also interacts with full-length
Par3 in mature neurons (Fig. 7F). BAI1 may interact with
Tiam1 and Par3 at synapses because, like BAI1, both Par3
(short and long forms) and Tiaml are present in the PSD
(Tolias etal., 2005; and data not shown). Because we originally
detected an interaction between BAI1 and the PDZ domain of
Tiam1, we hypothesized that BAI1 binds to Tiam1 via its PDZ-
binding TEV motif. Indeed, BAI1 - ATEV only weakly inter-
acted with Tiam1 (Fig. 7G,H ). Because the in vitro interaction
between Par3 and BAIl1 was difficult to detect reliably, we
assessed the effect of BAIl -+ ATEV on Par3 interaction by
coexpressing BAI1 or BAIl + ATEV with myc-Par3 in HEK
293T cells and measuring the colocalization between them.
BAI1 colocalized with myc-Par3 in these experiments, whereas
the coincidence between BAIl - ATEV and myc-Par3 was
scarcely above chance (Fig. 71,]). Thus, BAI1 requires its TEV
motif for interacting with both Tiam1 and Par3.

BAII could link to Par3/Tiaml function in different ways.
Because Tiam1-mediated Racl activation is a key output of PAR
complex signaling, BAI1 could affect this phenomenon. To test
this, we assessed Tiaml activity by measuring the Racl - GTP-
mediated autophosphorylation of PAK. We found that, in HEK
293T cells, PAK autophosphorylates to a similar extent in the
presence or absence of BAI1 (Fig. 8A), suggesting that BAI1 does
not directly regulate Tiam1’s GEF activity. This result was not
entirely unexpected, as several lines of evidence indicate that
Tiam1 is preferentially regulated by changes in its membrane
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BAI1 reduces projection formation rates during development. A, Rat hippocampal neurons were transfected with
EGFP and pSuper (Vector) or shRNAs against BAI1 (BAIT Kd) on DIV 6. Live images were recorded at 20 min intervals on DIV 14.
Shown are representative images from such an experiment. Arrowheads indicate the formation of spines or filopodia from the
dendritic branch, and arrows indicate the site of a spine or filopod that was eliminated since the previous image. Fromimages such
as these, projection formation (B) and projection elimination (C) rates were collected (n = 16, N = 4). D, Representative images
of experiments in which rat hippocampal neurons were transfected on DIV 14 and fixed and stained on DIV 22. Spine density (E) and
length (F) were calculated for these experiments (n = 24, N = 3).%0.05 > p > 0.01. ***p < 0.001.

association and localization rather than its activity (Mertens et
al., 2003). Another possibility is that BAI1 regulates the stability
of Tiam1 and/or Par3. We measured the amounts of Tiam1 and
Par3 present in control and BAI1 knockdown neurons under
conditions in which >50% of the primary hippocampal ex-
pressed the shRNA. These conditions led to robust knockdown of
BAI1 (Fig. 2A), but there were no detectable changes in the ex-
pression levels of Tiam1 and Par3 (Fig. 8B). The interaction be-
tween BAII and Par3/Tiam1 must therefore serve some purpose
outside of directly regulating Par3/Tiam1 activity or stability.
Par3 is a critical determinant of the asymmetric distribution of
cell components (Ohno, 2001; Mertens et al., 2006). It is there-
fore conceivable that either Par3 recruits BAI1 to spines where it
functions in parallel with Tiam1 or that BAII recruits Par3 to
spines, which in turn recruits Tiam1. We tested the first possibil-
ity by examining BAI1 localization in neurons lacking Par3. Al-
though Par3 knockdown caused striking changes in dendrite and
spine morphology, BAI1 was still strongly concentrated in spines,
as shown by the gradient of BAI1 from dendrites into spines being
even stronger in the knockdowns (Fig. 8C,D). Therefore, we
tested the second possibility that BAI1 is required for proper Par3
localization. Loss of BAI1 had a profound effect on Par3 localiza-
tion in dendrites (Fig. 8E). In control neurons, Par3 was distrib-
uted throughout the dendritic arbor in discrete puncta, many of
which associated with spines. However, in BAI1 knockdown neu-
rons, the Par3 staining collapsed into a large inclusion in the
soma and a few smaller dendritic inclusions proximal to the soma
(Fig. 8E). We measured the gradients of Par3 immunoreactivity
between the spines and dendrites and between the spines and
somata (see Materials and Methods) and determined that Par3
localization shifted away from spines in both cases (Fig. 8 H,I).
Similarly, when we monitored the distribution of exogenously
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Figure7.  BAITinteracts with cell polarity machinery. A, Shown are results of a two-hybrid screen using an embryonic rat spinal
cord library and the Tiam1 PDZ as bait. B, BAI1 and vector, flag-Tiam1, or flag-Tiam1-PDZ were expressed in 293T cells and
immunoprecipitated using antiflag antibodies. Shown are blots of lysates and immunoprecipitates probed for BAI1. Images are
representative of three independent experiments. €, Rat hippocampal neurons in culture were lysed on the days indicated and
immunoprecipitated with nonimmune serum (NI) or antibodies against Tiam1. Shown are blots ofimmunoprecipitates and lysates
representative of eight experiments. D, The indicated immunoprecipitations were performed on postnuclear brain lysates col-
lected from adult rat brain. A longer exposure was required to visualize the Tiam1 band in the lysates than the other bands
(indicated by the line on the blot). Data are representative of three independent experiments. E, The 21 DIV rat hippocampal
neurons were stained for Tiam1 and BAI1. Shown are images representative of 50 neurons from five preparations, as well as an
image showing the areas of significant colocalization. F, Rat hippocampal neurons in culture were lysed on the days indicated and
immunoprecipitated with antibodies against Tiam1, BAI1, or Par3 or Nl serum. Lysates and immunoprecipitates shown are repre-
sentative of eight experiments. Bands at the top and bottom of each panel each are known isoforms of Par3. G, BAI1, BAI1 - ATEV,
and flag-Tiam1 were expressed in the indicated combinations and the cells lysed and immunoprecipitated with antiflag antibod-
ies. Shown are blots of immunoprecipitates and lysates representative of seven experiments. H, The intensity of BAI1 staining in
the flagimmunoprecipitates is quantified (n = 7). 1,J, myc-Par3 and BAI1 or BAI1 - ATEV were expressed in HEK 293T cells and the
cells processed forimmunocytochemistry. Pearson’s correlation coefficients were calculated for overlap between the two proteins.
1, Theline at 0.3 represents the value above which colocalization is greater than chance. J, Representative images (n = 18, N = 3).
Data are mean == SEM. *0.05 > p > 0.01. ***p < 0.001.
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expressed Par3 in neurons, we saw a col-
lapse of Par3 into the neuronal somata
(Fig. 8F). Exogenous Par3 was distributed
in discrete puncta throughout the den-
dritic arbor of control neurons, but there
was a 60% decrease in the punctal density
and a 30% decrease in punctal diameter in
BAI1 knockdowns (n = 30 neurons from
three preparations; p > 0.001 for density,
p > 0.05 for diameter). Thus, it is BAI1
that is required for the proper localization
of Par3.

Because BAI1 knockdown led to loss of
Par3 from synaptic sites, we hypothesized
that Tiam1 would be lost as well. Indeed,
we found that, while Tiam1 was located in
puncta throughout dendrites and spines
in control neurons, it was lost from these
loci in BAI1 knockdown neurons (Fig.
8G). Tiam1 gradients between spines and
dendrites (Fig. 8H) and between spines
and somata (Fig. 8I) shifted away from
the spines in these neurons relative to
controls. Tiaml was also lost from the
spines of BAI1 knockdown neurons over-
expressing Tiaml relative to neurons
simply overexpressing Tiaml (data not
shown). These data suggest a model in
which Tiam1 is mislocalized, but not lost,
throughout neurons lacking BAI1. As we
did above for PSD95, we tested whether
the effect of BAI1 knockdown could be an
indirect effect of BAI1’s suppression of
neuronal activity. As above, partial sup-
pression of activity did not cause a loss of
either Tiam1 or Par3 puncta from den-
drites. As Tiam1 and Par3 are required for
proper synaptogenesis in hippocampal
neurons (Tolias et al., 2005; Zhang and
Macara, 2006; Tolias et al., 2007), these
results suggest that BAI1 positively regu-
lates synapse development by providing
these proteins proper access to synaptic
sites.

We also analyzed the localization of
neuronal proteins not interacting with
BAIL. PKC({ is often associated with Par3
(Ohno, 2001; Mertens et al., 2006). When
we analyzed the localization of PKC{ in
BAI1 knockdown neurons, we found that
it was distributed throughout the den-
dritic arbors of hippocampal neurons,
nearly filling stretches of dendritic shafts.
This was very similar to that in control
neurons (Fig. 8K), and the gradients be-
tween spines and soma (Fig. 8I) were
therefore unaffected. Somatodendritic
staining patterns of the dendritic proteins
MAP2 (dendritic intensity of 1.00 = 0.05
in control neurons, 0.93 = 0.04 in BAIl
knockdown neurons; n = 30 neurons
from 3 preparations, p > 0.05) and acety-
lated tubulin (dendritic intensity of
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Figure 8.  BAIT controls the localization of Par3 and Tiam1 in neurons. A, HEK 293T cells were transfected as indicated and Rac1 activation measured indirectly by blotting for
phospho-PAK, which autophosphorylates in response to its activation by Rac1 - GTP. PAK and [3-actin serve as loading controls in this experiment. Data are representative of five
independent experiments. B, Hippocampal neurons transfected with the high-efficiency Neon system were probed for Tiam1 and Par3 as indicated. The blots shown are for the same
preparation as that shown in Figure 2B; BAIT was knocked down by >50%. Blot is representative of four experiments. C, EGFP and BAI1 were visualized at 21 DIV in rat neurons with or
without Par3 knockdown. BAIT was overexpressed at low levels in this experiment. Scale bar, 5 wm. D, The BAI1 gradient between spines and dendrites for these experiments was
quantified (n = 30 neurons, N = 3). EGFP and endogenous Par3 (E) (n = 40; N = 4), exogenous Par3 (F) (n = 30; N = 3), Tiam1 (G) (n = 50; N = 5), PKCZ (K) (n = 40, N = 4), or
N-cadherin (L) (n = 40, N = 4) were visualized at 21 DIV in control rat hippocampal neurons or in BAIT knockdown neurons. J, Gradients of N-cadherin between spines and dendrites
(black) and spines and somata (gray) were measured in control and BAI1 knockdown neurons. Gradients of Par3, Tiam1, and PKCZ from spines to dendrites (H) and spines to somata (/)
are also given. Dataset sizes are given above. Data are shown = SEM. ***p < 0.001.
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1.00 = 0.08 in control neurons, 0.90 = 0.06 in BAI1 knockdown
neurons; # = 30 neurons from 3 preparations, p > 0.05) were also
unaffected by BAI1 knockdown, suggesting that loss of BAI1 does
not alter the basic structure of dendrite shafts. Finally, we exam-
ined the distribution of N-cadherin, which is present in dendritic
spines. Some perturbation of N-cadherin distribution in BAIl
knockdown neurons was detected because of the lack of spines
relative to control neurons (Fig. 8L). Nevertheless, the gradients
of N-cadherin between spines and somata and between spines
and dendrites (Fig. 8J) were unperturbed, suggesting that
N-cadherin had normal access to those spines that did form.
These results demonstrate that not all dendritic- and spine-
localized proteins require BAI1 for their proper localization.

BAI controls the polarized activation of Racl in dendrites
via Par3/Tiaml

Because the downstream target of Par3/Tiam1, Racl, positively
regulates signaling pathways leading to spinogenesis and synap-
togenesis (Ramakers, 2002; Tada and Sheng, 2006; Benarroch,
2007; Tolias et al., 2011), we asked whether the defects associated
with BAI1 loss might be explained by perturbations in Racl
activation. To investigate BAI1-dependent changes in Racl ac-
tivation, we used the Racl activation reporter RaichuEV-Racl
(Komatsu et al., 2011). This reporter is suitable for live-cell im-
aging and reports Racl activation via an increase in FRET. In
wild-type neurons, Racl activation is highest in and around
spines (Fig. 9A). Not all spines have elevated Racl, and presum-
ably those spines undergoing enlargement because of synapto-

o

Loss of BAI1 alters Rac1 activation and F-actin in hippocampal neurons. 4, Rac1 activation was visualized using the
improved Raichu-Rac1 FRET-based live cell probe in 17 DIV rat hippocampal neurons. Dendrite structures in secondary dendrites
were visualized by exciting the YFP acceptor directly (top), whereas Rac1 activation was assessed by measurement of FRET
normalized to the level of the Raichu-Rac1 probe. The color code for Rac1 activation is shown in the bottom right-hand corner of the
panel. Arrowheads indicate the direction of the Rac1 activation gradient in individual spines. Red arrowheads indicate higher Rac1
activation in the spine head than the adjacent dendrite (+ gradient); blue arrowheads, lower Rac1 activation in the spine head
than in the adjacent dendrite (— gradient); white arrowheads, equal Rac1 activation in the spine head and adjacent dendrite. B,
Rac1 activation gradients from ~350 spines in each condition were pooled and are shown. Data were collected from 30 neurons
(N = 3). C, F-actin was visualized using Texas Red-phalloidin in fixed 21 DIV rat hippocampal neurons expressing EGFP and vector
or shRNAs against BAI1 or Tiam1. D, Phalloidin intensity data from the heads of ~350 spines in each condition are shown. Data
were collected from 30 neurons (N = 3). Data are meant = SEM. *0.05 > p > 0.01. **0.01 > p > 0.001. ***p < 0.001.
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genesis or synaptic strengthening are most
marked by elevated Racl activation
(Ramakers, 2002; Tada and Sheng, 2006;
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° Benarroch, 2007; Tolias et al., 2011). Loss
0 1gzi::rite of BAI1 had profound effects on Racl ac-
tivation. The locus of highest Rac1 activa-

5 tion in BAIl knockdown neurons was
' shifted into long stretches of the dendritic
s shaft, and overall Racl activation was
AQ)c’}o\,\‘l‘ higher in the dendritic shaft than in spine
X heads (Fig. 9A, B). This leads to a reversal

of the activated Racl gradient along the
spine—shaft axis. One of the most impor-
tant outcomes of Racl signaling is its ef-
fect on the actin cytoskeleton (Tada and
Sheng, 2006; Benarroch, 2007). Dendritic
spines, in particular, are highly enriched
in F-actin (Tada and Sheng, 2006; Bosch
and Hayashi, 2012). Loss of BAI1 leads to
decreased intensity of F-actin (phalloidin)
staining in spine heads comparable with
that resulting from loss of Tiaml (Fig.
9C,D). These data strongly suggest that
BAIl is required for proper Racl signaling
and F-actin assembly in developing
spines.

To confirm that the effects of BAIl
knockdown are mediated by loss of synap-
tic Par3/Tiam1, we rescued BAI1 knock-
down neurons with the ATEV mutant
described in Figure 7. Exogenous BAI1 -
ATEV localized to dendritic spines as well
as wild-type BAI1 (Fig. 10B), even when
overexpressed (Fig. 10A). Compared with
wild-type BAII, the ATEV mutant was in-
effective in rescuing the spine density (Fig. 10B,C) and spine
length (Fig. 10 B, D) BAI1 knockdown phenotypes. Importantly,
BAI1 levels in these experiments were carefully controlled so that,
in both rescue conditions, overall BAI1 levels were comparable
with those of the wild-type protein (Fig. 10E). We also tested
whether the ATEV mutant can rescue the localization of Par3 in
neurons. Because our BAI1 and Par3 antibodies were both raised
in rabbits, we expressed myc-tagged Par3 in neurons. As in Figure
8F, myc-Par3 expressed in neurons was apparent in well-defined
clusters throughout the dendritic arbor. These clusters were
greatly reduced in BAI1 knockdown neurons (Figs. 8F and 10F),
but readily apparent in knockdown neurons rescued with wild-
type BAIL (Fig. 10F,G). Importantly, BAI1 - ATEV did not re-
store the Par3 clusters (Fig. 10F,G), although the mutant was
expressed to comparable levels as the endogenous protein and
wild-type rescue (Fig. 10F). Also, myc-Par3 was expressed in the all
four conditions, as evidenced by somal staining of the neurons (Fig.
10F). We also confirmed that Par3 knockdown caused defects sim-
ilar to those caused by BAI1 knockdown (data not shown), including
loss of synapses and spines, increases in filopodia, and loss of Tiam1
from spines, as previously reported (Zhang and Macara, 2006).

Our results thus far suggest that BAII is required for proper
localization of Par3. Because Par3 is required for proper localiza-
tion of Tiam1, we postulated that increased Tiam1 may compen-
sate for BAII loss. Although Tiaml1 is required for excitatory
synaptogenesis, all but the most mild overexpression of Tiaml
leads to a phenotype that is reminiscent of Tiam1 loss, namely,
the loss of spines and synapses (Zhang and Macara, 2006). There-
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fore, it is also possible that loss of BAI1
would correct defects caused by Tiaml
overexpression by preventing Tiaml lev-
els in the dendrite from rising to the point
at which Racl activation becomes too
high. We tested these hypotheses in the
experiments shown in Figure 11A-C. By
themselves, BAI1 knockdown and Tiam1
overexpression cause qualitatively similar
phenotypes: there is a decrease in spine
density (Fig. 11 A, B), an increase in spine
length (data not shown), and an increase
in filopodial density (Fig. 11A,C). How-
ever, these two treatments cancel each
other out for each of these phenotypes
(Fig. 11A-C; and data not shown). Stain-
ing confirmed that the amount of Tiam1
in the dendritic arbor (and especially in
spine heads) decreased in the BAI1 knock-
down neurons, increased in the Tiaml
overexpressing neurons, and recovered
when both treatments were performed at
once (Fig. 11A). Thus, BAI1 has a role in
positioning and restricting Tiaml, and
BAI1 loss can be overcome by increasing
the levels of Tiam1 in the dendritic arbor.

In professional phagocytes, BAI1 acti-
vates Racl via DOCK180/ELMO1, an atyp-
ical Rac1-GEF complex that promotes the
cytoskeletal remodeling required for phago-
cytosis (Park et al., 2007). BAI1 interacts
with ELMO1 through a coiled-coil region in
its C-terminal tail (amino acids 1431-1520),
and mutating an RKR motif within this re-
gion (amino acids 1489—-1491) to AAA dis-
rupts the BAI1-ELMOL interaction (Park et
al., 2007). To determine whether BAI1 reg-
ulates Racl via DOCK180/ELMOL1 in syn-
aptogenesis, we rescued BAIl knockdown
neurons with this mutant. As was the case
for the ATEV mutant, BAI1 - RKR — AAA
localized to dendritic spines at both rescue
(Fig. 11D) and overexpressed (Fig. 10A) lev-
els. BAI1 - RKR — AAA rescued both the
spine density and spine length parameters to
the same extent as wild-type BAI1 (Fig.
11D-F), indicating that DOCK180/
ELMOL is not required for mediating
BAI1’s effects on Racl signaling in synap-
togenesis. These results establish BAI1/
Par3/Tiaml as the critical module for the

control of Racl activation in excitatory synaptogenesis.

Integrin binding regulates the association of BAI1 with Par3/

Tiaml
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Figure10.  BAITinteraction with Par3/Tiam1is required for spinogenesis and Par3 localization. A, BAI1 - ATEV (left) and BAI1 - RKR —
AAA (right) were introduced along with EGFP in hippocampal neurons at 6 DIV, fixed at 21 DIV, and stained for BAI1. Images are
representative of 30 neurons (N = 3). B, Rat hippocampal neurons were transfected on DIV 6 with vector, shRNA against BAI1
(BAI1 Kd), shRNA against BAIT and shRNA-resistant wild-type BAI1 (Rescue), or shRNA against BAIT and shRNA-resistant BAIT -
ATEV (ATEV Res.). Shown are representative segments of secondary dendrites from neurons fixed at 21 DIV and stained for BAI1.
Scale bar, 5 wm. Spine density (€) and spine length (D) from these experiments are shown (n = 50, N = 5). E, Background-
corrected BAIT staining levels from the neurons used in the experiments in B to D were quantified (n = 50; N = 5). F, Rat
hippocampal neurons were transfected as in B, but with the addition of myc-Par3 to each sample. Shown are representative
dendritic segments and somata from the same neurons from each of the conditions. Scale bar, 5 wm. Examples of myc-Par3
dendritic puncta are indicated by arrows. There are 14 such puncta in the vector panel, 8 in the w.t. rescue panel, and none in the
other panels. G, The fraction of neurons in each condition expressing at least one myc-Par3 punctum per dendrite tip is quantified.
Data were collected from 30 neurons (N = 3). Data are mean = SEM. *0.05 > p > 0.01. **0.01 > p > 0.001. ***p < 0.001.

180K and Tiam1l with BAIl in neurons, whereas a scrambled
control peptide had no effect. This effect was sustained for at least
1 h did not cause any changes in the observable levels of overall
protein in the neurons (Fig. 12). These intriguing results suggest that
BAI1’s ability to bind, and thus regulate, Par3/Tiam1 depend on its

BAIl is a cell surface receptor; thus, we would expect it to respond
to extracellular signaling. As noted above, one of several potential
ligand-binding domains on BAI1 is its N-terminal RGD motif,
which binds to «, 35 integrins (Koh et al., 2004). We designed a
peptide to mimic the specific RGD motif of BAII and tested it for
its ability to modulate the BAI1/Par3/Tiam1 module. As shown
in Figure 12, in as little as 10 min, treatment with the RGD pep-
tide caused a significant increase in the association of both Par3—

engagement with integrin. Collectively, our results demonstrate that
the adhesion-GPCR BAI1 regulates synaptogenesis in neurons by
controlling the recruitment of the Par3/Tiam1 polarity complex to
synaptic sites, where it regulates Racl activation and actin assembly.

Discussion
BAI1 inhibits angiogenesis via its N-terminal segment (Cork and
Van Meir, 2011) and mediates phagocytosis via the Racl-GEF
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BAI1 signals to Rac1 through Tiam1. 4, Rat hippocampal neurons were transfected at 6 DIV with EGFP and empty vectors (vector), shRNA against BAIT (BAI1 Kd), full-length Tiam1

(Tiam1), or both. Neurons were fixed at 21 DIV and stained for BAI1and Tiam1. Images representative of those used to calculate spine (B) and filopod (€) density are shown. Data were collected from
40 neurons (N = 4). D, Representative rat hippocampal neurons that were transfected at 6 DIV with EGFP and empty vectors (vector), shRNA against BAIT (BAI1 Kd), shRNA against BAI1 and
RNAi-resistant w.t. BAI1 (Rescue), and shRNA against BAI1 and RNAIi-resistant BAIT - RKR — AAA, which does not interact with ELMO1/DOCK180. Spine density (E) and length (F) were calculated
from images such as these (n = 50, N = 5). Data are mean = SEM. **0.01 > p > 0.001. ***p < 0.001. n.d., not different.

ELMO1/DOCK180 (Park et al., 2007). We now show that BAI1
also couples to Racl in a distinct manner to drive excitatory
synaptogenesis. Specifically, BAI1 recruits the Par3/Tiam1 polar-
ity proteins to postsynaptic sites. The following data support a
connection between BAI1 and Par3/Tiaml: (1) BAI1 interacts
with Par3/Tiaml; (2) Par3 and Tiam1 are mislocalized in BAI1
knockdown neurons, whereas several other proteins are not; a
BAI1 mutant that does not interact with Par3 or Tiam1 in vitro
rescues neither (3) BAI1 knockdown spine phenotypes nor (4)
Par3 localization in neurons; (5) Tiam1 overexpression rescues
BAI1 knockdown spine phenotypes, and (6) ligand binding reg-
ulates BAIl’s interaction with Par3/Tiaml. Furthermore, we
demonstrate that BAIl’s ability to regulate synaptogenesis is
completely separate from its ability to drive phagocytosis through
ELMO/DOCK180/Racl. We conclude that BAI1 regulates excit-
atory synapse development by recruiting the Par3/Tiam1 polarity
complex to synaptic sites, inducing polarized Racl activation and

cytoskeletal remodeling. Although BAI1 is necessary for spine
and synapse formation, it is not sufficient. Mild overexpression of
BAI1 that preserves its localization to spines (Fig. 1E) has no
detectable phenotype and expression of high levels that delocalize
BAII lead to decreased spine density and increased spine length,
suggesting a dominant negative effect (data not shown).

BAII1 primarily affects Par3 and Tiam1 via their localizations,
as BAI1 knockdown caused marked changes therein. We detected
no differences in Par3 or Tiam1 levels, although there may have
been small changes below the threshold of detection. In contrast,
PSD95 levels decreased throughout BAI1 knockdown neurons.
Further, the spine/dendritic shaft gradient of PSD95 was un-
changed by BAI1 knockdown. These differences between Par3/
Tiam1 and PSD95 emphasize the specificity of BAI1’s effect on
Par3/Tiaml. Many mechanisms localize Par3, including phos-
phoinositides (Krahn et al., 2010), junctional proteins (Itoh et al.,
2001; Takekuni et al., 2003), phosphorylation (Takekuni et al.,
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2003; Choi et al., 2007), and kinesin II A
(Nishimura et al., 2004). Signaling path-

ways target these mechanisms, but only ~ PNS: o
BAI1 directly transduces extracellular sig-  IBs:

nals. This ability to transmit information
directly to Par3/Tiam1 would be particu-
larly important in the regulation of syn-
apses, which undergo remodeling
throughout life.

That BAI1 associates with both Par3/
Tiam1 and ELMO/DOCK180 is surprising.
Why should two separate Racl-activating BAI1 '
modules be required downstream of the
same receptor to relay signals to the same
small GTPase? We and others have empha- B
sized that Rho-family GTPase signaling de-
pends on the precise spatiotemporal nature
of the signal (Govek et al., 2005; Kiraly et al.,

2010; Tolias et al,, 2011). Genes encoding
Rho-family GEFs greatly exceed those en-
coding Rho-family GTPases, and a key rea-
son seems to be that GEFs serve as scaffolds
that recruit specific receptors, effectors, and
signal terminators (Tolias et al., 2011).

N
o

_\
<

Par3 Intensity

Tiam1 is distinguished by its collaboration e T

N\
with the PAR polarity complex and the syn- ,\Q&
aptic adaptor proteins spinophilin and
IRSp53 (Rajagopal et al., 2010), whereas
DOCKI180/ELMOL1 interacts with the
scaffold CrkII (Kiyokawa et al., 1998), which
binds to the focal adhesion-associated pro-
teins p130Cas and paxillin and to ERM
actin-membrane linker proteins (Miy-
amoto and Yamauchi, 2010). Thus, these Rac1-GEFs create distinct
microdomains where Racl signaling takes place, resulting in differ-
ent effects. BAI1 might select between these alternative pathways
using its many ligand-binding sites. The binding of different ligand
combinations could result in the recruitment of specific Rac-GEFs,
leading to a diversity of pathways mediated by this single receptor.

Our results also shed light on the role of Par3 isoforms. Par3
exists as three main isoforms: full-length protein (180 kDa), a 150
kDa isoform, and a 100 kDa isoform lacking the PKC{-binding
site (Lin et al., 2000). Par3—180K predominates in the brain, and
Par3-100K is also detectable (Lin et al., 2000) (Fig. 7F). The roles
of these two isoforms are not well understood, although both can
rescue spine defects caused by Par3 knockdown (Zhang and
Macara, 2006). Near the peak of synaptogenesis, BAI1 interacts
almost exclusively with Par3—100K, thus concentrating it in BAI1
immunoprecipitates (Fig. 7F). With maturity, the BAI1/Par3—
180K interaction increases. Treatment with our RGD peptide
increases the BAI1/Par3-180K interaction (Fig. 12), although
there is no change in the BAI1/Par3—100K interaction (data not
shown). Although we cannot yet delineate the roles of these two
isoforms, our results indicate a model in which to explore this
question. Because a key difference between the isoforms is their
ability to bind PKC{ (Lin et al., 2000), our results suggest that the
synaptic BAI1/Par3/Tiam1 complex comes to regulate PKC{ late
in development. This switch could enable BAII to suppress sig-
naling by the small GTPase RhoA, a negative regulator of spine
formation and maintenance, because Par6/PKC{ inhibits RhoA
activity via p190 RhoGAP (Zhang and Macara, 2008).

Although our data suggest that BAI1/Par3/Tiam1 functions at
excitatory synapses, none of these proteins localizes these exclu-

Figure 12.
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A peptide mimic of the RGD motif of BAIT increases the association between BAIT and Par3/Tiam1. 4, The 21 DIV rat
hippocampal neurons were treated for 10 min or 1 h with the peptide PRGDVCL (RGD) or a scrambled peptide control (Scr.) and then
processed forimmunoprecipitation with an antibody against BAIT or nonimmune serum. Shown are representative blots stained
for Par3, Tiam1, and BAI1. The Par3 band corresponds to Par3—180K. B-D, Quantification of band intensity corrected for back-
ground (in the NI lane) for the three labels (N = 4).*0.05 > p > 0.01.**0.01 > p > 0.001.

sively. All three occur throughout the neuron in partially over-
lapping patterns, reflecting the fact that each protein plays
additional roles. As noted, BAIl interacts with ELMO1/
DOCK180 to mediate phagocytosis. Also, Tiam1 and Par3 func-
tion in several distinct neuronal processes, including axon
initiation (Mertens et al., 2006), which may not involve BAII.
Although BAI1 - ATEV binds Tiam1 poorly in vitro, both proteins
interact with a third protein, IRSp53 (Oda et al., 1999; Connolly
etal., 2005). It is unknown whether IRSp53, which is spinogenic
(Choietal.,2005), participates in the BAI1/Par3/Tiam1 complex.
Further study will be required to fully understand the functions
and regulation of complexes involving BAI1, Tiam1, and the dif-
ferent isoforms of Par3.

Because BAI1 is a cell-surface receptor, it should transduce
signals from its many potential ligands. Integrins are heterodi-
meric transmembrane proteins that bind to the extracellular ma-
trix and regulate many cellular functions. Integrin «, 85 binds to
BAIl, and this binding may play a role in the suppression of
angiogenesis (Koh et al., 2004). Integrins also impact excitatory
synaptogenesis: [3;-containing integrins bind to AMPARs and
stabilize their surface expression, strengthening synapses (Pozo et
al., 2012), and 3;-containing integrins bind to Arg kinase, stim-
ulating p190RhoGAP, which inhibits RhoA signaling and pro-
motes synapse stabilization (Warren et al., 2012). Activation of
either integrin leads to spine remodeling (Shi and Ethell, 2006).
However, «, 35 is the only known integrin ligand of BAI1 (Koh et
al., 2004). Although Bs-integrin localizes to excitatory synapses
(Shiand Ethell, 2006), its role is unknown. Our peptide copies the
sequence flanking the RGD motif of BAI1 and is substantially
different from the peptide that promotes 3,- and B;-dependent



Duman et al. ® BAIT Recruits Par3/Tiam1 to Excitatory Synapses

spine remodeling (Shi and Ethell, 2006). At our concentration,
we expect it to disrupt BAIl/a, 35 interactions, although it could
mimic the activation of a5 by BAIl binding (Shi and Ethell,
2006; Pozo etal., 2012). We favor the former explanation because
it more simply explains how the peptide could affect BAI1’s bind-
ing to other proteins. If true, this means that disrupting a «, 85/
BAI1 complex increases BAI1 binding to Tiaml/Par3—180K.
Because both «, 85 and BAI1 are linked to phagocytosis (Albert et
al., 2000; Park et al., 2007), this disruption could switch BAI1
from being in a complex favoring spine remodeling or retraction
to a complex promoting spinogenesis. This is an exciting and
testable hypothesis, although many questions remain to be ad-
dressed, including whether «, 35 is presynaptic or postsynaptic
and whether other BAI1 ligands are involved.

It is surprising that a large family of strongly conserved cell-
surface receptors, such as A-GPCRs, would remain so little un-
derstood. That A-GPCRs are required for normal brain function
cannot be doubted. A-GPCRs mediate myelination (Monk et al.,
2009), axonal guidance (Steimel et al., 2010), dendritic arboriza-
tion (Shima et al., 2007), and formation of the blood—brain bar-
rier (Kuhnert et al., 2010), and have been linked to neurological
diseases (DeRosse et al., 2008; Choudhry et al., 2012). However,
we are only beginning to appreciate their mechanisms of action.
Even the question of whether A-GPCRs are generally functional
GPCRs in vivo is unresolved. Other mechanisms of action have
meanwhile surfaced. The relationship between BAIl and EL-
MO1/DOCK180 is one of these mechanisms (Park et al., 2007),
and our discovery of an independent BAIl-dependent Racl-
activation module provides another.

Two A-GPCRs closely related to BAI1 also function in the
brain: BAI2-knock-out mice have a strong antidepressant pheno-
type (Okajima et al., 2011) and BAI3 is implicated in schizophre-
nia (DeRosse et al., 2008) and synapse elimination (Bolliger et al.,
2011). Both are similar to BAI1, although they do not appear to
compensate for BAII loss. The differences within the subfamily
include the RGD motif, the extra thrombospondin repeat, a
C-terminal proline-rich region, and a truncation in the region
important for interaction with heterotrimeric G-proteins, all
unique to BAI1 (Nishimori et al., 1997; Shiratsuchi et al., 1997).
Because of its otherwise high conservation, the BAI subfamily
may represent an ideal microcosm for exploring general proper-
ties of A-GPCR biology. Because A-GPCRs regulate critical func-
tions throughout the nervous system and are present on the cell
surface, a thorough understanding of their biology should yield
tools for manipulating these functions. This could result in treat-
ments for mental diseases, possibly even when defective A-GPCR
signaling is not etiological for the disorder.
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