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for a variety of neurological disorders.

Introduction

Synaptic plasticity refers to the ability of synapses to modify the
strength or efficacy of synaptic transmission and is thought to
underlie learning and memory (1, 2). Long-term potentiation
(LTP) and long-term depression (LTD) are the most widely studied
types of synaptic plasticity (3, 4), and their molecular mechanisms
have been extensively explored in recent years (5-8). In the CAl
region of the hippocampus, it is well established that triggering
of LTP requires synaptic activation of postsynaptic NMDA recep-
tors (NMDARs) and subsequent downstream signaling cascades.
While extensive progress has been made, much remains unknown
about the identity and functional role of the specific proteins
involved. Obtaining a better understanding of synaptic plasticity
at the cellular and behavioral levels is particularly important, as
such knowledge is crucial to developing novel diagnostics and
therapeutics for multiple neurological disorders.

Brain-specific angiogenesis inhibitor 1 (BAI1) was recently
identified as a postsynaptic density (PSD) protein (9, 10). BAIlis a
member of the adhesion GPCR subfamily (11), initially identified
in a screen for p53-regulated genes (12). BAI1 is highly expressed
in the normal brain but is epigenetically silenced in glioblastoma
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Synaptic plasticity is the ability of synapses to modulate the strength of neuronal connections; however, the molecular
factors that regulate this feature are incompletely understood. Here, we demonstrated that mice lacking brain-specific
angiogenesis inhibitor 1 (BAI1) have severe deficits in hippocampus-dependent spatial learning and memory that are
accompanied by enhanced long-term potentiation (LTP), impaired long-term depression (LTD), and a thinning of the
postsynaptic density (PSD) at hippocampal synapses. We showed that compared with WT animals, mice lacking Bai7 exhibit
reduced protein levels of the canonical PSD component PSD-95 in the brain, which stems from protein destabilization.

We determined that BAI1 prevents PSD-95 polyubiquitination and degradation through an interaction with murine double
minute 2 (MDM2), the E3 ubiquitin ligase that regulates PSD-95 stability. Restoration of PSD-95 expression in hippocampal
neurons in BAI1-deficient mice by viral gene therapy was sufficient to compensate for BaiT loss and rescued deficits in
synaptic plasticity. Together, our results reveal that interaction of BAI1 with MDM2 in the brain modulates PSD-95 levels and
thereby regulates synaptic plasticity. Moreover, these results suggest that targeting this pathway has therapeutic potential

(12-15). BAI1 has been shown to exert potent antiangiogenic and
antitumorigenic effects (16-18), and its loss or mutation in several
cancers suggests that it is a tumor suppressor (19). BAI1 contains
several well-defined protein modules in the N terminus such as an
integrin-binding Arg-Gly-Asp (RGD) motif, followed by 5 throm-
bospondin type 1 repeats (TSRs), a hormone-binding domain, and
a GPCR proteolytic cleavage site (GPS) (19). TSRs in BAI1 can reg-
ulate angiogenesis (12, 18, 20) and phagocytosis of apoptotic cells
by macrophages (21) and participate in myogenesis (22). In the
C terminus, BAI1 possesses a proline-rich region and a Gln-Thr-
Glu-Val (QTEV) PDZ-binding motif, both of which are involved in
protein-protein interactions (19).

Despite these recent advances, the pivotal role BAI1 plays in
the CNS remains to be identified. Here, we generated a line of
Bail7- (KO) mice to shed light on the physiological importance of
BAIl in the brain. The mutant mice were viable, with normal brain
anatomy; however, behavioral testing revealed severe deficits in
hippocampus-dependent spatial learning and memory, accompa-
nied by abnormal synaptic plasticity. We provide evidence that the
deficiency resulted from loss of a novel negative regulation of BAI1
upon MDM2, a ubiquitin ligase that targets PSD-95 for proteoso-
mal degradation. Importantly, the synaptic plasticity deficits were
reversible through PSD-95 gene therapy in the Bail”~ hippocam-
pus. We believe our findings uncover a previously unknown func-
tion of BAI1 in the brain, one that provides novel insights into syn-
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Figure 1. Generation and characterization of Bai1”/- mice. (A) Schematic of the Bai7 gene-targeting strategy. Homologous recombination of the target-

ing construct with the mouse BaiT locus results in deletion of exon 2 (E2), which leads to a null mutation. (B) Southern blot genotyping of targeted ES

cell clones. Genomic DNA from G418-resistant clones was digested with Spel. After electrophoresis, the digested DNA was transferred to membrane and
hybridized with the 5’ probe. The WT allele migrated as a 22-kb fragment, while the correct homologous recombinant allele migrated as a 9-kb fragment.
(C) RT-PCR for Bai1 gene transcripts from either exon 2 (E2) or exons 3-5 (E3-5) in 2-week-old WT and KO brains. (D) WB analysis to confirm the absence of
BAI1 protein in homozygous KO (-) mouse brains. (E) H&E staining of brain sections showed no apparent structural defects. Scale bar: 0.5 mm. (F) Quan-
tification of vasculature in the brain showed no difference between WT and KO mice (n = 6 mice/group; P = 1.0 by 2-tailed Student's t test).

aptic plasticity and has therapeutic implications for a wide range
of brain disorders.

Results

Generation and characterization of Bail”~ mice. To generate a line
of Bail”~ mice, homologous recombination was used to target the
Bail gene in embryonic stem (ES) cells by replacement of exon 2
(where the start codon ATG is located) with a promoterless B-gal
cDNA (LacZ) and a mini-neomycin resistance gene followed by a
stop codon and poly-A tail (Figure 1A). Properly targeted G418-
resistant clones were confirmed by Southern blotting (Figure
1B), and 2 independent clones with normal karyotypes, morphol-
ogy, and growth rate were injected into C57BL/6 blastocysts to
achieve germline transmission. Once the Bail”~ mice were gen-
erated, we confirmed the absence of Bail gene expression (Fig-
ure 1C) and protein expression (Figure 1D). The results from the
2 lines were identical, thus we did not document the lines sepa-
rately in the data described below. The Bail”~ mice were viable
and fertile and obtained at the expected Mendelian ratio (Supple-
mental Figure 1; supplemental material available online with this
article; doi:10.1172/JCI174603DS1), without obvious anatomical
abnormalities, including in the brain (Figure 1E). Since BAIl is a
negative regulator of angiogenesis (14), we examined the Bail”~
brain vasculature thoroughly, but found no defects (Figure 1F).
Moreover, we did not observe any brain tumors in the Bail”~ mice
for at least 1.5 years, suggesting that deletion of the tumor-sup-
pressive activity of BAI1 per se is not sufficient to initiate brain
tumor formation in mice.

Bail”~ mice show deficits in hippocampus-dependent learning and
memory. To identify any potential defective phenotype, we first
performed behavioral tests using Bail”-and WT littermate mice to
evaluate the effect of Bail loss on behavior. BAIlis abundant in the
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hippocampus (15, 23), a key region for spatial learning and mem-
ory. Thus, we tested these cognitive functions by performing a hid-
den-platform version of the Morris water maze task (24), which is
hippocampus- and NMDAR dependent (25). Mice were trained
to find a submerged hidden platform using spatial cues (acqui-
sition), after which the platform was removed to test memory
retention (probe trial). WT mice showed a progressive reduction
in their escape latency over the period of acquisition, as the slope
of the learning curve was significantly steeper for WT mice than
it was for Bail”7~ mice, indicating that the Bail”~ mice were defi-
cient in learning this task (Figure 2A). On day 6, a probe trial was
performed, and the time spent in each quadrant was quantified.
Notably, the Bail”~ mice did not show a preference for the target
quadrant, whereas the WT mice spent significantly more time in
the target quadrant (Figure 2B), suggesting impairment in spatial
learning and memory in Bail”~ mice. As a control, we repeated the
test with a visible platform and detected no differences between
the Bail7- and WT mice (Figure 2, C and D). These data exclude
concealed defects in the noncognitive skills needed to complete
the test, including visual acuity and motor skills for swimming and
mounting the platform. Moreover, we observed no significant dif-
ferences in anxiety-like behavior as assessed in the elevated plus
maze (Figure 2E), the marble-burying test (Figure 2F), and the
light/dark test (Figure 2G). Collectively, these results reveal that
Bail”/~ mice have severely impaired spatial learning and memory,
yet display normal motor function and anxiety-like behavior.
Bail”~ mice display major changes in frequency-dependent syn-
aptic plasticity. To determine whether the impaired spatial learn-
ing and memory of Bail”~ mice might be related to alterations in
synaptic plasticity in the hippocampus, we assessed the effects of
Bail loss on NMDAR-dependent LTP and LTD induction in CA1l
pyramidal neurons ex vivo. To ensure that any observed changes
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in synaptic plasticity were dependent on the frequency of stimu-
lation, we first examined hippocampal basal excitatory synaptic
transmission at Schaffer collateral synapses and found no sig-
nificant changes in the Bail”~ mice (Supplemental Table 1). We
then investigated whether a spaced high-frequency stimulation
(HFS) of the Schaffer collateral input might show differences in
LTP induction in CAl neurons. HFS induced a robust enhance-
ment in excitatory postsynaptic currents (EPSCs) that lasted
for more than 40 minutes in WT and Bail”- mice (Figure 3A).
However, while the initial LTP was similar for both types of mice
and reached steady state in WT neurons (1.75 * 0.24 fold over
baseline, 30 minutes after HFS, n = 8 neurons from 6 animals),
the magnitude of LTP continued to increase in the Bail”~ mice,
showing significant enhancement (2.85 * 0.29 fold over baseline,
30 minutes after HFS, n = 6 neurons from 4 animals, P < 0.001)
(Figure 3A). We next examined the effects of Bail deletion on LTD
using a low-frequency stimulation (LFS) protocol (1 Hz), which
normally induces stable LTD in slices from WT mice (0.67 = 0.10
fold over baseline, n = 6 neurons from 3 animals) (Figure 3B).
Intriguingly, LFS failed to induce LTD in Bail”" slices, but rather
induced significant LTP (1.41+ 0.07 fold, n = 5 neurons from 3 ani-
mals) (Figure 3B). These studies revealed enhanced LTP and an
apparent loss of LTD at Bail”~ hippocampal CA1 synapses. Sim-
ilar results were obtained with stimulation frequencies of 5 Hz
and 10 Hz, respectively (Figure 3, C and D). Taken together, these
results indicate that the frequency dependence of synaptic plas-
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Figure 2. Bai1/- mice show deficits in hippocampus-dependent learning
and memory. (A) Escape latency curve during hidden-platform Morris
water maze acquisition showed that WT mice improved substantially,
while KO mice did not (n = 10 mice/group; ***P < 0.001 by 2-way ANOVA
with Dunnett’s post-hoc test). (B) Quantification of time spent in each
quadrant during probe trials with representative swimming paths of WT
and KO mice. WT mice showed a significant preference for the northwest
(NW) target quadrant (n = 10 mice/group; **P < 0.01 by 2-way ANOVA with
Dunnett’s post-hoc test). Escape latencies (C) and distance traveled (D)
during the visible-platform Morris water maze test. No significant differ-
ences were detected between WT and KO mice (n = 8 mice/group;

P =0.64 and P = 0.32, respectively, by 2-way ANOVA). Anxiety-like behavior
was assessed by the elevated plus-maze test (n = 8 mice/group; P = 0.92
by 2-tailed Student’s t test) (E); the marble-burying test (7 mice/group;

P = 0.85 by 2-tailed Student'’s t test) (F); and the light/dark test (n = 8 mice/
group; P = 0.16 by 2-tailed Student’s t test) (G). There was no significant
difference between WT and KO mice. All data represent the mean + SEM.

ticity was dramatically altered in Bail7~ CA1 pyramidal neurons
(Figure 3E). To determine any potential effects on presynaptic
release, we also examined the paired-pulse ratio (PPR) of evoked
EPSCs (eEPSCs), a measure of short-term presynaptic plasticity.
No significant PPR differences were detected between WT and
Bail”~ slices (Figure 3F), suggesting that the observed alterations
in synaptic plasticity were primarily postsynaptic.

Bail”~ hippocampal CA1 neurons have normal dendritic
arborization and spine density. Synaptic plasticity can be associ-
ated with changes in dendritic spine morphology (26). A recent in
vitro study suggested that BAI1 interaction with the PAR3/TIAM1
polarity complex regulates spinogenesis in neurons in culture (10).
Therefore, we examined whether the aberrant synaptic plastic-
ity in Bail”~ mice correlated with alterations in dendritic spine
morphology in ex vivo Bail”~ hippocampus. The spines in hippo-
campal slices were visualized by filling individual CA1 pyramidal
neurons with biocytin. The overall morphology of adult Bail”-
hippocampal CA1l neurons had no apparent defects in either the
numbers of primary dendrites or the dendritic branches (Figure
4A). Dendritic protrusions on basal, proximal, and distal apical
dendrites were classified into different spine categories (stubby,
mushroom, or thin) (27) (Figure 4B) and quantified. Compared
with WT neurons, neither the proportion nor the total number of
dendritic spines was significantly changed in Bail”- neurons (Fig-
ure 4, C and D). To determine whether deletion of Bail in mice has
any effect on spinogenesis or synaptogenesis, we also examined
dendritic spine morphology during early postnatal development
(3 weeks old) and detected no significant alterations in spine den-
sity or spine category proportion (Supplemental Figure 2). Taken
together, these results suggest that the Bail”~ hippocampal CA1
pyramidal neurons display no significant structural changes in
dendritic arborization or spine formation and /or maturation when
examined at the light microscopic level.

Bail”~ hippocampal CAI1 neurons have decreased PSD thick-
ness. We further examined the synaptic ultrastructure by electron
microscopy. Altogether, 227 PSDs at the hippocampal CAl stra-
tum radiatum were randomly sampled in a blind analysis. Consis-
tently, we found no significant changes in spine density or spine
size (data not shown), but interestingly, we observed an approx-
imately 40% reduction in the thickness of PSD regions in Bail”~
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Figure 3. Bai1”/- mice display changes in
frequency-dependent synaptic plasticity. (A)
HFS-induced LTP was elicited using 5 x 100 Hz
trains of stimulation at 20-second intervals.
Note the enhanced potentiation after HFS
stimulation in slices from KO mice (red) com-
pared with slices from WT mice (blue)

(6 mice/WT group, 4 mice/KO group; P < 0.001).
(B) Stimulation (900 pulses) delivered at 1 Hz
induced LTD in slices from WT mice (blue), but
conversely induced robust LTP in KO mice (red)
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neurons compared with those in WT neurons (30.5 + 0.7 nm for
WT vs. 18.7 = 0.5 nm for Bail”, P < 0.001) (Figure 5). A similar
reduction was also observed during early postnatal development
(3 weeks old) and in cortex somatosensory neurons (Supplemen-
tal Figure 3). These results suggest that Bail”- CAl neurons have
defects in their excitatory synaptic ultrastructural architecture.
PSD-95 protein levels are reduced in the Bail”~ brain. The PSD is
an electron-dense thickening in the postsynaptic membrane that
is composed of a protein network including various receptors, ion
channels, adhesion molecules, scaffolding proteins, cytoskeletal
proteins, and associated signaling molecules (28, 29). PSD-95, the
most abundant scaffolding protein in the PSD (30), is critical for
excitatory synapse formation, maturation, and function (31, 32).
A recent study suggested that PSD-95 is required to sustain the
molecular organization of the PSD, and RNA interference knock-
down of PSD-95 leads to a breakup or shortening of the PSD (33).
Hence, we hypothesized that the decrease in PSD thickness in our
Bail7-mice was due to perturbations of PSD-95. To test this, we first
determined PSD-95 protein levels by Western blot (WB) analysis
and found a remarkable reduction (~50%) in these levels in Bail”~
brain (Figure 6A). This reduction was specific to PSD-95, since the
expression levels of 2 other postsynaptic proteins, NMDAR NR1
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subunit (NMDAR1) and calmodulin-dependent protein kinase II
(CaMKII), remained unchanged. The reduction was not region
specific, as we observed a similar decrease in PSD-95 levels in
neocortex, hippocampus, and cerebellum (Figure 6B). In contrast,
the protein levels of BAIl-associated protein 2 (BAIAP2) were not
altered. We hypothesized that the reduction in total PSD-95 protein
levels results predominantly from decreases in the synaptic pool of
PSD-95. Consistent with thisidea, examination of PSD-95 levels in
purified PSD fractions revealed a substantial reduction in the post-
synaptic compartment (Figure 6C). Taken together, these findings
indicate a remarkable reduction of PSD-95 protein at Bail”~ syn-
apses. We next explored the mechanisms underlying this reduc-
tion. No decreases in PSD-95 mRNA levels were detected (Figure
6D), revealing that transcriptional suppression could not account
for the decrease in protein levels. To test whether PSD-95 stability
is changed in Bail”~ synapses, DIV12 high-density cortical neuron
cultures were treated with cycloheximide (CHX), a protein synthe-
sis blocker, and the kinetics of protein degradation were compared
between WT and Bail”" neurons (Figure 6E). Remarkably, after
8 hours of protein synthesis inhibition, 49% * 4% of PSD-95 pro-
tein remained in WT neurons, while only 24% * 3% remained in
Bail”~neurons. The degradation rate of PSD-95 was approximately
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2-fold faster in Bail”- neurons than in WT neurons, suggesting that
loss of Bail promotes PSD-95 degradation.

Association of BAIl with MDM2 inhibits PSD-95 polyubiquitina-
tion and degradation. PSD-95 degradation is regulated by the pro-
teasome and involves the E3 ubiquitin ligase MDM2 (34). Our find-
ing that PSD-95 degradation is enhanced in Bail”~ brain suggested
a novel function for BAII as a negative regulator of MDM2-medi-
ated PSD-95 ubiquitination. To test this hypothesis, we transiently
transfected mammalian cells with expression vectors for PSD-95,
HA-tagged ubiquitin, BAI1, and MDM2. Cotransfection with BAI1
induced a striking stabilization of PSD-95 levels, accompanied by a
substantial reduction in high-molecular-weight polyubiquitinated
PSD-95 (Figure 7A). The inhibitory effect was evident, even in the
presence of MDM2 overexpression. One possible mechanism for
this inhibitory effect is that BAI1 binds to PSD-95 and prevents
its polyubiquitination by MDM2, through either competitive or
allosteric inhibition. To test this, we used a BAIl-mutant construct
that lacks the QTEV PDZ-binding motif. Deletion of the QTEV
motif blocked the interaction between BAI1 and PSD-95; however,
this mutant retained the ability to inhibit PSD-95 polyubiquitina-
tion and stabilized PSD-95 (Figure 7B), suggesting that the inter-
action of BAII with PSD-95 is not required for BAIl-mediated sta-
bilization of PSD-95. As an alternative hypothesis, we postulated

Figure 5. Decrease in PSD thickness in Bai1/- hippocampal neurons by
electron microscopic analysis. Top: Representative electron micrographic
images of asymmetric axospinous synapses (arrows) in the CA1 region

of adult WT and KO mice. Bottom: High-magnification images showing
individual synapses. Sp, spine; T, axon terminal. Scale bars: 100 nm.
Histogram shows the significant difference in the mean + SEM of PSD
thickness between WT and KO animals (n = 5 mice/group; P < 0.001 by
2-tailed Student’s t test).
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Figure 4. Bai1/- hippocampal CA1 neurons have normal dendritic
arborization and spine morphology. (A) Representative images of biocytin-
filled CA1 neurons from adult WT and KO mice show normal dendritic
arborization in KO mice. Scale bar: 50 pm. (B) Representative images from
apical segments of WT and KO neurons show unaffected dendritic spine
density and morphology. Scale bars: 2 um. (C) No significant difference in
dendritic spine density was observed between WT and KO CA1 neurons.
Secondary dendritic segments were captured from basal dendrites, proxi-
mal apical dendrites (50-100 um from the soma), middle apical dendrites
(100-150 pum from the soma), and distal apical dendrites (>150 um from
the soma). n = 5 mice/group; P = 0.55. (D) Dendritic spine morphology was
not affected in KO neurons. Spines were classified as stubby, mushroom,
or thin and were quantified. n = 5 mice/group; P = 0.99. All data represent
the mean + SEM and were analyzed by 2-way ANOVA.

that BAI1 interferes with MDM2 function through direct MDM2
binding. Coimmunoprecipitation (Co-IP) experiments on mouse
brain tissue extracts revealed a novel in vivo interaction between
BAIl1 and MDM2 (Figure 7C). To further characterize the MDM2
protein domains involved, we transiently cotransfected BAI1 with
MDM2 WT and mutant constructs (35) in 293FT cells, which
lack endogenous PSD-95 expression. Deletion of aa 1-200 from
MDM?2 blocked the interaction with BAI1, deletion of aa 200-300
markedly attenuated it, and deletion of aa 300-491 had no effect
(Figure 7D). To further define the importance of the BAII-MDM?2
interaction for PSD-95 stability and to confirm the role of the N ter-
minus of MDM2 in binding, we repeated the cotransfection in the
presence of an HA-tagged MDM?2 fragment (aa 1-215) expression
vector. We hypothesized that this fragment blocks the BAI1-MDM?2
(WT) interaction in a dominant-negative fashion. Overexpression
of the MDM2 fragment did inhibit the interaction between BAI1
and the full-length Myc-tagged MDM2 (Figure 7E, left panel),
resulting in enhanced polyubiquitination of PSD-95 and a sub-
stantial reduction of PSD-95 protein levels (Figure 7E, right panel).
These results show that the BAII-MDM?2 interaction inhibits PSD-
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Figure 6. Bai1/- mice have reduced PSD-95 protein levels. (A) PSD-95 protein levels were reduced by approximately 50% in brains of 2-week-old pups
and 6-month-old adult KO mice, while expression levels of NMDAR1, CaMKII, and presynaptic marker synaptophysin (Syn) remained unchanged. Blots
shown are from samples that were run in parallel. Quantification of PSD-95 is shown on the right (n = 6; **P < 0.01 by 2-tailed Student’s t test). (B) WB
showing that PSD-95 protein levels were reduced in neocortex, hippocampus, and cerebellum of adult mice, while BAIAP2 expression levels remained
unchanged. (C) Substantial reduction of PSD-95 in the PSD fraction of adult KO mice. Homo, cell homogenate. (D) Quantitative RT-PCR showed that
PSD-95 mRNA levels were not reduced in KO mice. (E) PSD-95 was more rapidly degraded in cultured primary cortical neurons from KO mice. CHX (30
ug/ml) was added to block de novo protein translation in high-density dissociated cortical neurons for 0, 8, and 24 hours. Cell lysates were collected and
subjected to WB analysis. Relative band intensities are indicated. All histograms show the mean + SEM. All blots show representative images from

3 independent experiments with similar results.

95 ubiquitination and stabilizes its protein levels in cell culture. To
determine whether this regulation also occurs under physiological
conditions in vivo, we examined PSD-95 ubiquitination and protein
levels in WT and Bail”- mice. Consistent with our in vitro findings,
we observed a greater than 2-fold increase in PSD-95 polyubiquiti-
nation in brain tissue from 2-week- and 6-month-old Bail”~ mice
(Figure 7F and Supplemental Figure 4), which was accompanied
by an increased PSD-95-MDM2 association. BAI1 loss did not lead
to a general destabilization of PSD proteins, as the levels of guany-
late kinase-associated protein (GKAP), an abundant PSD protein
that binds PSD-95 directly (36) and is regulated by the TRIM3 E3
ligase (37), remained unaffected (Supplemental Figure 4). Taken
together, these cellular and in vivo approaches suggest that BAI1
can stabilize PSD-95 expression by preventing MDM2-mediated
ubiquitination of PSD-95.

Restoration of PSD-95 expression in Bail”~ hippocampus rescues
synaptic plasticity deficits. To directly assess whether the reduction
in PSD-95 levels might be the underlying cause of the aberrant
synaptic plasticity elicited by the loss of Bail, we restored PSD-95
expression in the Bail”~ hippocampus of 6- to 8-week-old mice.
For this purpose, we generated novel adeno-associated viruses
(AAVs) coexpressing GFP and PSD-95 via an F2A motif (ref. 38
and Figure 8A). Since palmitoylation of the N terminus of PSD-
95 is critical for its synaptic localization and function (39), we
confirmed that the PSD-95 expressed from our expression vec-
tor can be efficiently palmitoylated using an in vitro assay (ref. 40
and Supplemental Figure 5). The AAVs were then locally infused
into the dorsal hippocampus through stereotactic neurosurgery
(Figure 8B). Four to five weeks after infection, we detected strong
GFP expression in hippocampal CAl, and WB analysis confirmed
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restoration of PSD-95 protein expression (Figure 8B). Remark-
ably, restoration of PSD-95 protein expression in Bail”~ neurons
was sufficient to prevent abnormal LTP induction at different
frequencies of synaptic stimulation (Figure 8C and Supplemen-
tal Figure 6). Patch-clamp recordings in PSD-95-restored Bail”
neurons 4-5 weeks after infection revealed WT-like LTD in
response to a 1-Hz stimulation (0.55 * 0.09 fold over baseline),
while Bail”~ neurons infected with the control GFP virus still
exhibited aberrantly enhanced LTP (1.50 * 0.10 fold over base-
line, 1 Hz; 1.66 * 0.21 fold over baseline, 5 Hz). Taken together,
these results demonstrate that restoration of PSD-95 in the Bail”~
hippocampus was sufficient to restore normal synaptic plasticity.
To further assess the possibility of a direct cause-effect relation-
ship between the BAI1-MDM?2 interaction, PSD-95 stability, and
hippocampal synaptic plasticity, we took advantage of our MDM2
dominant-negative fragment (aa 1-215). Overexpression of this
fragment blocked the MDM2-BAII interaction in transfected
mammalian cells and resulted in enhanced PSD-95 degradation
(Figure 7E). Thus, we hypothesized that in vivo overexpression of
this fragment should mimic, at least in part, the deficits observed
in Bail”~ neurons. To test this, we designed an AAV expression
vector for the MDM?2 (aa 1-215) fragment and first confirmed its
destabilizing effects on endogenous PSD-95 stability in primary
neuronal cell cultures (Supplemental Figure 7). We then injected
it into the WT mouse hippocampus. Strikingly, patch-clamp
recordings in the infected neurons antagonized LTD induction in
response to the 1-Hz stimulation (1.03 * 0.27 fold over baseline,
n =7 neurons from 6 animals; P < 0.001, Student’s ¢ test) (Figure
8D). Taken together, these results demonstrate that blocking the
interaction between BAI1 and MDM2 in WT hippocampal neu-
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Figure 7. BAI1 binds MDM2 and prevents PSD-95 polyubiquitination. (A) BAI1 attenuated PSD-95 polyubiquitination. HEK 293FT cells were transiently
transfected with the indicated expression vectors. Left panel: Immunoblot (IB) detected PSD-95 and high-molecular-weight polyubiquitinated PSD-95
(arrow). Right panel: Co-IP with anti-PSD-95 antibody, followed by IB detection of ubiquitin chains (anti-HA antibody). (B) Deletion of the BAI1 QTEV
motif blocked the BAI1-PSD-95 interaction (left panel), but retained the ability to inhibit PSD-95 polyubiquitination (right panel). HEK 293FT cells were
transiently cotransfected with expression vectors for PSD-95 with either BAI1 WT or mutant plasmid. Antibodies used for Co-IP and IB are indicated. Blots
shown are from samples that were run in parallel. (C) Co-IP shows the BAI1-MDM2 association in adult WT mouse brain. (D) Interaction of BAI1 and MDM2
in transfected HEK 293FT cells. Left: Schematic drawing of the full-length (FL) and truncated MDM2 constructs. Right: HEK 293FT cells were cotransfected
with expression vectors for BAI1 and Myc-tagged full-length MDM2 or the indicated deletion mutants. (E) Overexpression of a dominant-negative MDM2
(HA-MDM?2) blocked the BAIN-MDM2 (WT) interaction (left panel) and enhanced PSD-95 polyubiquitination (right panel). HEK 293FT cells were transiently
transfected with the indicated expression vectors. Myc-MDM2, full-length Myc-tagged MDM2; HA-MDM2, HA-tagged N terminus of MDM2 (aa 1-215). (F)
Co-IP experiments on brain extracts from 2-week- and 6-month-old WT and KO mice showed increased polyubiquitination of PSD-95 and PSD-95-MDM2
interaction in KO mouse brains. All blots show representative images from 3 independent experiments with similar results.

rons is sufficient to prevent the induction of LTD, thereby mim-
icking the plasticity deficits observed in Bail”- mice.

Discussion

BAI1 has been primarily studied as a negative regulator of angio-
genesis and tumorigenesis (19, 41). Surprisingly, we did not detect
any vascular abnormalities in the Bail/~ brain. We found no evi-
dence for augmented tumor predisposition either, demonstrating

that BAII loss is not a tumor-initiating event in C57BL/6 mice.
Additional studies are needed to determine whether other pro-
teins can compensate for the loss of the antiangiogenic function
of BAI1 in Bail”~ mice. Furthermore, crossing of Bail”/~ mice with
strains predisposed to tumor formation will determine whether
BAI1 loss can accelerate tumor progression.

BAI1 is highly expressed in neurons (42), yet its physiological
function in the CNS remains elusive. Here, we uncover, for the first
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Figure 8. Restoration of PSD-95 expression in Bai1”/- hippocampal neurons rescues synaptic plasticity defi-
cits. (A) Schematic of AAV expression vectors. A single Camk2a promoter-driven cistron that yielded separate
GFP and PSD-95 protein expression through an F2A motif was engineered. (B) Four to five weeks after AAV
injection into the dorsal side of the hippocampus, GFP could be readily detected (needle track indicated by an
arrow). Scale bar: 100 um. DG, dentate gyrus. WB analysis of hippocampal extracts shows restoration of PSD-95
protein levels (top panel). (C) Reversal of LTP following AAV-mediated restoration of PSD-95 expression in KO
hippocampal neurons. In the 1-Hz stimulation protocol, enhanced LTP could only be detected in control GFP-
infected KO neurons (red), whereas LTD was detected in PSD-95-AAV-infected KO neurons (green) (1 = 3 mice/
group. P < 0.001 by 2-tailed Student’s t test). (D) Blockage of LTD following AAV-mediated disruption of BAI1-
MDM2 interaction in WT hippocampal CA1 neurons. In the 1-Hz stimulation protocol, LTD could only be detected
in control AAV-GFP-infected WT neurons (blue) (n = 6 mice/group. P < 0.001 by 2-tailed Student’s t test).

time to our knowledge, an unappreciated function of BAIl in the
brain as a critical regulator of synaptic plasticity at hippocampal
excitatory synapses. Indeed, our electrophysiological data reveal
an important role for BAI1 in regulating NMDAR-dependent syn-
aptic plasticity in vivo. In Bail”/~ CAl neurons, both HFS and LFS
induced a sharp enhancement of LTP, while the latter normally
induces a stable LTD in WT slices. These results indicate that the
frequency dependence of synaptic plasticity is dramatically altered
in Bail7- CA1 pyramidal neurons. Since no significant changes were
detected in paired-pulse facilitation (considered a presynaptic phe-
nomenon) in Bail/~ CAl neurons, the alterations in synaptic plas-
ticity in Bail”~ hippocampus are most likely postsynaptic.
Consistent with the observed alterations in hippocampal CA1
synaptic plasticity, we detected spatial learning and memory deficits
in Bail”~ mice. In particular, Bail7/~ mice showed severe deficits in
the hidden-platform water maze test, while performing normally in
the visible-platform water maze test and several anxiety tests, sug-
gesting that Bail deficiency has specific effects on cognitive func-
tion. Traditionally, LTP has been designated as a primary mediator
of spatial memory storage in the hippocampus, and enhancements
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neurons showed normal dendritic
arborization, and no significant
changes in spine formation and/
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absence of changes in dendritic
spine morphology (46, 47). How-
ever, further examination at the
ultrastructural level evidenced a
thinning of the PSD in Bail”/~ mice
CAl neurons by electron micros-
copy. This was accompanied by a
remarkable decrease in the levels of PSD-95, a canonical PSD com-
ponent that regulates synapse maturation and synaptic plasticity
(44, 48). Importantly, restoration of PSD-95 in adult Bail/- mice
hippocampi was able to rescue synaptic plasticity deficits, suggest-
ing that the perturbed synaptic plasticity observed in Bail7/~ CAl
neurons is due in large part to the destabilization of PSD-95. These
findings, along with the observation that Bail7- mice and PSD-95-
mutant mice show strikingly similar phenotypes (enhanced LTP,
reduced LTD, and deficits in spatial learning and memory), sug-
gest that dysregulation of PSD-95 is the primary underlying cause
of these deficits observed in Bail”/~ mice. These findings establish
a novel functional relationship between BAI1 and PSD-95. Inter-
estingly, some recent studies suggested that basal synaptic trans-
mission is altered in the PSD-95-mutant mice (49, 50); however,
we did not detect significant changes in spontaneous EPSPs in our
Bail”/~ mice. These results suggest that the phenotypes of PSD-
95 mutants and Bail”~ mice are not exactly identical and that an
approximately 50% reduction in PDS-95 dosage in the Bail”/ mice
may only impair part of the function of PSD-95, or that differences
in compensatory mechanisms exist between the 2 types of mice.
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PSD-95 associates with MDM2, an E3 ubiquitin ligase that
mediates ubiquitination and degradation of PSD-95 and regulates
the function of many cancer-related proteins (34, 51, 52). Here, for
the first time to our knowledge, we demonstrate a novel protein-pro-
tein interaction between BAI1 and MDM2, which establishes BAI1
as anovel upstream regulator of the MDM2-PSD-95 interaction and
possibly of other MDM2 targets, including the p53 and Rb tumor
suppressors (51, 52). We mapped the MDM2 domain (aa 1-200)
required for the interaction between BAI1l and MDM2 and showed
its functional implication in the regulation of PSD-95 stability, pro-
viding an explanation for destabilization of PSD-95 in Bail”~ mice.
In terms of the mechanism underlying the stabilization of PSD-95
in the presence of BAI1, we demonstrated that a direct association
of BAI1 with PSD-95 is not required. Indeed, we showed that a BAI1
mutant with a deleted C-terminal PDZ-binding domain retained
its stabilizing effect on PSD-95. This excludes a model in which
BAII1 might directly compete with MDM2 for binding to PSD-95
or allosterically alter the ability of PSD-95 to bind MDM2. Instead,
our data support a model in which BAI1 binds to MDM2 and alters
its ability to promote PSD-95 ubiquitination and degradation. This
model is supported by 3 distinct observations: (a) BAI1 cotransfec-
tion with MDM?2 and PSD-95 in mammalian cells resulted in stabi-
lization of PSD-95 protein and a dramatic decrease in PSD-95 ubiq-
uitination; (b) cotransfection with a truncated MDM2 construct (aa
1-215) blocked the BAI1-MDM?2 interaction and reversed the BAI1-
mediated attenuation of PSD-95 ubiquitination; and (c) in Bail”/-
mice, the interaction between PSD-95 and MDM?2 was found to be
enhanced. Taken together, these findings suggest that BAI1 seques-
ters MDM2 and prevents it from binding to PSD-95.

Our studies show that BAII is an important component and
regulator of the PSD. A recent study revealed that the human PSD
contains over 1,000 proteins, and alterations in its function are
associated with more than 100 distinct neurological and psychiatric
diseases (53). However, the physiological roles played by most PSD
components remain mysterious. Thus, our characterization of BAI1
as an important PSD regulator may provide a better understanding
of the etiology of neurological diseases and identify novel diagnos-
tic and therapeutic approaches. Autism spectrum disorder (ASD)
is a neurodevelopmental disorder characterized by impaired social
interactions, deficits in language acquisition, repetitive behaviors,
and, in a subset of individuals, learning deficits (54). In mouse mod-
els of ASD, learning and memory deficits have been detected using
the Morris water maze test (55, 56). The behavioral deficits observed
in Bail”~ mice, coupled with recent observations that perturbed syn-
apse elimination in ASD may result from changes in the rate of pro-
teasomal degradation of PSD-95 mediated by multiple autism-linked
genes (57), open up the intriguing possibility that alterations in BAI1
function play a functional role in cognitive deficits associated with
ASD. Additionally, the recent finding that BAII is localized in a “hot
spot” for de novo germline mutations in ASD patients (58), along
with prior observations of a link between BAIAP2 and autism (59), is
further suggestive of a potential connection between BAIl and ASD
pathology. One major finding of our study is that the deficits in adult
Bail7- mice are reversible, as restoration of PSD-95 in adult Bail”/-
hippocampi was able to rescue synaptic plasticity deficits. These find-
ings also provide a proof-of-principle demonstration that in patients
suffering from decreased PSD-95 levels, as occurs in ASD, restoration
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of PSD-95 levels may have therapeutic implications, since the defi-
ciency can still be restored in fully developed adult brains.

In summary, our findings demonstrate that BAIl regulates
synaptic plasticity in hippocampal CAl neurons by antagonizing
MDM2-mediated PSD-95 degradation, thereby revealing, for
the first time to our knowledge, a physiological role of BAI1 in the
brain. Our results identify BAI1 as a novel regulator of hippocam-
pal synaptic plasticity and cognition that has wide-ranging impli-
cations for the understanding and possible treatment of a variety
of neurological disorders.

Methods

Reagents and antibodies. The HEK 293FT cells (R700-07) were pur-
chased from Invitrogen. PSD-95 antibody (2507), ubiquitin antibody
(3936), HA-tagged antibody (3724), and GKAP antibody (13602) were
purchased from Cell Signaling Technology. NMDARI1 antibody (2824-1),
synaptophysin antibody (1870-1), and CaMKII antibody (2048-1) were
from Epitomics. Actin antibody (sc-1616), tubulin antibody (sc-8035),
Myc-tag (9E10) antibody (sc-40), and GFP antibody (sc-8334) were
from Santa Cruz Biotechnology Inc. MDM2 antibody (M7815) was from
Sigma-Aldrich; BAIAP2 antibody (ab37542) was from Abcam; and poly-
ubiquitination-specific antibody FK1 clone (14219) was from Cayman
Chemical. The BAI1 N-terminal antibody was described previously (13).

Generation of Bail”~ mice. Homologous recombination was used
to target the Bail gene in ES cells. A 3.3-kb DNA fragment consisting
of parts of intron 1 of the Bail gene was used as the 5" arm in the target-
ing construct. The 3’ arm consisted of a 3.4-kb genomic DNA fragment
from intron 2. Exon 2 of the Bail gene was replaced by a promoter-less
B-gal cDNA (LacZ). A mini-neomycin resistance gene was also inserted
between the 2 targeting arms. Following transfection of the 12956/
SvEvTac HZ2.2 ES cells (60) derived from 129/Sv mice (agouti coat
color), clones were selected by G418. Clones (4 of 100) were identified
as containing the homologous recombinant transgene by Southern blot-
ting. Targeted ES cells with normal characteristics were used for injection
into blastocysts from C57BL/6 mice (black coat color) and implanted into
pseudo-pregnant females to generate chimeric mice. Mice with 90% or
more agouti coat color were selected for further mating with C57BL/6
mice. For genotyping analysis, 3 primers were used for PCR. A sense
primer in intron 1 of the Bail gene (5-CAGAGGAGCAGGTGGACAGA-
GAAAG-3), 2 antisense primers, 1in exon 2 of the Bail gene (5-TCAGGA
GACAGTGGAAGCAGCG-3)) and the other in the LacZ gene (5-TAAC-
GCCAGGGTTTTCCCAGTCACG-3) were used to simultaneously
amplify both the WT (188 bp) and targeted (293 bp) alleles, respectively.

Quantification of brain vasculature. Assessment of the vascular
area fraction was performed as previously described (61). The evalu-
ator (G.N. Neigh) was blinded to the genotype of the animals. Vascu-
lature was assessed using the stereological method of area fraction by
counting the area of an overlaid grid occupied by blood vessels. Ves-
sels were assessed in 1 hemisphere from every 12th section, beginning
at the origin of the prefrontal cortex and concluding at the cerebellum.
Three randomly selected fields per section were counted on 10 sepa-
rate sections per mouse. The area fraction of blood vessels in the brain
was compared between WT and KO mice (6 mice/group).

Animal behavior tests. An evaluator from the Emory Rodent Behav-
ioral Core Facility blinded to the genotype of the animals performed all
the tests under IACUC approval. The Morris water maze test was per-
formed as described (62). Adult 4- to 6-month-old KO and WT litter-
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mate mice were used. Acquisition training consisted of 4 trials per day for
5days. Trials lasted 60 seconds or until the animal mounted the platform
with a 15-minute inter-trial interval. A probe trial was conducted on day
6, wherein the platform was removed, the swim pattern for each animal
was monitored, and the time spent in each quadrant was recorded and
quantified. Statistics used were ANOVA and Dunnett’s post-hoc test. For
the marble-burying test, adult male mice were placed in a novel enclo-
sure with 20 evenly spaced marbles. Mice were left undisturbed for
15 minutes, and then the number of buried marbles was counted. This
test was conducted in the light cycle (7 mice/group). For the elevated plus
maze, mice were placed in the center of the maze facing one of the open
arms and allowed to freely explore the apparatus for 5 minutes, during
which time their behavior was videotaped. Measures included the num-
ber of open-arm entries and time spent in open arms. For the light/dark
test, mice were individually placed in the light side of the box, facing
away from the dark compartment, and allowed to explore the apparatus
for 5 minutes while being videotaped. Testing was performed under flu-
orescent lighting. Measures scored included latency to re-enter the light
compartment and time spent in the light compartment.

Patch-clamp recording. Recording was performed as previously
described (63). In summary, slices of 350 pm thickness containing the
hippocampus were cut. Individual CA1 pyramidal cells positioned in the
apical dendritic zone of the CA1 pyramidal layer were visualized in situ
using differential interference contrast (DIC) microscopy. EPSCs on
CA1 pyramidal cells were evoked by Schafter collateral fiber stimulation.
In all experiments, 50 pm picrotoxin was added to the patch solution to
block GABA, currents exclusively in the recorded neuron. Slices were
continuously perfused at 32°C with oxygenated artificial cerebrospi-
nal fluid containing the GABA, receptor antagonist CGP36742 (5 uM).
EPSCs (adjusted to 30% of maximal response) were evoked at 0.05
Hz, a 10-minute baseline period was recorded in each experiment, and
recordings continued for at least 40 minutes after different stimulation
protocols. Initial EPSC amplitudes were normalized to the average of the
baseline EPSC amplitude. The membrane potential was held at -70 mV,
except during HFS or different frequency stimulation protocols, when the
potential was adjusted to -60 mV. To calculate the PPR, 2 EPSCs were
evoked with interstimulus intervals of 20, 50, 100, and 200 ms. The
PPR was calculated as (€EPSC2/eEPSC1), where eEPSC1 and eEPSC2
represent the amplitude of the first and the second eEPSC, respectively.
To examine the basal synaptic transmission in CAl pyramidal cells of
WT and KO mice, 100 pm picrotoxin was added to the patch-recording
solution to block GABA, receptor-mediated currents only in the recorded
neuron. The membrane potential was held at -60 mV for all neurons.
Spontaneous EPSCs were recorded in the presence of the selective GABA
receptor antagonist CGP36742 (2 um). Spontaneous synaptic events were
captured continuously for 30 seconds in both WT and KO mice. All events
were detected offline and their amplitude and frequency calculated using
Mini Analysis 6.0 software (Synaptosoft Inc.).

Quantification of dendritic spine morphology. During recordings,
CA1l neurons were passively filled with biocytin (3%) contained in the
patch-recording solution. After completion of LTP and LTD experi-
ments, slices were fixed in paraformaldehyde (4%) overnight. Slices
were then permeabilized with 0.5% Triton X-100, followed by incuba-
tion with a streptavidin-conjugated Alexa Fluor 594 antibody (Invit-
rogen). Images were acquired on a Leica DM-5500B microscope, and
dendritic spine analysis was performed as described previously (64)
by an observer (A.M. Swanson) blinded to the genotype of the samples.
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Electron microscopic analysis. As described previously (65), PSD
measurements were performed with Image] software (NIH) by an
observer blinded to the genotype of the animals. Results are expressed
as the mean * SEM. SigmaPlot version 12.0 (Systat Software Inc.) was
used for statistical analysis.

Hippocampal AAV injections. Six- to eight-week-old mice were
anesthetized with ketamine and xylazine. The animals’ heads were
placed in a stereotactic apparatus (Stoelting). The bregma was identi-
fied, and a burr hole was made 1-1.5 mm laterally and 1.5-2 mm cau-
dally. A 26-gauge Hamilton microsyringe was inserted to a depth of
1.5 mm, and 2 pl virus was injected into the hippocampus at a rate of
0.2 pl/minute. Incisions were closed and animals allowed to recover.

Primary granule neuron precursor culture. Cerebellar cells were
purified as described previously (66). Briefly, cerebella from P5 WT
mice were removed aseptically, cut into small pieces, and digested
in 0.05% trypsin at 37°C for 5 minutes. DMEM plus 5% serum was
added, and the tissue was then triturated using pipettes to obtain a
single-cell suspension. The cell suspension was underlaid with a step
gradient of 35% and 65% Percoll (Sigma-Aldrich) and centrifuged at
high speed for 12 minutes at room temperature. Granule neuron pre-
cursors (GNPs) were harvested from the 35%-65% interface.

Statistics. The data were analyzed by 2-way ANOVA with Dun-
nett’s post-hoc test and 2-tailed Student’s ¢ test. A P value of less than
0.05 was considered significant. All data represent the mean + SEM.
Further details can be found in Supplemental Table 2.

Study approval. All animal experiments were approved by the
IACUC of Emory University.
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