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Development/Plasticity/Repair

Essential Role for Vav Guanine Nucleotide Exchange Factors
in Brain-Derived Neurotrophic Factor-Induced Dendritic
Spine Growth and Synapse Plasticity

Carly F. Hale,? Karen C. Dietz,"? Juan A. Varela,' Cody B. Wood,'2 Benjamin C. Zirlin, Leah S. Leverich,’

Robert W. Greene,! and Christopher W. Cowan'2

Departments of 'Psychiatry and 20phthalmology, The University of Texas Southwestern Medical Center, Dallas, Texas 75390

Brain-derived neurotrophic factor (BDNF) and its cognate receptor, TrkB, regulate a wide range of cellular processes, including dendritic
spine formation and functional synapse plasticity. However, the signaling mechanisms that link BDNF-activated TrkB to F-actin remod-
eling enzymes and dendritic spine morphological plasticity remain poorly understood. We report here that BDNF/TrkB signaling in
neurons activates the Vav family of Rac/RhoA guanine nucleotide exchange factors through a novel TrkB-dependent mechanism. We find
that Vav is required for BDNF-stimulated Rac-GTP production in cortical and hippocampal neurons. Vav is partially enriched at excit-
atory synapses in the postnatal hippocampus but does not appear to be required for normal dendritic spine density. Rather, we observe
significant reductions in both BDNF-induced, rapid, dendritic spine head growth and in CA3-CA1 theta burst-stimulated long-term
potentiation in Vav-deficient mouse hippocampal slices, suggesting that Vav-dependent regulation of dendritic spine morphological

plasticity facilitates normal functional synapse plasticity.

Introduction

A vast majority of excitatory synapses in the mature brain are
formed onto dendritic spines (Harris and Kater, 1994). The
structure of a dendritic spine is highly dynamic, exhibiting mor-
phological plasticity under both basal and activity-induced con-
ditions (Dillon and Goda, 2005). Increasing evidence suggests
that dendritic spine structural dynamics are coupled with func-
tional synapse plasticity, particularly for durable plasticity events
such as long-term potentiation (LTP), which is correlated with
dendritic spine head enlargement, and long-term depression, a
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phenomenon accompanied by a reduction in spine head size
(Yuste and Bonhoeffer, 2001; Dillon and Goda, 2005; Cingolani
and Goda, 2008). Brain-derived neurotrophic factor (BDNF) and
its high-affinity receptor, TrkB, are well established positive
modulators of LTP. BDNF- or TrkB-deficient mice exhibit im-
paired hippocampal LTP, and the addition of exogenous BDNF
enhances tetanus and theta burst stimulation (TBS)-induced hip-
pocampal LTP in a Trk-dependent manner (Shen and Cowan,
2010). Recent work in hippocampal slices suggests that BDNF/
TrkB facilitates TBS-LTP, at least in part, through regulation of
F-actin remodeling and dendritic spine structural dynamics (Rex
etal., 2007). Furthermore, pairing local glutamate uncaging with
postsynaptic spikes induces long-lasting dendritic spine enlarge-
ment through a mechanism that requires BDNF/TrkB kinase-
dependent signaling (Tanaka et al., 2008). While several studies
describe a requirement for new protein synthesis in BDNEF-
induced, long-lasting, functional and structural synapse plastic-
ity (Bramham, 2008), an additional likely mechanism by which
BDNF/TrkB regulates plasticity is through activation of Rho-
family GTPases. These are critical regulators of the actin cytoskel-
eton, and have documented roles in dendritic spine formation,
motility, and morphology (Luo, 2002; Tashiro and Yuste, 2004).
Activation of Rac and Cdc42 GTPases promotes spine formation
and enlargement, while activation of RhoA promotes dendritic
spine instability (Nakayama et al., 2000; Tashiro et al., 2000).
Guanine-nucleotide exchange factors (GEFs) render GTPases ac-
tive by accelerating the exchange of GDP for GTP (Cerione and
Zheng, 1996). However, the molecular links between BDNF/
TrkB receptors and activation of Rho-family GTPases, and a po-
tential role for this pathway in synapse plasticity, are poorly
understood.
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The Vav-family GEFs comprise 3 distinct genes (VavI-3) in
vertebrates (Bustelo, 2001). While Vavl1 expression occurs nearly
exclusively in hematopoietic cells, Vav2 and Vav3 exhibit a more
ubiquitous pattern of expression, and are highly expressed in the
brain during embryonic and early postnatal development
(Turner and Billadeau, 2002; Cowan et al., 2005). Vav GEFs are
activated upon phosphorylation of conserved acidic domain ty-
rosines (Y142, Y159, and Y172) that disrupt an autoinhibitory
interaction between the acidic domain and the GEF catalytic DH
(Dibble homology) domain (Aghazadeh et al., 2000).

We report here a novel functional interaction between BDNEF/
TrkB signaling and Vav GEFs. Vav is partially enriched in devel-
oping hippocampal synapses and is regulated by BDNF and TrkB
kinase activity. We show that Vav is required for BDNF-induced
Rac-GTP induction and rapid dendritic spine growth of hip-
pocampal CA1 pyramidal neurons. Finally, we show that hip-
pocampal CA1l LTP is impaired in Vav-deficient neurons,
suggesting a functional link among actin-remodeling enzymes,
dendritic spine growth, and activity-dependent functional syn-
apse plasticity in the hippocampus.

Materials and Methods

DNA constructs. Full-length and point mutant forms of Vav2 were gen-
erated as described previously (Cowan et al., 2005). Deletion constructs
were generated using PCR-based cloning strategies. All Vav2 deletion
plasmids contain a T7 epitope tag at the C terminus. Detailed plasmid
maps are available upon request. Full-length and mutant rat TrkB recep-
tors are subcloned into pcDNA3 vectors and contain an N-terminal Flag
epitope tag that begins after the signal sequence cleavage site. The Flag-
TrkB (rat) Y490F, Y670F, Y674/675F, Y670/674/675F, Y785F, and
K571N (amino acid positions refer to homologous positions on TrkA)
were generated using modified QuikChange mutagenesis (Stratagene).

Protein reagents. The anti-Vav2 total antibody (1:1000 dilution) was
described previously (Cowan et al., 2005). Anti-P-Y172 Vav2 (1:1000; 1
pg/ml) was generated in rabbits using KLH coupling using the following
synthesized phosphorylated peptide (C-AEGDEIYEDLMRL) and was af-
finity purified by standard procedures using a Pierce Sulfo-link resin and
100 mm glycine, pH 2.3, elution. The following are commercial antibod-
ies: anti-phosphotyrosine (clone 4G10, pan anti-phosphotyrosine anti-
body), 1:1000 (Millipore); anti-Racl (clone 23A8), 1:1000 (Millipore);
anti-TrkB, 1:1000 (BD Biosciences PharMingen); anti-P-TrkA (Y490),
1:1000 (Cell Signaling Technology); anti-Flag (clone M2), 1:2000 (Milli-
pore); anti-T7, 1:10,000 (Novagen); anti-MAPK, 1:1000 (Cell Signaling
Technology); anti-P-MAPK (T202/Y204), 1:1000 (Cell Signaling Tech-
nology); anti-P-Src (Y418), 1:1000 (Invitrogen); and anti-Src, 1:1000
(Cell Signaling Technology). BDNF (Peprotech) was dissolved in 0.1%
(w/v) BSA in 10 mm Tris-HCL, pH 7.4.

Dissociated cortical cultures. Embryonic cortical neurons were cultured
from embryonic day 16.5 (E16.5) mice or E18 rats. The cortices were
dissected and treated with 100 U of papain (Worthington) for 3 min. The
digestion was terminated by the addition of trypsin inhibitor (Sigma).
The tissue was washed for a total of 3X with trypsin inhibitor, followed
by 3 washes with plating medium consisting of DMEM (Invitrogen)
supplemented with 10% fetal bovine serum (Invitrogen), 1%
L-glutamine (Sigma), and 1% penicillin-streptomycin (Sigma). Neurons
were mechanically dissociated with a pipette and plated on polyornithine
(Sigma)-coated 10 cm dishes at a density of 8 million cells per dish. The
culture medium was replaced with Neurobasal medium (Invitrogen)
supplemented with B-27 (Invitrogen), L-glutamine (Sigma), and 1%
penicillin-streptomycin (Sigma) 24 h after plating.

Organotypic slice cultures. Hippocampal organotypic slices were cul-
tured from P6 mice of either sex following the protocol of (Stoppini et al.,
1991). The mice were rapidly decapitated, and the brains were extracted
and placed in chilled dissection medium (1 mm CaCl,, 5 mm MgCl,, 10
mu glucose, 4 mm KCl, 26 mm NaHCO,, and 40 mum sucrose) oxygenated
with 95% O,/5% CO,. Hippocampi were dissected and sectioned coro-
nally into 400- wm-thick sections using a McIlwain tissue chopper. Slices

J. Neurosci., August 31,2011 - 31(35):12426 —12436 + 12427

were transferred onto porous Millicell membranes in a six well plate with
750 pl of medium (MEM, Invitrogen) with 25% horse serum, 13 mm
glucose, 5 mm NaHCOj5, 30 mm HEPES, 1 mm CaCl,, 2 mm MgSO,,, | mm
L-glutamine, 0.00125% ascorbic acid, 1 ug/ml insulin, pH 7.28. Slices
were maintained at this liquid—air interface at 37°C with 5% CO.,.

Western blotting. Samples were run on SDS-PAGE gels and transferred
to PVDF membrane (GE Healthcare). The membranes were blocked in
10% milk for 1 h and probed with 1° antibody for 2 h at room tempera-
ture or overnight at 4°C. The membranes were then incubated with 2°
antibody (1:10,000 G = R or G « M, Jackson ImmunoResearch Labora-
tories) for 1 h at room temperature and developed with a homemade
enzymatic chemiluminescence (ECL) solution or ECL Plus Western
Blotting Detection System (GE Healthcare).

GST-PBD assay. Dissociated cortical neurons (plated at a density of 8
million cells per dish in a 10 cm dish) or hippocampal organotypic slices,
prepared as described above, were treated with BDNF (0.1 ug/ml and
0.25 pg/ml, respectively; Peprotech) over a time course at 6 and 9 d in
culture, respectively. The neurons were lysed in a buffer consisting of
50 mm Tris, pH 7.2, 1% Triton X-100, 250 mm NaCl, and 10 mm MgCL,.
Each time point was incubated with 10 pug of GST-PBD (PAK1 p21-
binding domain) and 20 ul of glutathione beads (50% slurry; GE Health-
care) for 1 h at 4°C. The beads were washed 3X with a wash buffer
consisting of 50 mm Tris, pH 7.2, 1% Triton X-100, 150 mm NaCl, and 5
mM MgCl,. Samples were loaded onto SDS-PAGE gels for Western
blotting.

RNA isolation and reverse transcription. Whole hippocampi were dis-
sected from mice of either sex at various ages and processed immediately
or snap frozen on ethanol/dry ice. The samples were homogenized in
TRIzol (Invitrogen) using a tissue homogenizer, and the RNA was pre-
cipitated with chloroform (Sigma). The remaining steps were performed
using the RNeasy Micro kit (Qiagen). The RNA concentration of each
sample was determined using a NanoDrop spectrophotometer and was
reverse transcribed using the Superscript III First-Strand Synthesis Sys-
tem for RT-PCR (Invitrogen).

Quantitative real-time PCR. All primers were designed to amplify a
100-150 bp product. The primers used to amplify Vav2 RNA were 5'-
GCTCTGAAGTCCACCTCTGG-3" (forward) and 5'-TCCTTGGTG-
CTCTGAATGTG-3’ (reverse). The primers used to amplify Vav3 RNA were
5'-AAAAGAGGCTCATGCTCAGG-3' (forward) and 5'-CGAAATCAC-
GAAAGCTGTGA-3' (reverse). The primers used to amplify cyclophilin
were 5'-CATCTATGGTGAGCGCTTCCC-3’ (forward) and 5'-GCCT-
GTGGAATGTGAGGGGTG-3' (reverse). The reactions were performed
using the SYBR Green PCR Master Mix (Ambion) and the ABI 7500
real-time PCR thermal cycler. Vav2 and Vav3 expression in the hip-
pocampus were determined by running reactions of 50 ng of cDNA. Fold
changes relative to cyclophilin were determined using the AACt method, in
which the mean fold change (2 TAACAVEY and SEM (abs(((2 TAACAVE
2 TAACSEMy _ (9 AACAVE ) —AACISEMY) 1Y) were determined.

Synaptosome preparation. Whole hippocampi were dissected from P15
mice of either sex and homogenized in buffer consisting of 7 mm Tris-
HCI, pH 7.5, 0.36 M sucrose, 0.5 mm EGTA, and 0.25 mM DTT using a
Wheaton glass mortar and Teflon pestle homogenizer. The samples were
spun at 3500 rpm for 2 min at 4°C to pellet nuclei. The supernatant was
collected and spun at 23,000 X g for 6 min at 4°C, resulting in the
formation of a membrane fraction-containing pellet. The pellet was re-
suspended in homogenization buffer and layered onto a 5%/13% discon-
tinuous Ficoll gradient. The sample was spun at 45,000 X g for 45 min at
4°C. Synaptosomes were collected from the 5 and 13% Ficoll interface,
washed in ice-cold PBS, spun at 23,000 X g for 20 min at 4°C, and
resuspended in ice-cold PBS. The postsynaptic density (PSD) was col-
lected by homogenizing an aliquot of the synaptosome fraction in homog-
enization buffer with 0.5% Triton X-100. The sample was vortexed
repeatedly during a 15 min incubation on ice, then spun at 33,000 X g for 20
min at 4°C. The pellet that formed following the centrifugation was PSD.

Slice culture transfection and live-cell imaging. After 6 DIV, slices were
transfected with GFP using the biolistic gene transfer method (Bio-Rad).
All experiments, acquisition of images, and analyses were performed
blind to genotype. GFP-positive pyramidal neurons were selected for
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time-lapse imaging after 72 h of gene expression. Time-lapse images were
collected from the secondary and tertiary basal dendrites of CA1 hip-
pocampal neurons on a Zeiss LSM 510 inverted microscope using an
Achroplan 40 X 0.8 NA water-immersion objective. Hippocampal slices
were maintained in the liquid—air interface environment for the duration
of the imaging session with 5% CO, at 34°C. GFP was visualized at 900
nm with a Chameleon Ti:Sapphire 2 photon laser (Coherent). Images
were collected in stacks at an interval of 0.5 wm with a resolution of 0.09
pixels/wm. Image stacks were collapsed into maximum projections and
analyzed. Dendritic spine head fluorescence intensity was normalized to
an adjacent area of the dendrite. Spine head size was defined as the area of
thresholded pixels and measured with ImageJ software. BDNF (250 ng/
ml) was directly applied as a 1 ul drop to the top of the slice. Each sample
represents an average of five randomly chosen, isolated dendritic spines
from one dendritic length. One dendritic length per slice was imaged and
averaged to give an average spine behavior per dendrite.

Intracellular recordings. Hippocampal organotypic cultures were pre-
pared from wild-type (WT) and Vav2 3~/ mice of either sex at P6,
as described previously. At 9 DIV, slices were transferred to a recording
chamber and perfused with artificial CSF (aCSF) containing the follow-
ing (in mm): 124 NaCl, 26 NaHCO,, 10 glucose, 3 KCl, 2.6 NaH,PO,, 1.3
MgCl,, and 2.5 CaCl,, saturated with 95%0,/5%CO,. Picrotoxin (100
uM, Sigma-Aldrich) and tetrodotoxin (0.2 um, Ascent Scientific) were
added to block GABA , receptors and Na channels, respectively. Neurons
were voltage-clamped at —60 mV through whole-cell recording pipettes
(4—6 MQ) filled with internal solution containing the following (in mm):
130 K-gluconate, 10 KCl, 10 HEPES, 3 MgCl,, 2 Mg-ATP, and 1 Na-GTP,
pH 7.30, 280 = 4 mOsm. CA1 pyramidal neurons were visualized using
a Zeiss Axoskop 2A equipped with infrared differential interference con-
trast optics and a contrast gradient light source. Whole-cell voltage-
clamp recordings were obtained using a Multiclamp 700A amplifier
(Molecular Devices). For all recordings, the first 10 min were discarded
to allow the internal solution time to dialyze the neuron and reach equi-
librium. The following 15 min were considered, and cells were discarded
if <100 events were recorded. mEPSCs were detected and analyzed using
an automatic detection program (MiniAnalysis; Synaptosoft Inc).
Seventy-five events were randomly selected per recording, and the aver-
age amplitude and interevent interval (IEI) were calculated. Following
mEPSC collection, Schaffer collaterals were stimulated using custom-
made stimulation electrodes, with constant current discovered by AMPI
stimulus isolators. The stimulus intensity was adjusted to evoke a mono-
synaptic EPSC, and the stimulus was delivered twice at 100 ms (10 Hz)
intervals. This was repeated at least seven times every 30 s. Off-line analysis
was performed using scientific analysis software (Igor Pro, Wavemetrics).
Significant differences between wild-type and Vav2 /=3 /" slices were de-
termined using a t test.

Slice preparation and TBS-LTP electrophysiology. All studies used post-
natal day 15 (P15) mice of either sex. For slice preparation, animals were
rapidly decapitated, and the brains were removed and placed in ice-cold,
oxygenated aCSF containing the following: 25 mm NaCl, 2.5 mm KCl,
1.25 mm NaH,PO,, 1 mm MgCl, - 6H,0, 2 mm CaCl, * 2H,0, 25 mm
NaHCOj, and 25 mM dextrose. A Vibratome 1500 sectioning system was
used to prepare transverse hippocampal slices of 300 wm thickness, and
the slices were immediately transferred to a holding chamber containing
room-temperature aCSF. Slices were allowed to recover for at least 1.5 h
before recording. Slices were transferred to a recording chamber per-
fused with aCSF maintained at 30°C. fEPSPs were recorded from CA1 in
response to the stimulation of Schaffer collaterals. Pulses were delivered
through the stimulation electrode at 0.05 Hz. After establishment of a 10
min stable baseline, two theta bursts were delivered, with each burst
consisting of four pulses at 100 Hz and separated by 200 ms.

HEK293 cell transfections and immunoprecipitations. HEK293T cells
were transfected using a calcium phosphate method. After 24 h, cells were
lysed in RIPA buffer (50 mwm Tris-HCI, pH 7.4, 150 mm NaCl, 1 mm EDTA,
1% Triton X-100, 0.5% DOC, and 0.1% SDS). Flag-tagged TrkB protein was
precipitated using 20 ul of anti-FLAG agarose (50% slurry; Sigma).
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Figure 1. BDNF stimulates the transient activation of Vav2 in neurons. 4, Vav2 antibodies
are highly specific. Western blot of whole hippocampi from P15 WT or Vav2 =/ =3 =/~ (DKO0)
mice with anti-Vav2 antibody (Cowan et al., 2005). B, E18 rat cortical neurons were cultured for
6 d and then stimulated with BDNF (100 ng/ml) over a time course. Vav2 was immunoprecipi-
tated and blotted with antiphosphotyrosine antibody (4G10). Total cell lysates (TCLs) were
blotted with anti-phospho-TrkB (Y490) and anti-TrkB antibodies. The results are a representa-
tive finding of five independent experiments. C, Coexpression of Vav2 or Vav3 and TrkB in-
creases phospho-Vav in HEK293T cells. HEK293T cells were transfected with T7-tagged Vav2 or
HA-tagged Vav3 and Flag-tagged TrkB. To examine Vav2 Y172 phosphorylation, whole-cell
lysates were blotted with anti-phospho-Vav2 (Y172) antibody. To examine Vav3 phosphoryla-
tion, total cell lysates were immunoprecipitated with anti-HA antibody, then immunoblotted
with antiphosphotyrosine (4G10) and anti-HA (Vav) antibodies. Total cell lysates were blotted
with anti-pTrkB (Y490) antibody. The results are a representative finding of three independent
experiments. D, BDNF stimulates activation of Vav2 independently of Src kinase activity. E18
cortical neurons were cultured for 6 d and then incubated with DMSO, PP2 (5 um), or PP3 (5 pum)
for 30 min before stimulation with BDNF (100 ng/ml) over a time course. Vav2 was immuno-
precipitated and blotted with antiphosphotyrosine antibody (4G10). Total cell lysates were
blotted with anti-phospho-TrkB (Y490), anti-TrkB, anti-phospho-ERK1/2 (T202/Y204), anti-
ERK1/2, anti-phospho-Src (Y418), and anti-Src antibodies. The results are a representative find-
ing of two independent experiments.

Results

BDNEF stimulates the transient activation of Vav in neurons
As Vav GEFs are activated by several receptor tyrosine kinases
(Pandey et al., 2000; Cowan et al., 2005; Hunter et al., 2006;
Garrett et al., 2007), we speculated that BDNF/TrkB signaling
might regulate Vav. To test this possibility, we stimulated cul-
tured primary neurons (E18 + 6 DIV, rat cortical) with recom-
binant BDNF (100 ng/ml) over a 1 h time course. Endogenous
Vav2 was immunoprecipitated with specific antibodies (Fig. 1 A),
and Western blotting was performed to detect Vav2 tyrosine
phosphorylation. We found that BDNF induced a rapid and tran-
sient tyrosine phosphorylation of Vav2, with phosphorylation
peaking at ~2 min and remaining elevated above prestimulation
levels through at least 30 min (Fig. 1B). Consistent with these
observations, TrkB receptors also activate Vav GEFs in HEK293T
cells (Fig. 1C). Under these conditions, transient expression of
wild-type TrkB displays high basal activity without the addition
of exogenous BDNF, as revealed by Western blotting with the
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P-Y490 Trk receptor-specific antibody. Compared withVav2 or
Vav3 expressed alone, coexpression with wild-type TrkB dramat-
ically increased tyrosine phosphorylation of Vav2 and Vav3 using
either a general phosphotyrosine antibody (4G10) or using a site-
specific antibody that is specific for Vav2 P-Y172, which is a key
GEF activity-regulating residue in the Vav acidic domain (Crespo
et al., 1997; Han et al., 1997; Schuebel et al., 1998). In addition,
the coexpression of kinase-active TrkB receptor with either Vav2
or Vav3 resulted in altered cell morphology of transfected
HEK293T cells compared with cells expressing TrkB or Vav2/3
alone (data not shown), suggesting a functional interaction
between TrkB and Vav in living cells.

In the immune system, Src family kinases phosphorylate Vavl
at acidic domain tyrosines in response to T-cell receptor activa-
tion (Bustelo, 2000). However, incubating cortical neurons with
the Src inhibitor PP2 did not block BDNF-induced endoge-
nous Vav2 tyrosine phosphorylation (Fig. 1D), indicating a
Src kinase-independent mechanism. Together, these experi-
ments indicate that BDNF/TrkB activation increases tyrosine
phosphorylation and activation of Vav2 and Vav3 GEFs, which
suggests a potential role for this novel BDNF/TrkB signaling
pathway in neurons.

BDNF stimulates Rac-GTP formation through a
Vav-dependent mechanism

Since Vav GEFs are activated by BDNF/TrkB signaling (Fig. 1)
and are strong activators of Rac (Abe et al., 2000; Heo et al., 2005),
we speculated that Vav GEFs might contribute to the BDNF-
induced activation of Rac-GTP in neurons. To test this idea, we
treated WT or Vav2 ~/~ 3/~ hippocampal slice cultures (P6 + 9
DIV), dissociated cortical neurons (E16.5 + 6 DIV), or acute
hippocampal slices (adult) with recombinant BDNF for various
periods of time and measured the production of Rac-GTP (Fig.
2A,C,D). In wild-type hippocampal slices (Fig. 2A) or dissoci-
ated neuron cultures (Fig. 2C), we observed that exogenous
BDNF addition induced a rapid and transient increase in Rac-
GTP levels, with peak levels occurring ~2-5 min after stimula-
tion (Fig. 2). The kinetics of Rac-GTP activation were very similar
to the kinetics of BDNF-induced Vav2 tyrosine phosphorylation
(compare Figs. 1B, 2C). In contrast, BDNF stimulation of Vav-
deficient neurons produced a dramatically reduced induction of
Rac-GTP (Fig. 2A,C,D), indicating that Vav GEFs are required
for normal activation of Rac in these neuronal populations. We
observed normal induction of P-ERK1/2 in the Vav-deficient
neurons (Fig. 2 B), indicating that Vav GEFs are not required for
all BDNF/TrkB forward-signaling events. While we observed a
significant reduction in BDNF-induced Rac activation in Vav-
deficient cortical cultures or hippocampal slice cultures, the
BDNF-induction of Rac-GTP is not completely abolished. Two
recent studies indicated that the Rac GEF Tiam1 can be activated by
BDNEF/TrkB signaling and contribute to Rac-GTP levels in Cos-7
cells or in cerebellar granule neurons (Miyamoto et al., 2006; Zhou et
al., 2007); therefore, the residual BDNF-induced Rac activation is
likely accounted for by Tiam1 or a similar Rac GEF.

Vav GEFs in the hippocampus colocalize with excitatory
synaptic proteins

Since BDNF/TrkB signaling activates Rac-GTP in large part
through a Vav-dependent mechanism, we speculated that Vav
GEFs might contribute to morphological or functional synaptic
changes induced by BDNF/TrkB signaling in hippocampal neu-
rons. Toward this end, we first analyzed expression levels of Vav2
and Vav3 during the postnatal time frame in which robust syn-
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Figure 2.  BDNF stimulates Rac-GTP formation through a Vav-dependent mechanism. 4,

Hippocampal organotypic slices (400 1.m) were cultured from wild-type or Vav2 =3/~
mice at P6. At 9 DIV, slices were stimulated with BDNF (250 ng/ml) over a time course. Rac1-GTP
was precipitated using GST-PBD fusion protein and glutathione Sepharose. Total cell lysates
were blotted with anti-Rac1 antibody. Rac1-GTP was normalized to total Rac1 levels and ex-
pressed as a fold change compared with the 0 min time point (p << 0.001, genotype by two-way
ANOVA). Wild-type and Vav2 3/~ data are from four and five independent experi-
ments, respectively. B, Erk1/2 pathway is activated normally in Vav2 ~” 3~/ hippocampi
(as in A) in response to BDNF stimulation. Total cell lysates were blotted with anti-phospho-
ERK1/2 (T202/Y204) and anti-ERK1/2 antibodies. Wild-type and Vav2 /=3 ™/~ data are
from three and four independent experiments, respectively. ¢, Rac1-GTP stimulation by BDNF
was performed asin A, except that cultured primary cortical neurons (E16.5 + 6DIV) from either
wild-type or Vav2 =/ ~3 /" mice were used and treatment was administered with 100
ng/ml BDNF for the indicated times. Wild-type and Vav2 ~/~3 /™ data are from four inde-
pendent experiments. D, Acute hippocampal slices (300 m) from adult (3 month) wild-type or
Vav2 =/ =3~/ mice were stimulated with BDNF (100 ng/ml) over a time course. Rac1-GTP
was precipitated using GST-PBD fusion protein and glutathione Sepharose. Wild-type and
Vav2 =3/ results are representative findings from three independent experiments.

aptogenesis, dendritic spinogenesis and synaptic remodeling are
occurring in vivo (P4-P21) and in adult hippocampus. Using
reverse transcription and qRT-PCR, we found that Vav2 mRNA
levels are high during the early postnatal phase (P4—P7) and then
slightly decline during the next 2 weeks (P14—P21) before stabi-



12430 - J. Neurosci., August 31,2011 - 31(35):12426—12436

A 147
1.2 B Vav2
Lo, [Jvavs
£35 1.0
= O
.G‘E 0.8 1
@ o
%'g 0.6 -
E 2 0 4_
ey .
o X
29 02-
0.0-
P4 P7 P14 P21 adult
B 2« 1.0
[
3
< 0.8
4
£
0.6 1
S
2
3 0.4
(]
>
S 0.2
2
T
c 0.0-
P4 P7 P14 P21 adult
C Synaptosome Fractions
S1 S2 P2 syn TXE PSD
[ - B W =W | Vav2
M AN e
T
R I — - - RCS
-e R g_ PSD-95
Figure3.  Vav GEFs colocalize with excitatory synaptic proteins in the hippocampus. A, Rel-

ative hippocampal expression of Vav2 and Vav3 mRNA atindicated time points was determined
using real-time qPCR. Results were normalized to cyclophilin mRNA levels. For A and B, data are
from three independent experiments, each of which was conducted in triplicate. B, Ratio of
Vav3/Vav2 mRNA expression at indicated time points. , Synaptosomes were prepared from
whole hippocampi of P15 mice. Vav2 localized to the membrane (P2) and synaptosome frac-
tions. S1, Total hippocampal homogenate with nuclei removed; S2, cytosol; P2, crude mem-
brane fraction; syn, synaptosomes collected following Ficoll gradient fractionation; TXE, 1%
Triton X-100-soluble fraction of syn; PSD, pellet after 0.5% Triton X-100 extraction. Synapto-
some fractions were blotted with anti-Vav2, anti-TrkB, anti-Rac, anti-RCS (regulator of calmod-
ulin signaling) (Pulipparacharuvil et al., 2008), and anti-PSD-95 antibodies. The results are a
representative finding of two independent experiments.

lizing at their adult hippocampal levels, which are ~50% of peak
levels (Fig. 3A). In comparison, hippocampal Vav3 mRNA levels
do not change from P4 to adult (Fig. 3A). By relative comparison,
Vav2 is expressed at a level that is approximately twofold to four-
fold higher than Vav3 mRNA in the hippocampus, depending
on the postnatal age (Fig. 3B). Together, these data reveal that
Vav2 and Vav3 are both highly expressed in the developing
hippocampus.

Hale et al. ® Role of Vav GEFs in BDNF-Induced Spine Plasticity

BDNF/TrkB signaling is an important modulator of synapse
formation, and morphological (dendritic spine) and functional
synapse plasticity in the hippocampus (Korte et al., 1995; Figurov
etal., 1996; Patterson et al., 1996; Minichiello et al., 1999; Pozzo-
Miller et al., 1999; Kossel et al., 2001; Luikart et al., 2005, 2008;
Rex et al., 2007; Tanaka et al., 2008). To test whether Vav GEFs
are found near excitatory synapses, and therefore in a position to
mediate BDNF-dependent synaptic effects, we used a biochemi-
cal fractionation procedure to isolate membranous fractions en-
riched for glutamatergic synaptic proteins (i.e., synaptosomes)
(Rao and Steward, 1991) from whole mouse hippocampi (P15)
and then analyzed Vav2 protein cofractionation in the various
cellular fractions by Western blotting with a highly specific Vav2
antibody (Fig. 1 A). Interestingly, Vav2 was strongly enriched in
proteins associated with the non-nuclear cell membrane pellet
(P2) and synaptosome, similar to the fractionation profiles of
TrkB, Racl, and PSD-95 (Fig. 3C), despite the fact that Vav2 lacks
known membrane-spanning domains or membrane-anchoring
post-translational modifications. To determine whether Vav2isa
component of the PSD in synaptosome preparations, we per-
formed mild detergent (0.5% Triton X-100) extraction of the
synaptosomal fraction. Interestingly, Vav2 partially extracted
from the synaptosomal fraction, indicating that a large amount of
synaptosomal Vav?2 is associated with the PSD (Fig. 3C). In com-
parison, TrkB was almost completely detergent extracted from
the synaptosome fraction, whereas PSD-95 was not extracted
from synaptosomes under these conditions (Fig. 3C), as ex-
pected. Together, these data suggest that hippocampal Vav2 is
largely membrane associated in synapse-containing fractions, isa
partial constituent of the PSD, and is thus in a position to mediate
BDNF/TrkB-mediated morphological and/or functional plastic-
ity at the excitatory synapse.

Vav GEFs are required for BDNF-induced dendritic spine
head growth in hippocampal CA1 neurons

Several recent studies reveal an important role for BDNF/TrkB
signaling in hippocampal dendritic spine growth, F-actin remod-
eling and functional synapse plasticity (Korte et al., 1995; Figurov
et al., 1996; Luikart et al., 2005, 2008; Rex et al., 2007; Tanaka et
al., 2008). Since (1) Vav GEFs are activated by BDNF/TrkB sig-
naling, (2) Vav GEFs are required for BDNF-induced Rac-GTP
production, and (3) Vav2 is colocalized with TrkB in synapse-
enriched fractions, we speculated that Vav GEFs might be in-
volved in BDNF/TrkB-induced morphological synapse plasticity.
To test this idea, we treated WT and Vav2 /~ 3"/~ mouse orga-
notypic hippocampal slice cultures (P6 + 9 DIV) with recombi-
nant BDNF and monitored dendritic spines using 2 photon
confocal live cell imaging (Fig. 4A). Based on the rapid kinetics of
BDNF-induced Vav2 phosphorylation and Rac-GTP activation,
we monitored randomly chosen dendritic regions on secondary
branches for 10 min before and 15 min after the addition of
exogenous BDNF (Fig. 4A). Analysis of CAl dendritic spines
revealed that the existing spines demonstrated highly dynamic
behavior in the basal state, with individual spine heads enlarging
and shrinking rapidly within minutes (data not shown). How-
ever, the mean dendritic spine head size was fairly stable over the
10 min of pre-BDNF treatment (Fig. 4A, bottom). Upon the
addition of BDNF to the wild-type hippocampal slice, we ob-
served a significant increase in spine head area (Fig. 4 A, bottom)
(p < 0.05, two-way ANOVA) that peaked by 8 min and main-
tained an enlarged spine head area throughout the duration of
the experiment (Fig. 4A). In contrast, analysis of hippocampal
slices from the Vav-deficient mice showed no significant change
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in spine head area after addition of BDNF
(Fig. 4 A, B), indicating that Vav GEFs are
required for BDNF-induced dendritic
spine head growth.

Because initial spine head area may af-
fect a dendritic spine’s relative capacity to
change (occlusion), we analyzed pre-
BDNF dendritic spine area in WT and
Vav2/3 KO slices, but observed no signif-
icant differences between the genotypes
(Fig. 4C). Similarly, there were no differ-
ences in cumulative dendritic spine
length between wild-type and Vav-
deficient neurons (Fig. 4 D). We also did
not observe evidence of new dendritic
spines forming during the 15 min BDNF
treatment (data not shown), indicating
that BDNF-induced synaptogenesis re-
quires a longer time scale (e.g., 24—48 h),
as reported by others (Tyler and Pozzo-
Miller, 2001, 2003).

BDNF and TrkB signaling are required
for dendritic filopodial motility and syn-
apse formation in early postnatal periods
ofhippocampal development in CA1 neu-
rons (Luikart et al., 2005, 2008). To test
whether Vav GEFs are required for these
TrkB-influenced processes, we investi-
gated morphological and functional syn-
apses in wild-type and Vav-deficient
neurons in hippocampal slice cultures.
However, we observed no significant dif-
ferences in dendritic spine density be-
tween wild-type and Vav-deficient CA1
neurons from analysis of dendritic re-
gions used for the live-cell imaging study
above (Fig. 4E). Using whole-cell patch-
clamp recordings from WT and Vav-
deficient CAl pyramidal neurons in
hippocampal slice cultures, we observed
no significant differences in mEPSC fre-
quency (Fig. 5A) or amplitude (Fig. 5B),
and no differences in presynaptic vesicle
release probability as determined from the
paired-pulse ratio of evoked postsynaptic
responses with a 100 ms stimulus interval

<«

(wild-type) and n = 8 (Vav2 /=3 ~/7). Fach n represents
an average of five randomly chosen dendritic spines from one
dendritic length. One dendritic length per slice was imaged
and averaged to give an average spine behavior per dendrite.
B, Percentage increase of mean spine head size at 1015 min
post-BDNF compared with the first 5 min after BDNF applica-
tion (*p << 0.05, Student’s ¢ test). C, Plot of the percentage
increase in spine head size versus initial spine head area, dem-
onstrating that a similar range of spine heads was analyzed
and that the failure of Vav KO spine head growth with BDNF
treatment is not due to occlusion. D, Plot of cumulative den-
dritic spine length of wild-type and Vav2 =" ~3 /" neurons
from pre-BDNF treated spines in A. E, Dendritic spine densities
of wild-type and Vav2 "~ 3~/ neurons, cultured and im-
agedin A.
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lation of wild-type slices resulted in
significant LTP as determined from
evoked field responses during the last 10
min of a 50 min post-tetanus recording
period. TBS-LTP was also significantly
generated in the Vav-deficient slices, but
the LTP level was significantly reduced compared with wild-type
slices (Fig. 5D) (wild-type, 43.5%=*8.7; Vav2 37/,
15.9%*4.4; p < 0.05, Student’s ¢ test). Together, these findings
reveal a novel role for Vav GEFs in the process of functional
synaptic plasticity, and suggest that Vav GEFs facilitate TBS-LTP
by regulating structural dynamics at functional synapses.

Vav2 activation requires TrkB kinase activity, but not
autophosphorylation of the Shc/Frs2- and PLCy-interacting
TrkB phosphotyrosines

To better define how BDNF/TtkB signaling regulates Vav GEF
activity, we transiently transfected HEK293T cells with plasmids
expressing Vav2 alone or together with wild-type or mutant
TrkB receptors. As mentioned previously, coexpression of wild-
type TrkB with Vav2 resulted in elevated tyrosine phosphoryla-
tion levels using either a general phosphotyrosine-specific
antibody (Fig. 1B) or a specific anti-P-Y172-specific antibody
(Figs. 1C, 6 A). However, the TrkB-dependent increase in P-Y172
Vav2 required TrkB activity (Fig. 6A) [WT vs K571IN (kinase
dead, KD)]. Interestingly, the TrkB kinase-dependent increase in
Vav2 P-Y172 levels did not require tyrosine autophosphorylation
at TrkB Y490 (Shc/Frs2 binding site) or Y785 (PLCy binding site)
(Fig. 6A). Similarly, mutating one TrkB kinase domain auto-
phosphorylation site (Y670F) did not alter P-Y172 levels (Fig.
6A). However, mutating multiple TrkB kinase domain auto-
phosphorylation sites, Y674/675F, did reduce Vav2 P-Y172 lev-
els, but these TrkB mutations caused similar magnitude reductions
of TrkB P-Y490 autophosphorylation (data not shown), suggesting
that the decreased Vav2 phosphorylation was due to indirect effects
of these mutations on intrinsic TrkB kinase activity. Finally, the TrkB
kinase-dependent increase in P-Y172 Vav2 was largely independent
of the Vav2 SH2 domain (Fig. 6 A, right), which was previously
shown to be important for activation by Eph receptors (Cowan et

Time (min) after TBS

Vav GEFs mediate synaptic plasticity in the hippocampus. A, Average IEl per neuron from wild-type or
Vav2 '3/~ CA1 pyramidal neurons (n.s., Student’s ttest). B, Average mEPSC amplitude per neuron from same recordings as
in B (n.s., Student'’s  test). C, Paired-pulse stimulation (10 Hz). Average paired-pulse ratio measured as the percentage of the
second pulse relative to thefirst (n.s., Student’s ttest). D, Left, fEPSPs were recorded from CA1 of P15 wild-type or Vav2 =/ =3 =/~
acute hippocampalslices (300 m) in response to two theta burst stimulations of Schaffer collaterals. Right, The fEPSP slopes were
normalized for each genotype. Normalized fEPSP enhancement at 40 —50 min is shown (*p << 0.05, Student’s ¢ test).

al., 2005). Together, these data indicate that Vav GEFs are acti-
vated by a TrkB-dependent mechanism that is independent of the
two best-studied TrkB autophosphorylation sites (Y490 and
Y785) and independent of the Vav SH2 domain.

To determine whether Vav GEFs physically interact with TrkB
receptors, we expressed wild-type Vav2 or Vav3 alone or together
with TrkB in HEK293T cells and performed coimmunoprecipi-
tation assays. We found that TrkB specifically coimmunoprecipi-
tated with either Vav2 or Vav3 (Fig. 6B) under stringent
detergent lysis/IP buffer conditions (i.e., RIPA buffer; see Mate-
rials and Methods). Unlike the regulation of Vav2 P-Y172 levels,
we found that this interaction occurred independently of TrkB
activity since Vav2 and kinase-inactive TrkB (K571N) coimmu-
noprecipitated together to a similar extent (Fig. 6C). Similarly,
TrkB autophosphorylation site mutants, Y490F and Y785F, also
coimmunoprecipitated with Vav2 at similar levels as wild-type
TrkB (Fig. 6C).

To further define the nature of this novel TrkB—Vav2 interac-
tion, we generated a series of deletion mutants of Vav2 lacking the
N-terminal calponin homology and acidic domain regions, or
lacking the C-terminal adaptor domain, which comprises two
SH3 domains flanking the SH2 domain. We also analyzed Vav2
lacking both of these regions, which leaves only the core DH/
pleckstrin homology (PH)/zinc finger (ZF) regions intact (Fig.
6D). All of these Vav2 mutants interacted strongly with TrkB,
indicating that the TrkB kinase-independent interaction be-
tween Vav2 and TrkB is mediated by residues within the DH/
PH/ZF region. Deletion of the TrkB kinase domain disrupted
the interaction (Fig. 6 E), suggesting that the Vav DH/PH/ZF
region mediates the interaction with the TrkB domain. These find-
ings reveal a strong kinase-independent binding mechanism be-
tween Vav and TrkB in cells, and suggest that activation of TrkB



Hale et al. ® Role of Vav GEFs in BDNF-Induced Spine Plasticity

A Vavz: wT ASH2

¢ & o
OF o%B* 40
TrkB: ¢ . € @ P tE,

- - -.l o | PVaV2(Y172)

TCL
® e s “me
- Sea0e ¢ e
B Vav2  Vav3 C Vav2
- - € o
TrkB wT wT TrkB: - WT KD 0 &
. | —-— -—l HA-Vav [ e S v
TrkB =N
| . .l Flg-TrkB [ e -il Flg-TrkB

TCL |_ J— --' HA-Vav

TCL | e e @9 | -2

D
C A DH P Z 3 2 3 yauo7: WT ACHAD Aadap DHPHZF
Wil W W
TrkB: - - - -
ACH/AD ’ e e A

| 0 HE 0 0N

[ W e
IP:

Aadap

A TrkB
DH/PHIZF - I ™ 8 - e
interactin TCL | s Vav2-T7
toracting [= —= o «/@®)
E Vav2
e: - &
i, | ] veve
TrkB
ro. [ ] vz
Figure6. Kinase-active TrkB activates Vav2 independently of the ERK/PI3K- and PLCy-interactingsites. A, Coexpression of TrkB

and Vav2increases phospho-Vav2 (Y172) in HEK293T cells. HEK293T cells were transfected with T7-tagged wild-type or ASH2 and
Flag-tagged wild-type or mutant TrkB. Total cell lysates were blotted with anti-phospho-Vav2 (Y172), anti-T7 (Vav2), anti-
phospho-TrkB (Y490), and anti-TrkB antibodies. A-E, Results are representative findings from three independent experiments. B,
TrkB binds Vav2 and Vav3 in HEK293T cells. HEK293T cells were transfected with HA-tagged Vav2 or Vav3 and Flag-tagged TrkB.
Total cell lysates were immunoprecipitated with anti-Flag antibody, then immunoblotted with anti-HA (Vav) and anti-Flag (TrkB)
antibodies. Whole-cell lysates were blotted with anti-HA (Vav) antibody. C, TrkB binds Vav2 independently of TrkB kinase activity.
T7-tagged Vav2 was coexpressed with Flag-tagged TrkB (wild-type), TrkB-KD (K571N), TrkB-Y490F, or TrkB-Y785F. Total cell lysates
(TCLs) were immunoprecipitated with anti-Flag antibody, thenimmunoblotted with anti-Vav2 and anti-Flag (TrkB) antibodies. Whole-cell
lysates were blotted with anti-Vav2 antibody. D, Deletion analysis of Vav2 identifies the DH/PH/ZF region as sufficient to mediate coasso-
ciation with TrkB. Domain composition of full-length and Vav2 deletion mutants that were generated. C, Calponin homology domain; A,
acidic domain; DH, Dbl homology domain; P, pleckstrin homology domain; Z, zinc finger domain; P, proline-rich domain; 3, Src homology
type 3 domain (SH3); 2, Src homology type 2 domain (SH2). HEK293T cells were transfected with Flag-tagged TrkB (wild-type) and
T7-tagged Vav2 (wild-type), Vav2- ACH/AD, Vav2-Aadaptor, or Vav2-DH/PH/ZF. Total cell lysates were immunoprecipitated with anti-
Flag antibody and immunoblotted with anti-T7 (Vav2) and anti-Flag (TrkB) antibodies. Whole-cell lysate was blotted with anti-T7 (Vav2)
antibody. E, TrkB's kinase domain is required for its interaction with Vav2. T7-tagged Vav2 was coexpressed with wild-type or A kinase
domain (AKD)-TrkB. Total cell lysates were immunoprecipitated with anti-Flag antibody andimmunoblotted with anti-Vav2 and anti-Flag
(TrkB) antibodies. Whole-cell lysate was blotted with anti-Vav2 antibody.

kinase activity stimulates Vav2 tyrosine phosphorylation and GEF
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dritic spines, and a novel role in func-
tional synapse plasticity (Fig. 7).
Specifically, we report that BDNF/TrkB
signaling increases Vav tyrosine phos-
phorylation, and that Vav GEFs are re-
quired for BDNF-induced production of
Rac-GTP and spine head growth in hip-
pocampal neurons. Vav2 copurifies with
biochemically enriched excitatory post-
synaptic proteins, and Vav2 and Vav3 are
necessary for normal TBS-LTP, support-
ing a role for F-actin remodeling en-
zymes in functional synaptic plasticity.
Together, these data suggest that Vav
GEF-dependent regulation of Rac activity
and F-actin assembly in existing dendritic
spines is an important process for the estab-
lishment and maintenance of LTP.

While our findings link Vav GEFs to
regulated F-actin dynamics in dendritic
spines and functional synapses, and sug-
gest a possible mechanism by which
BDNF/TrkB signaling may contribute to
the establishment of stable LTP, there re-
main a number of important questions
about the role of Vav GEFs in BDNF-
dependent structural and functional syn-
apse plasticity for future investigation.
Our findings demonstrate an important
role for Vav in the BDNF induction of
Rac-GTP, but there is clearly a significant
residual activation of Rac that remains in
the Vav-deficient mice. Two recent stud-
ies reported that BDNF/TrkB signaling
activates Tiaml in neurons and non-
neuronal cells (Miyamoto et al., 2006;
Zhou et al., 2007). Like Vav GEFs, Tiam1
is a member of the Dibble homology fam-
ily of Rho GEFs and a potent regulator of
Rac activity. In Cos-7 cells, BDNF/TrkB
signaling stimulates tyrosine phosphory-
lation of Tiaml and activation of Rac-
GTP, and in dissociated cortical neurons,
dominant-negative Tiaml expression re-
duced BDNF-induced neurite outgrowth
(Miyamoto et al., 2006). Similarly, using
an RNA interference-based approach,
BDNF-regulated migration of cerebellar
granule cell precursors was shown to re-
quire Tiam1-dependent activation of Rac
(Zhou et al., 2007). As such, we speculate
that Tiam1, which is expressed in the de-
veloping hippocampus (Ehler et al,
1997), likely contributes to the residual
Rac-GTP activation in Vav2/3-null mice.
Depending on the developmental stage and

activity.

Discussion

In this study, we report an essential role for Vav GEFs as impor-
tant mediators of BDNF/TrkB receptor-induced activation of
Rac GTPases and morphological plasticity of hippocampal den-

neuronal cell type, Vav and Tiam GEFs may serve in a functionally
redundant pathway for Rac activation, but either alone is not suffi-
cient for full Rac activation. In the future, it will be important to
study the relationship between these GEFs in BDNF-dependent
F-actin dynamics and related biological processes.

Recently, Zhou et al. (2007) reported that PI3-K activity was
not required for BDNF-induced activation of Rac in cerebellar
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GCPs, which is consistent with the idea
that Rac activation is not downstream of
PI3-K activity, but is rather an essential
parallel signaling process important for
cell morphological changes. A recent
study reported an important role for TrkB
P-Y490 and PI3-K activity in the process
of filopodial motility and hippocampal
synaptogenesis (Luikart et al.,, 2008). In
general, our findings are consistent with
these observations in that Vav GEFs, while
important for BDNF-induced Rac activa-
tion, are not required for early hippocam-
pal dendritic spinogenesis through TrkB
postnatal day 15 (Fig. 4E). Similarly,
P-Y490 TrkB is not required for Vav2 ac-
tivation in non-neuronal cells (Fig. 6A),
nor is it required for LTP induction
(Minichiello et al., 2002; Gruart et al.,
2007), suggesting that TrkB-mediated en-
hancement of filopodial motility and syn-
aptogenesis is a distinct process from
BDNF/Vav-dependent Rac activation,
spine head growth, and maintenance of

Hale et al. ® Role of Vav GEFs in BDNF-Induced Spine Plasticity

LTP. Interestingly, unlike TrkB receptor
knock-out mice, CA1 hippocampal neu-
rons of conditional brain-specific BDNF

knock-out mice do not have a reduced
dendritic spine density, but instead have
fewer mushroom-type spines and more
thin-type spines (Rauskolb et al., 2010),
suggesting the possibility that TrkB receptors may regulate CA1l
hippocampal neuron dendritic spine density in a BDNF-
independent manner in vivo.

Many previous studies have documented the importance of
F-actin assembly/remodeling for LTP maintenance (Kim and
Lisman, 1999; Krucker et al., 2000; Fukazawa et al., 2003; Rex et
al., 2007), and a strong correlation has been established between
spine head volume and functional synapse plasticity (Matsuzaki
etal., 2004; Okamoto et al., 2004; Honkura et al., 2008; Tanaka et
al., 2008). In addition, BDNF enhances TBS-induced F-actin
content in dendritic spines and the inhibition of endogenous
BDNF reduces TBS-LTP (Rex et al., 2007), supporting the hy-
pothesis that BDNF/TrkB signaling enhances TBS-LTP by facili-
tating F-actin assembly in stimulated glutamatergic spine
synapses. Rac activation in particular seems to be important for
dendritic spine enlargement and stabilization (Nakayama et al.,
2000; Tashiro et al., 2000), and as a major effector of Vav GEFs
(Crespo et al., 1997; Abe et al., 2000; Zeng et al., 2000), the dra-
matic reduction in BDNF-induced Rac-GTP levels in Vav-
deficient neurons likely contributes to the defect in BDNF-
induced spine head enlargement and TBS-LTP. In HEK293T
cells, we observe that transient expression of Vav2 or Vav3 to-
gether with TrkB results in robust lamellipodia-like protru-
sions from the transfected cells (C. W. Cowan, unpublished
observations), indicative of Rac-induced F-actin assembly in
cells. A recent study reported that the inhibitor NSC23766,
which is a small-molecule inhibitor of some Rac-GEFs, such as
Tiam1 and Trio, did not reduce TBS-LTP in hippocampal slices (Rex
etal,, 2009). However, this compound exhibits specificity for inhib-
iting Tiaml-Rac binding and was found to reduce Tiaml-
stimulated, but not Vav-stimulated, cell growth, suggesting that the
inhibitor does not affect Vav-mediated Racl activation (Gao et al.,

Figure 7.

Model for the role of Vav GEFs in BDNF/TrkB-induced dendritic spine growth and functional synapse plasticity.

2004). Consistent with this idea, the NSC compound only reduced
TBS-induced Rac-GTP levels by ~30%, suggesting that a NSC-
sensitive GEF, like Tiam1, accounts for only a subset of the Rac
activation. Our data would suggest that Vav GEFs account for
a majority of the Rac-GTP produced by BDNF/TrkB signaling
(Fig. 2).

Despite our initial speculation that Vav GEFs would be re-
cruited to tyrosine-autophosphorylated TrkB via the SH2 phos-
photyrosine binding domain, which is how Vav2 interacts with
Eph receptors in HEK293T cells (Cowan et al., 2005), our find-
ings in heterologous cells reveal a novel interaction between Vav2
and TrkB involving a TrkB-independent interaction between the
Vav DH/PH/ZF core catalytic region and the TrkB domain. A
similar interaction mechanism was observed between Ephexinl,
a DH family GEF required for axonal outgrowth and repulsion,
and two different receptor tyrosine kinases, EphA4 and fibroblast
growth factor (FGF) receptors. The DH and PH domains of
Ephexin interacted with the kinase domain of the EphA4 receptor
(Shamabh et al,, 2001), and, recently, a similar interaction was
described between Ephexin and the FGF receptor (Zhang et al.,
2007). In the former case, the addition of ephrinAl ligand stim-
ulated tyrosine phosphorylation of endogenous Ephexin, which
in turn stimulated its RhoA GEF activity and promoted axon
growth cone collapse (Sahin et al., 2005).

While our results suggest that Vav-dependent F-actin dynam-
ics in dendritic spines may regulate aspects of postsynaptic struc-
tural and functional synapse plasticity, it will be important to
determine the downstream signaling events and cellular pro-
cesses by which Vav GEFs elicit these changes. Our findings
suggest a postsynaptic role for Vav GEFs, but as these are total
knock-out mice, we cannot rule out a potential presynaptic role
that could indirectly mediate TBS-LTP or spine growth. Since
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Vav2 and Vav3 mRNAs (and Vav2 protein) are expressed at sim-
ilar levels in both primary neuron and astrocyte cultures (data
not shown), we also cannot rule out a possible glial role for Vav
GEFs in mediating structural and functional synapse plasticity.
Finally, there could also be a developmental role for Vav GEFs
that occurs before the structural and functional synapse plasticity
events analyzed at P15 (or its rough equivalent in slice culture).
Analysis of conditional Vav knock-out mice will be important for
resolving these questions in the future. On a mechanistic note,
Vav GEFs may be necessary for endocytosis of the BDNF/TrkB
receptor complex, which is known to be critical for neuronal
survival, as well as for the migration of cerebellar granule cell
precursors (Valdez et al., 2005; Zhou et al., 2007). Previously, we
found that Vav GEFs are required for endocytosis of the eph-
rinA1/Eph receptor complex in retinal ganglion cells (Cowan et
al., 2005), which led us to speculate that Vav-dependent endocy-
tosis, possibly through a Rho/Rac-dependent process, is a critical
step in Eph receptor-mediated forward signaling during axon
guidance. Similarly, endocytosis of the BDNF-bound TrkB re-
ceptor has been shown to be critical for promoting forward-
signaling processes necessary for BDNF-dependent neuronal
survival and migration of cerebellar granule cell precursors (Val-
dez et al., 2005; Zhou et al., 2007); but, in the latter case, this was
shown to require Tiam1 (Zhou et al., 2007). In the future, it will
be interesting to determine whether Vav GEFs regulate TrkB re-
ceptor endocytosis, and whether internalization of the BDNF-
activated TrkB receptor is important for TBS-LTP and dendritic
spine plasticity.

Regulation of local protein synthesis in dendrites plays a crit-
ical role in stabilizing long-lasting changes in dendritic spine
morphology and functional synapse plasticity (Tanaka et al.,
2008; Yang et al., 2008). However, the mechanisms by which de
novo protein synthesis regulates spine and synapse plasticity are
poorly understood. Based on the transient nature of BDNF-
induced Vav tyrosine phosphorylation and Rac-GTP production,
we speculate that Vav GEF signaling stimulates transient F-actin
assembly, but an independent, protein synthesis-dependent mo-
lecular process likely stabilizes the F-actin cytoskeleton and the
maintenance of LTP. Consistent with this idea, we find that ad-
dition of exogenous BDNF to hippocampal slices is sufficient to
induce rapid spine head growth (Fig. 4). However, addition of
exogenous BDNF, in the absence of presynaptic stimulation, does
not by itself produce LTP, but coupling exogenous BDNF prein-
cubation with TBS does enhance CA3-CA1 LTP (L. Leverich,
unpublished observations). This suggests that BDNF-induced
spine head growth may be permissive for functional synapse plas-
ticity, but additional activity-dependent processes are required to
induce and stabilize LTP. It is also important to note that the
addition of 20 ng/ml BDNF to hippocampal slices did not alter
spine head size unless coupled with glutamate uncaging (Tanaka
etal.,, 2008). In contrast, we found that the addition of 250 ng/ml
BDNF was sufficient for spine head growth (Fig. 4A, B), suggest-
ing that there is a threshold BDNF concentration required to
stimulate spine growth without strong, coupled glutamate re-
lease, which appears to stimulate endogenous BDNF release. Glu-
tamate is also known to stimulate other Rac-GEFs, such as Tiam1
and Kalirin-7, via activation of ionotropic AMPA or NMDA glu-
tamate receptors (Tolias et al., 2005; Xie et al., 2007), which may
synergize with BDNF/TrkB signaling mechanisms to facilitate
spine growth.

Together, the findings described here introduce a novel role
for Vav GEFs in BDNF-induced Rac activation and dendritic
spine head growth in neurons, as well as in TBS-induced hip-
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pocampal LTP. By regulating Rho GTPase activity in response to
BDNF/TrkB signaling, Vav proteins may modulate F-actin re-
modeling in dendritic spines to facilitate dendritic structural
changes and activity-dependent synapse plasticity.
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