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Proper development of synaptic connectivity is a dynamic process 

requiring formation, elimination, maintenance, and plasticity of synapses. During 

early postnatal development, excess synapses are formed in most neural circuits, 

which are subsequently pruned during adolescence in a sensory- and activity-

dependent mechanism. The brain also exhibits experience-dependent synaptic 

modifications that may enhance or weaken functional synapse strength. 
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Investigation of numerous neurodevelopmental and psychiatric disorders reveals 

dysfunctions in synapse formation and function; however, underlying molecular 

mechanisms remain poorly understood. 

In Part One of this study, I identify a novel role for Vav guanine 

nucleotide exchange factors (GEFs) in brain-derived neurotrophic factor (BDNF)-

dependent synapse plasticity. BNDF and its receptor, TrkB, are well-established 

positive modulators of hippocampal long-term potentiation (LTP), and increasing 

evidence suggests that BDNF/TrkB facilitates LTP in part through the stimulation 

of Rho GTPases and subsequent F-actin remodeling and dendritic spine structural 

dynamics. I report that Vav-family GEFs are activated by BDNF/TrkB signaling, 

and are required for BDNF-induced Rac-GTP formation. Vav GEFs, which are 

enriched at hippocampal glutamatergic synapses, are necessary for rapid BDNF-

induced dendritic spine growth and CA3-CA1 LTP. Furthermore, Vav2/3-

deficient mice have impaired contextual fear conditioning, as well as reduced 

anxiety. Together, findings support a role for Vav-dependent F-actin dynamics in 

BDNF-stimulated dendritic spine head enlargement and LTP, and normal 

hippocampal-dependent learning and memory and anxiety in mice. 

 Part Two of this study reports the identification of common MEF2 and 

FMRP mRNA targets that are required for MEF2-induced synapse elimination. 

The activity-dependent transcription factor myocyte enhancer factor 2 (MEF2) is 

a key negative regulator of excitatory synapse number, promoting synapse 
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removal in neurons through a complex program of gene expression. The RNA 

binding protein and translational regulator fragile X mental retardation protein 

(FMRP) was recently identified as an essential downstream component of MEF2-

induced synapse elimination, suggesting that these autism-linked proteins 

coordinate transcriptional and translational control of common transcripts to 

mediate proper synaptic connectivity. Using high throughput sequencing of RNA 

isolated by cross-linking immunoprecipitation (HITS-CLIP) of FMRP, I find a 

large overlap of MEF2-induced transcripts and FMRP-associated mRNAs, 

consistent with their shared roles in synapse elimination. More specifically, 

protocadherin 17 (Pcdh17) mRNA is induced by MEF2 and exhibits differential 

binding to FMRP following MEF2 activation. Reducing Pcdh17 alone does not 

alter basal synapse number, but reducing Pcdh17 levels blocks MEF2-induced 

dendritic spine elimination of hippocampal neurons. These data suggest that 

MEF2-induced synapse elimination requires Pcdh17 – a MEF2 target gene and 

FMRP-associated transcript. 
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CHAPTER ONE 

	
  
Introduction 

 

PART ONE: Brain-derived Neurotrophic Factor (BDNF) Regulates Synapse 

and Behavioral Plasticity through a Complex Signaling Network 

  

The neurotrophin brain-derived neurotrophic factor (BDNF) is a well-

established regulator of dendritic spine structural and functional synapse 

plasticity, as well as behavioral plasticity in animal models. Several studies reveal 

a complex and incompletely understood network of signaling mechanisms by 

which BDNF and its high affinity receptor, tropomycin-related kinase B (TrkB) 

control these plasticity events. As BDNF has been implicated in numerous 

neurodevelopmental disorders, as well as in diseases characterized by long-lasting 

behavioral changes, including anxiety, schizophrenia, and addiction to drugs of 

abuse, understanding the many aspects of BDNF/TrkB’s functions in neurons will 

be of significant importance towards gaining insight into understanding the 

molecular and cellular underpinnings of these and related disorders. 
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BDNF/TrkB controls synapse plasticity through the activation of prominent 

signaling cascades in neurons 

 The neurotrophin BDNF and its cognate receptor TrkB are well-

established regulators of critical synapse plasticity events, including long-term 

potentiation (LTP), dendritic spine number, and dendritic spine size. BDNF/TrkB 

signaling regulates these processes through the activation of four major signaling 

cascades: the PLCγ (phospholipase C γ), MAPK (mitogen-activated protein 

kinase), PI3-K (phosphoinositide 3-kinase), and Rho GTPase pathways (Kaplan 

and Miller, 2000). In vivo, BDNF exists as a non-covalent homodimer, and 

binding of the neurotrophin to the TrkB receptor induces receptor dimerization, 

following by activation of TrkB’s intrinsic kinase activity (Cunningham and 

Greene, 1998). The receptors then phosphorylate each other in trans, which has 

the effect of enhancing their kinase activities. 

The TrkB receptor has several conserved autophosphorylated tyrosines, 

three of which are found in the activation loop of the kinase domain and are 

critical for full kinase activity (Y670, Y674, and Y675) (Kaplan and Miller, 

2000). Well-studied autophosphorylated tyrosines that are required for the 

activation of specific downstream pathways and have critical functional roles 

include Y785, the site at which PLCγ binds, and Y490, the Shc/Frs2 binding site 

leading to downstream activation of PI3-K and MAPK pathways (Kaplan and 

Miller, 2000). A fourth pathway activated by BDNF/TrkB signaling is Rho 
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GTPase family members, critical regulators of the actin cytoskeleton (Kaplan and 

Miller, 2000; Luo, 2002; Tashiro and Yuste, 2004). BDNF/TrkB induces 

activation of the Rho GTPases Rac and Cdc42, proteins that are associated with 

the formation of dendritic spines, as well as in growth of existing dendritic spines 

(Nakayama et al., 2000; Tashiro et al., 2000). 

 

BDNF/TrkB regulates hippocampal CA3-CA1 LTP 

 Numerous studies link BDNF/TrkB with regulation of hippocampal CA3-

CA1 early (E)- and late (L)-phases of LTP, the widely hypothesized functional 

correlate of learning and memory. Trkb- and Bdnf-null and conditional knockout 

mice have dramatically reduced theta burst- and tetanus-induced hippocampal 

CA3-CA1 LTP (Korte et al., 1995; Minichiello et al., 1999; Pozzo-Miller et al., 

1999). Consistent with these observations, stimulation of hippocampal neurons 

with exogenous BDNF results in enhanced tetanus-induced LTP in a TrkB kinase-

dependent manner (Rex et al., 2007). Furthermore, LTP deficits observed in 

BDNF knockout mice can be rescued by prolonged incubation with exogenous 

BDNF (2-4 hours) (Patterson et al., 1996), or by infection with a BDNF-

expressing adenovirus (Korte et al., 1996), indicating that the absence of BDNF, 

and not cumulative deficits formed developmentally, is likely responsible for 

reduced LTP.  It is important to note that several groups observe that exogenous 

BDNF is not sufficient to induce LTP (Gartner and Staiger, 2002; Hale et al., 
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2011), suggesting a permissive action in allowing for LTP induction and 

maintenance, but indicating an absolute requirement for activity-dependent events 

for normal LTP. 

 

BDNF/TrkB facilitates LTP through pre- and postsynaptic mechanisms 

 A considerable debate in the BDNF/TrkB field has been the uncertainty of 

the site of BDNF’s action and whether TrkB functions pre- or postsynaptically to 

modulate E- or L-LTP in the hippocampus. Most findings from studies aimed at 

addressing this question have concluded that a combination of pre- and 

postsynaptic TrkB together mediate effects on synaptic plasticity. Presynaptically, 

BDNF/TrkB-stimulated MAPK induces the phosphorylation of synapsin-1, 

causing vesicle detachment and an increased probability of exocytosis (Jovanovic 

et al., 1996; Jovanovic et al., 2000). Additionally, BDNF/TrkB enhances 

neurotransmitter release by triggering the ERK2-dependent phosphorylation of 

RIM1α, a protein necessary for L-LTP (Huang et al., 2005; Simsek-Duran and 

Lonart, 2008). 

At the complementary postsynaptic site, BDNF stimulates the 

phosphorylation of N-methyl-D-aspartate (NMDA) receptor subunits NR1 and 

NR2B, which has been demonstrated to potentiate NMDA receptor currents (Suen 

et al., 1997; Wang and Salter, 1994). AMPA (α-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid) receptor trafficking into the synaptic plasma membrane 
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is also essential for LTP, and there is evidence that BDNF promotes the delivery 

of the GluA1 subunit to synapses in a mechanism that remains to be determined 

(Caldeira et al., 2007; Minichiello, 2009). 

 Application of exogenous BDNF in hippocampal slices facilitates L-LTP, 

a plasticity event that requires local protein synthesis in dendrites (Kang and 

Schuman, 1996). Investigations into mechanisms underlying BDNF/TrkB-

regulated L-LTP find that BDNF can stimulate the synthesis of several dendritic 

proteins by facilitating trafficking of dendritic mRNAs (Righi et al., 2000). 

Additionally, BDNF increases the translation of existing dendritic mRNAs by de-

repressing RNA granules, activating translation initiation factors, and modulating 

elongation factors (Kanhema et al., 2006; Shiina et al., 2005; Takei et al., 2001; 

Zeitelhofer et al., 2008). Numerous BDNF-induced proteins involved in L-LTP 

have already been identified, and include Arc, CaMKIIα, and CREB (Shiina et 

al., 2005; Yin et al., 2002). 

 Together, these data indicate that BDNF/TrkB regulates LTP via pre- and 

post-synaptic mechanisms that promote both fast-acting and long-lasting synaptic 

transmission. Furthermore, these studies provide some important, although 

limited insight into the TrkB-dependent signaling cascades through which the 

receptor potently regulates LTP. Additional pharmacological and genetic analyses 

offer more detailed information regarding the downstream signaling mechanisms 

effecting plasticity changes. 
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Analysis of BDNF/TrkB-dependent signaling cascades that mediate LTP  

Although BDNF/TrkB are well-established positive modulators of 

hippocampal CA3-CA1 LTP, the downstream signaling mechanisms mediating 

this functional plasticity event are not clearly understood. Pharmacological 

analyses describe an essential role for BDNF-induced CaMKII activation in LTP, 

which in turn phosphorylates AMPA receptors, leading to increased channel 

conductance of GluA1 subunits (Adams and Sweatt, 2002; Citri and Malenka, 

2008; Ying et al., 2002). CaMKII also has a role in stimulating the exocytosis of 

AMPA receptors, increasing the number of receptors at the synapse (Lisman et 

al., 2012). Additional studies implicate the MAPK pathway that results in 

activation of ERK1-ERK2, as the presence of MEK (MAPK/ERK kinase) 

inhibitors abolished induction of LTP induced by exogenous BDNF (Adams and 

Sweatt, 2002; Ying et al., 2002). Mechanistically, these studies speculate that LTP 

is facilitated by the ERK-induced activation of cAMP response element binding 

protein, CREB, a well-documented transcription factor that effects durable 

synaptic changes. 

Minichiello and colleagues utilized a genetic approach to investigate the 

requirement of specific BDNF/TrkB-induced signaling pathways, by generating 

mice with targeted mutations in the Shc/Frs2 docking site (Y490) or PLCγ 

docking site (Y785), and examining effects on hippocampal LTP (Minichiello et 
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al., 2002). Findings reveal that the PLCγ mutation resulted in dramatically 

reduced theta burst or tetanus-induced early- and late-LTP. In correlation with this 

finding, CREB and CaMKIV phosphorylation was impaired in PLCγ mutant 

mice, suggesting that BDNF/TrkB-dependent recruitment of PLCγ mediates 

hippocampal LTP in a mechanism involving CREB and CaMKIV regulation. 

Interestingly, in contrast to the previously described pharmacological studies, 

mutation of the Shc/Frs2 docking site had no effect on LTP, illustrating that ERK 

activation is dispensable for this durable plasticity event (Minichiello et al., 2002). 

Subsequent investigations later determined that the TrkB-PLCγ site, but not the 

Shc docking site, is also necessary for associative learning in mice (Gruart et al., 

2007), supporting the hypothesis that the PLCγ pathway underlies both CA3-CA1 

LTP and associative learning.  

In line with the report by Minichiello and colleagues, a more recent 

examination suggests that hippocampal CA3-CA1 LTP is supported by TrkB-

induced PLCγ signaling at both pre- and postsynaptic sites (Gartner et al., 2006). 

In this study, it was found that blockade of PLCγ signaling was required in both 

pre- and postsynaptic neurons to lead to reduction of LTP similar to that observed 

by knocking out TrkB and BDNF. No effect on LTP was observed if PLCγ 

signaling was blocked in either CA3 or CA1 of the hippocampus. The authors 

hypothesize that recruitment of Ca2+ from inositol 1,4,5-triphosphate (IP3)-

sensitive intracellular stores plays a key role in PLCγ-dependent LTP. 
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BDNF/TrkB regulates dendritic spine number 

 Many of the earliest inquiries into BDNF’s functions report that the 

neurotrophin regulates the number of dendritic spine protrusions, the structural 

site of the vast majority of excitatory synapses formed onto a neuron. Specifically, 

many reports describe that the addition of exogenous BDNF to hippocampal and 

cortical pyramidal neurons, dentate granule neurons, and olfactory bulb granule 

cells in culture leads to increases in dendritic spine density (Matsutani and 

Yamamoto, 2004; Tyler and Pozzo-Miller, 2003; Tyler and Pozzo-Miller, 2001). 

Consistent with these findings, mice with conditional deletion of TrkB induced 

prior to synapse formation have decreased spine and synapse density in 

hippocampal pyramidal neurons; however, in vivo deletion of TrkB after synapse 

formation has occurred mediates no effect on spine or synapse density, indicating 

that regulation of synapse number by BDNF/TrkB may occur only during a 

specific period of synaptogenesis (Luikart et al., 2005). 

As Bdnf-null mice die postnatally before BDNF reaches its activity-

induced adult levels, examination of in vivo postnatal roles for the neurotrophin 

proved difficult until the generation of conditional BDNF knockout mice. 

Interestingly, mice with conditional knockout of BDNF in postmitotic neurons 

throughout the CNS shortly after birth display no deficit in hippocampal CA1 

neuron dendritic spine density (Rauskolb et al., 2010), demonstrating that the 
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TrkB receptor may regulate dendritic spine/synapse formation in a BDNF-

independent manner in the CA1 region of the hippocampus. CA1 neurons, 

however, were found to display a slight reduction and increase in mushroom and 

thin spines, respectively, indicating that BDNF deficiency may impede spine 

maturation. The authors also investigated CA3-CA1 hippocampal LTP induced by 

high-frequency stimulation of Schaffer collaterals, and found LTP to be reduced 

in the conditional BDNF knockouts, consistent with previous reports describing 

impaired LTP in Bdnf-null and –heterozygous mice. In contrast to the dendritic 

spine density findings in the hippocampus, medium spiny neurons in the striatum 

of the same mice have significantly reduced dendritic spine density (Rauskolb et 

al., 2010), indicating the importance of BDNF/TrkB signaling in the postnatal 

development of striatal neuron spine number.  In the future, it will be interesting 

to investigate the differences between these two neuronal populations, which may 

account for their sensitivity to regulation by BDNF/TrkB. 

 

BDNF/TrkB facilitates synaptogenesis through pre- and postsynaptic mechanisms 

In 2005, Luikart and colleagues sought to determine whether TrkB 

controls hippocampal structural synapse formation pre- or postsynaptically by 

examining properties of CA1 synapses in which TrkB was conditionally knocked 

out in presynaptic, or in both pre- and postsynaptic cells during early development 

or post-developmentally (Luikart et al., 2005). TrkB was ablated in presynaptic 
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DG, CA2, and CA3 neurons at E12.5 using a synapsin-1-cre line, while CaMKII-

cre and hGFAP-cre lines were utilized to ablate TrkB in both pre- and 

postsynaptic Schaffer collateral terminals after and before synapse formation 

occurs, respectively. Authors discovered that TrkB has a role at both pre- and 

postsynaptic sites during development, as no synaptic aberrations were observed 

when the receptor was knocked out after synapse formation had occurred.  

Specifically, as a result of presynaptic deletion, reductions in synaptophysin 

staining in CA1 were observed, as well as a reduced density of axon varicosities 

projecting to CA1, observations that were accompanied by an increase in the 

number of multi-synapse boutons. No aberrations in dendritic spine density or 

PSD-95 staining were observed in these neurons. As a result of developmental 

TrkB deletion at both pre- and postsynaptic sites and in addition to the previously 

specified deficits, CA1 neurons displayed reductions in both dendritic spine 

density and postsynaptic puncta. Together, data from this study suggest that the 

TrkB receptor possesses cell-autonomous roles in the development of synaptic 

components in pre- and postsynaptic neurons. Future experiments are necessary to 

delineate the functional consequences of these cell-autonomous roles for the TrkB 

receptor, particularly with respect to effects on LTP. 
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Role of the PI3-K/MAPK pathway in BDNF/TrkB-dependent regulation of 

dendritic spine number 

Following the discovery that TrkB deficiency in neurons results in 

decreased synapse and dendritic spine density, a focus of interest turned to the 

identification of specific BDNF/TrkB-induced signaling pathways controlling 

normal synaptogenesis/dendritogenesis. In 2008, Luikart et al. reported that 

synapse density is significantly reduced in hippocampal neurons expressing 

kinase-dead (K538N) or Y490F (Shc/Frs2) mutant forms of the TrkB receptor 

(Luikart et al., 2008). Expression of Y785F (PLCγ), however, had no effect on 

synapse density in these neurons. In correlation with these observations, treatment 

of wild-type neurons with BDNF or overexpression of wild-type TrkB augmented 

the motility of dendritic filopodia. Furthermore, expression of a Y490F mutant 

(Shc/Frs2) blocked the enhancement of filopodial motility, while Y795F (PLCγ) 

had no effect. This supports the hypothesis that TrkB-mediated dendritic 

filopodial motility may be an important event in the establishment of appropriate 

synaptic contacts, and that additionally, TrkB signaling through the PI3-K or ERK 

pathways is critical for both events. Further characterization identified that PI3-K 

mediates the TrkB-dependent motility of dendritic filopodia. 
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BDNF/TrkB regulates dendritic spine growth 

 Emerging evidence is correlating structural synapse plasticity with 

functional plasticity, especially for durable events, including LTP, which is 

associated with dendritic spine head growth, and LTD, an event accompanied by a 

reduction in spine head size (Cingolani and Goda, 2008; Dillon and Goda, 2005; 

Yuste and Bonhoeffer, 2001). Numerous lines of evidence suggest that structural 

dendritic spine dynamics contribute to LTP, including (1) spine enlargement 

triggered by glutamate uncaging occurs rapidly, in the same time course as LTP 

induction, (2) spine volume correlates with the number of functional AMPA 

receptors, and (3) spine enlargement is protein synthesis-dependent, like L-LTP 

and long-term memory (Kasai et al., 2010; Takumi et al., 1999; Tanaka et al., 

2008). 

In addition to its well-characterized role in regulating 

synaptogenesis/dendritic spine formation, BDNF/TrkB has more recently been 

implicated in promoting LTP-associated structural dendritic spine changes, 

specifically dendritic spine head enlargement. Several studies have uncovered a 

role for BDNF in mediating activity-induced, long-lasting increases in dendritic 

spine head area/volume, an effect found to require new protein synthesis 

(Bramham, 2008; Kasai et al., 2010; Tanaka et al., 2008). Additionally, other 

reports have implicated the involvement of F-actin remodeling enzymes in 
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BDNF-dependent dendritic spine growth (Schwechter and Tolias, 2013; Yuste 

and Bonhoeffer, 2001). 

 

Requirement for new protein synthesis in activity-induced BDNF/TrkB-dependent 

dendritic spine head enlargement 

Numerous investigations are specifying a requirement for new protein 

synthesis in BDNF/TrkB-dependent dendritic spine structural plasticity. Recently, 

miR-134, a microRNA localized at the synapto-dendritic compartment, was 

reported to regulate BDNF-induced dendritic spine plasticity by controlling the 

protein synthesis of Lim kinase (Limk), a regulator of F-actin dynamics (Schratt 

et al., 2006). miR-134 is known to repress the translation of Limk through binding 

at the 3’ UTR of its mRNA. The study found that BDNF led to increased 

expression of dendritic Limk through an unknown mechanism involving the 

suppression of miR-134 function. Authors therefore hypothesized that synaptic 

plasticity may be regulated by the BDNF-dependent relief of Limk translational 

inhibition by miR-134. 

 An additional study reveals a requirement for BDNF-induced protein 

synthesis in dendritic spine head enlargement elicited by the pairing of 

postsynaptic spikes and two-photon glutamate uncaging (spike-timing). The 

spike-timing protocol induced a long-term enlargement of the dendritic spine head 

in CA1 pyramidal neurons (Tanaka et al., 2008). This effect was dependent on 
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BDNF/TrkB signaling and protein synthesis, as incubation with BDNF 

scavengers, or anisomycin or cycloheximide, almost completely abolished the 

growth of the spine head. Stimulation with exogenous BDNF in the presence of 

glutamate uncaging without spikes also led to robust dendritic spine growth, both 

immediately and in a gradual long-lasting phase. Co-stimulation with anisomycin, 

however, caused a significant reduction in spine head size observed during the 

gradual long-term phase, indicating that BDNF’s actions during this phase require 

protein synthesis. 

 

Requirement for F-actin remodeling in BDNF/TrkB-dependent dendritic spine 

head enlargement 

While several studies demonstrate a requirement for new protein synthesis 

in BDNF/TrkB-dependent dendritic spine growth, an additional mechanism by 

which BDNF/TrkB signaling has been widely hypothesized to mediate its effects 

is through the regulation of F-actin remodeling enzymes. Indeed, F-actin 

polymerization is required for hippocampal CA3-CA1 TBS-LTP, illustrating that 

enzymes that control F-actin dynamics are likely critical for normal LTP 

(Fukazawa et al., 2003; Kim and Lisman, 1999; Krucker et al., 2000). BDNF also 

promotes theta burst-induced increases in dendritic spine F-actin levels, and 

sequestering BDNF impairs CA3-CA1 TBS-LTP, suggesting that BDNF may 
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facilitate LTP by stimulating F-actin remodeling in dendritic spines (Rex et al., 

2007). 

BDNF/TrkB is a strong activator of the Rho GTPase Rac1, a regulator of 

F-actin remodeling dynamics that is highly correlated with dendritic spine 

formation and enlargement. Activation of Rac1 in particular induces spine 

morphology changes associated with LTP, specifically dendritic spine 

enlargement (Tashiro and Yuste, 2004), and furthermore, its overexpression leads 

to strengthening of synapses by promoting AMPA receptor clustering in spines 

(Wiens et al., 2005). Additionally, pharmacological inhibition of Rac1 activation 

or actin dynamics blocks LTP induction, suggesting that Rac-dependent 

cytoskeletal remodeling events are necessary for LTP (Kim and Lisman, 1999; 

Wiens et al., 2005). Numerous groups have thus speculated that BDNF/TrkB 

mediates its effects on synapse plasticity through the regulation of F-actin 

remodeling enzymes, including Rac1. However, the specific signaling 

mechanisms by which BDNF/TrkB-induced activation of these Rho GTPases 

occurs, as well as potential roles for this pathway in synapse plasticity, are poorly 

understood. 
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Vav guanine nucleotide exchange factors (GEFs) mediate activation of Rho-

family GTPases 

 The Vav family of GEFs consists of three distinct genes, Vav1-3, encoding 

multi-domain cell signaling molecules that are evolutionarily conserved from 

nematodes to mammals (Bustelo, 2001). Vav GEFs were first identified in 

hematopoietic cells, and a bulk of information regarding its functional roles and 

signaling properties has been identified in these blood stem cells. However, 

numerous neuronal duties for the GEFs, including in axon guidance and synapse 

plasticity, have recently emerged. 

While expression of Vav1 is limited to hematopoietic cells, Vav2 and 

Vav3 proteins are highly expressed in the brain from embryonic development 

through adulthood (Cowan et al., 2005; Hale et al., 2011; Turner and Billadeau, 

2002). Vav proteins possess multiple domains that have been identified or are 

hypothesized to function in cell signaling events, including calponin homology, 

acidic, Dbl homology, pleckstrin homology, zinc finger, and proline-rich regions, 

as well as two Src homology type 3 (SH3) domains flanking a Src homology type 

2 (SH2) domain. Functionally, the Dbl homology domain confers GEF activity, 

and regulatory tyrosines that modulate this function can be found within the 

acidic-rich region (Aghazadeh et al., 2000). In general, calponin homology 

domains have been demonstrated to bind actin, while pleckstrin homology regions 

are lipid-binding targeting domains. Additional critical structural features of Vav 
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GEFs include the presence of the tandem SH3-SH2-SH3 domains, sequence-

specific phosphotyrosine-binding modules involved in substrate recruitment. 

 The crucial molecular function of GEF proteins is to activate members of 

the Rho GTPase family by facilitating the exchange of GDP for GTP. Rho 

GTPases act as molecular switches, cycling between GDP-bound inactive and 

GTP-bound active states. GEFs activate GTPases by facilitating the exchange of 

GDP for GTP, while GAPs (GTPase activating proteins) render GTPases inactive 

by accelerating the hydrolysis of GTP (Cerione and Zheng, 1996). Studies suggest 

that Vav proteins specifically activate Rac1 and Cdc42 (Abe et al., 2000; Liu and 

Burridge, 2000; Marignani and Carpenter, 2001), Rho GTPases that promote 

spine formation and enlargement (Nakayama et al., 2000; Tashiro et al., 2000). 

Furthermore, it has recently been demonstrated that Vav exhibits a preference for 

activating Rac1 over Cdc42 (Kawakatsu et al., 2005; Marignani and Carpenter, 

2001). 

Vav’s GEF activity is regulated by an auto-inhibitory arm, which occludes 

the GEF activity-conferring Dbl homology domain in the inactive state. Upon 

phosphorylation of tyrosine residues, specifically Y172 or Y174 in Vav2 and 

Vav3, respectively, the N-terminal inhibitory arm is released, thus exposing the 

GEF-conferring Dbl homology region (Aghazadeh et al., 2000). Signaling 

mechanisms regulating Vav tyrosine phosphorylation and activation have been 

identified in both lymphocyte and neuronal cells, and include phosphorylation by 
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Src and Syk family kinases and receptor tyrosine kinases, including EGF, PDGF, 

and EphB (Aghazadeh et al., 2000; Bustelo, 2001; Cowan et al., 2005; Crespo et 

al., 1997; Servitja et al., 2003; Tamas et al., 2003).  

 

Vav GEFs have critical roles in neuronal development 

 A neuron-specific function for Vav was first identified in 2005, with the 

discovery that Vav2 mediates Eph receptor-dependent growth cone collapse and 

axon guidance (Cowan et al., 2005). Specifically, the study reports that ephrin 

stimulation of neurons induces the recruitment of Vav2 to the Eph receptor, upon 

which Vav2 is then tyrosine phosphorylated and activated. Vav2 was 

demonstrated to be required for ephrin-Eph endocytosis and ephrin-induced 

growth cone collapse in vitro, suggesting that Vav-stimulated F-actin dynamics 

are critical for these molecular and cellular processes. Importantly, Vav 

deficiency in mice resulted in aberrant axonal projections from the retina to the 

thalamus, revealing a necessary role for Vav-dependent Eph signaling in proper 

axon guidance in vivo. 

 Since this initial discovery, additional studies are linking Vav-induced 

Rac-GTP activation and F-actin dynamics in other aspects of neuron 

development. Specifically, a recent investigation discovered that Vav2 regulates 

neurite outgrowth and branching in Xenopus spinal neurons (Moon and Gomez, 

2010). Authors identified that loss or gain of Vav2 function reduces the rate of 
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neurite extension, demonstrating that balanced Vav2 activity is critical for 

appropriate neurite formation. Effects of Vav2 on branching of processes were 

also examined, and indicated that Vav2 overexpression promotes neurite 

branching in vitro and in vivo in a process requiring Vav GEF-dependent Rac1 

activation.  

Finally, Vav has also been implicated in regulation of proper cerebellar 

development. Using Vav3-/- mice, Quevedo and colleagues discovered that Vav3 

deficiency leads to impaired Purkinje cell dendritic arborization in vivo, as well as 

reduced survival and aberrant migration of cerebellar granule cells in the internal 

and external granule layers (Quevedo et al., 2010). As Vav2 and Vav3 proteins 

have redundant functions as exchange factors in neurons, the authors speculated 

that Vav2 might also contribute to cerebellar neuron development. However, 

neurons lacking Vav2 exhibited no changes in the examined cerebellar properties, 

suggesting that Vav3 specifically controls these functions. Because a primary 

function of the cerebellum is in controlling motor coordination, the authors next 

investigated possible effects of Vav3 deficiency on motor control. Analyses 

revealed that at five weeks of age, Vav3-/- mice have impaired motor coordination 

on the rotarod accelerating test, in addition to an abnormal hind/forepaw overlap 

pattern. At four months of age, the mice were re-examined for any persistence or 

improvement of the observed deficiencies. At this time, the motor coordination 

deficits were largely ameliorated, and the abnormal pattern of paw overlap was no 
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longer discernible. Together, this study uncovers important roles for Vav3 in 

regulating cellular and functional development of the cerebellum. 

 Because numerous roles for Vav proteins in regulating aspects of brain 

development and plasticity have now been identified, we may also expect 

emerging studies to link the GEF with human disorders characterized by 

abnormal neuronal development and synapse function. Indeed, a recent genome 

wide association study (GWAS) of schizophrenia in a Japanese population was 

the first study to report a strong association signal in a region of VAV3, rs1410403 

(Ikeda et al., 2011). Following this discovery, a separate study sought to examine 

whether rs1410403 is associated with altered brain structure in healthy and 

schizophrenic individuals, and also performed exon resequencing for further 

mutation analysis (Aleksic et al., 2013). Previously published studies utilizing 

voxel-based morphometry (VBM) have reported the observation of smaller 

volumes in the temporal gyrus of schizophrenic individuals, a brain region that 

promotes the formation of language and semantic memory processing, visual 

perception, and multimodal sensory integration, cognitive processes that are 

deficient in patients with schizophrenia (Onitsuka et al., 2004). Interestingly, 

Vav3 is more highly expressed than Vav2 in the left superior and medial temporal 

gyri, suggesting that Vav3 may be more likely to impinge on the identified 

region-specific functions. VBM revealed that rs1410403 is associated with a 

reduction in the volume of the left superior and middle temporal gyri in patients 
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with schizophrenia. As a result of mutation analysis, four rare novel missense 

mutations in VAV3 were also detected, one of which, Glu741Gly was found to be 

significantly associated with schizophrenia in a large independent sample 

(P=0.02). In the future, it will be necessary to explore the mechanism by which 

Glu741Gly, located within the SH2 domain of Vav3, affects the pathogenesis of 

schizophrenia. 

 

BDNF/TrkB regulates molecular and behavioral aspects of learning and 

memory, anxiety, and disease-associated behaviors in humans and mice 

In addition to the well-documented roles of BDNF/TrkB in regulating LTP 

and structural synapse plasticity, molecular and behavioral analyses are 

implicating the neurotrophin and its receptor in devastating neurological 

disorders, including depression, anxiety, addiction to drugs of abuse, 

schizophrenia, and fragile X syndrome.  

Roles for BDNF/TrkB in mediating learning and memory behaviors in 

mice have been studied extensively, which is not surprising since BDNF/TrkB are 

well-established regulators of LTP, a widely hypothesized cellular substrate of 

learning and memory. Mice in which BDNF or TrkB has been conditionally 

knocked out display deficits in learning the Morris water maze, a hippocampal-

dependent spatial navigation task that requires mice to use visual cues to locate a 

hidden platform in a pool of water (Gorski et al., 2003; Minichiello et al., 1999). 
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BDNF- or TrkB-deficient mice have also been examined for their responses in 

contextual and cued fear conditioning, which measure the ability of a mouse to 

form and remember an association between an aversive experience and 

environmental cues. Lesion studies indicate that while cue-dependent 

conditioning relies primarily on the amygdala, the context-dependent counterpart 

additionally requires the hippocampus, as damage of the formation leads to 

impaired context-dependent but not auditory cue fear conditioning (Rudy et al., 

2004; Rudy and O'Reilly, 1999). BDNF heterozygote mice exhibit impaired 

context-dependent fear conditioning, without a change in cue-dependent 

conditioning (Liu et al., 2004), while TrkB conditional knockouts show impaired 

context- and cue-dependent conditioning (Minichiello et al., 1999). Together, 

these data describe critical functions for BDNF and TrkB in mediating 

hippocampal-dependent learning and memory tasks in mice. 

Reports also present an association between BDNF/TrkB and anxiety. A 

V66M SNP in BDNF, which results in a defect in activity-regulated release of 

BDNF, is associated with enhanced anxiety in human patients (Montag et al., 

2010), and furthermore, carriers of the V66M allele have impairments in fear 

extinction (Soliman et al., 2010). Consistent with these findings, homozygous 

V66M mice have elevated anxiety in open field and elevated plus maze tests 

(Chen et al., 2006). Additional behavior investigations in mice also implicate 
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BDNF in anxiety, as heterozygous BDNF mice show increased anxiety in open 

field and elevated plus maze tests (Chen et al., 2006). 

Major depressive disorder is a leading cause of disability characterized by 

anxiety, loss of pleasure, guilt, and sleep disturbances. Individuals with MDD 

have decreased BDNF and TrkB levels in the hippocampus and prefrontal cortex, 

regions that also exhibit reduced volumes in patients with MDD (Bremner et al., 

2000; Castren, 2004; Castren and Rantamaki, 2010; Thompson Ray et al., 2011). 

Interestingly, MDD leads to enhanced BDNF levels in other regions of the brain, 

including the nucleus accumbens (NAc) and amygdala, illustrating complex and 

incompletely understood circuitry through which BDNF regulates depression 

(Krishnan et al., 2007; Tebartz van Elst et al., 2000). Importantly, studies in 

humans and mice suggest that BDNF is necessary for antidepressant responses. 

Specifically, various antidepressant treatments lead to increased BDNF levels in 

corticolimbic regions, and importantly, experiments in animal models indicate 

that BDNF and TrkB are required for the effects of antidepressants (Adachi et al., 

2008; Monteggia et al., 2004; Monteggia et al., 2007; Saarelainen et al., 2003). 

Finally, additional behavioral tests in mice connect BDNF with the regulation of 

depression-like responses. Forebrain deletion of BDNF in female mice leads to 

increased depression-like responses in sucrose preference and Porsolt forced 

swim tests (Monteggia et al., 2007). In contrast, deleting BDNF in the ventral 

tegmental area (VTA) produces an anxiolytic response in mice, suggesting that 
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region-specific BDNF may have differential influences on depression-like 

behaviors (Berton et al., 2006; Krishnan et al., 2007). 

Schizophrenia is a devastating and complex disorder characterized by 

positive and negative symptoms, including hallucinations, disordered thoughts 

and speech, and social deficits. Numerous studies describe aberrations in BDNF 

levels in brain tissue from individuals with schizophrenia; however, the reported 

directions of the regulation are inconsistent. While some studies observe 

increased BDNF expression in frontal cortical and hippocampal regions 

(Takahashi et al., 2000), others cite decreased BDNF and TrkB levels in these 

brain regions (Hashimoto et al., 2005; Weickert et al., 2003). Assessment of 

serum levels of BDNF in live patients report similarly inconsistent findings, 

signifying the possibility that the variable effects result from antipsychotic 

therapy, which has been reported to alter BDNF levels. Studies with heterozygous 

BDNF mice also connect the neurotrophin with regulation of behavioral aspects 

of schizophrenia. BDNF heterozygotes have deficient sensorimotor gating, 

consistent with human studies, and the mice also show enhanced locomotor 

responses to amphetamines, which may imply a lower threshold for psychosis-

associated behavior (Dluzen et al., 2001; Saylor and McGinty, 2008). 

BDNF/TrkB-dependent signaling and synapse plasticity is widely 

hypothesized to contribute to behavioral alterations associated with addiction to 

drugs of abuse. In mice, cocaine administration causes increased BDNF 
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expression and TrkB phosphorylation in the nucleus accumbens (NAc), a critical 

locus within the brain reward pathway (Graham et al., 2007; Graham et al., 2009; 

Russo et al., 2009). These findings are correlated with increased dendritic 

arborization and spine density in the reward circuitry, suggestive of a potential 

role for BDNF in regulating cocaine-induced structural modifications of the 

synapse (Robinson and Kolb, 1999). Knocking down BDNF or TrkB in the NAc 

in mice reduces cocaine conditioned place preference, a test based on association 

of the reward produced by the drug and neutral environmental cues (Graham et 

al., 2007; Graham et al., 2009). Together, these data suggest that reducing levels 

of BDNF in the reward pathway blunts the rewarding effects of cocaine use. 

Finally, BDNF may have a role in mechanisms underlying 

neurodevelopmental disorders, including fragile X syndrome (FXS) and Rett 

syndrome, autism-related disorders. In Fmr1 KO mice, a mouse model for FXS, 

BDNF protein levels are altered in the hippocampus. Whereas BDNF levels are 

initially enhanced in the hippocampus during the first two postnatal months, they 

are reduced in comparison to controls after four months of age (Uutela et al., 

2012). Critical findings that suggest additional links between BDNF and FXS 

include that BDNF application can rescue hippocampal CA3-CA1 LTP deficits in 

Fmr1 KO mice (Lauterborn et al., 2007). Interestingly, however, genetically 

reducing BDNF levels in Fmr1 KOs ameliorated several behaviors in the FXS 

model mice, including locomotor, sensorimotor learning, and auditory responses, 
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thus demonstrating a complex interaction between these two genes that may be 

dependent on regional expression differences and functions (Uutela et al., 2012). 

Rett syndrome (RTT) is also a neurodevelopmental autism-related disorder, and 

results from loss of function mutations in MeCP2, a methyl-CpG-binding domain 

protein. Interestingly, BDNF is a target of MeCP2, and its expression in MeCP2 

null mice is reduced (Chang et al., 2006; Chen et al., 2003). Deleting BDNF in 

MeCP2-deficient mice triggered an earlier onset of RTT symptoms, and 

conversely, increasing BDNF levels in these mice rescued locomotor and 

electrophysiological impairments observed in MeCP2 KO mice (Chang et al., 

2006). 

The studies described above convincingly link BDNF/TrkB with 

numerous neurobiological disease pathologies; however, results can sometimes be 

inconsistent and often fail to provide insight into the BDNF/TrkB-dependent 

signaling mechanisms controlling these pathologies. As BDNF/TrkB are critical 

regulators of multiple molecular and behavioral disease pathologies, it will be of 

paramount importance to continue the expansion of our knowledge of 

mechanisms by which BDNF/TrkB controls brain function at the molecular, 

cellular, and systems levels. 
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Motivation for studies and summary of research 

 Increasing evidence suggests a coupling of functional plasticity and 

dendritic spine structural dynamics, particular in long-lasting forms of plasticity 

such as LTP, which is associated with dendritic spine head enlargement, and 

LTD, an event linked with contraction of the dendritic spine head (Cingolani and 

Goda, 2008; Dillon and Goda, 2005; Yuste and Bonhoeffer, 2001). BDNF and its 

cognate receptor, TrkB, are critical positive modulators of hippocampal CA3-

CA1 TBS-LTP, and emerging evidence suggests that BDNF/TrkB may facilitate 

LTP in part through modulation of F-actin remodeling enzymes and dendritic 

spine dynamics. Several lines of evidence support this hypothesis, including (1) 

F-actin polymerization is required for hippocampal CA3-CA1 TBS-LTP (Chen et 

al., 1999; Kim and Lisman, 1999; Krucker et al., 2000), (2) Rho-GTPases, critical 

regulators of F-actin formation and cytoskeletal dynamics, are activated by 

BDNF-stimulated TrkB signaling (Huang and Reichardt, 2003), (3) BDNF 

promotes the formation of TBS-induced F-actin assembly in dendritic spines (Rex 

et al., 2007), and (4) pairing local glutamate uncaging with postsynaptic spikes 

leads to long-lasting increases in dendritic spine head size through a mechanism 

that requires TrkB kinase-dependent signaling (Tanaka et al., 2008). 

A likely mechanism by which BDNF/TrkB signaling facilitates functional 

and structural synapse plasticity events is through the activation of Rho-family 

GTPases, which are critical regulators of F-actin formation and cytoskeletal 
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dynamics (Luo, 2002; Tashiro and Yuste, 2004). GTPases act as molecular 

switches, cycling between GDP-bound inactive and GTP-bound active states. 

GEFs activate GTPases by facilitating the exchange of GDP for GTP, while 

GAPs render GTPases inactive by accelerating the hydrolysis of GTP. The 

BDNF/TrkB-induced activation of the Rac1 and Cdc42 GTPases, which are 

associated with dendritic spine formation and enlargement, is a well-documented 

signaling event (Huang and Reichardt, 2003). However, the molecular events that 

link BDNF/TrkB signaling with the activation of GTPases and subsequent 

downstream consequences on synapse plasticity are poorly understood. 

In Chapter Two, we report that Vav-family GEFs are tyrosine 

phosphorylated and activated by BDNF/TrkB signaling, and are required for 

BDNF-induced Rac-GTP formation. We observe that Vav GEFs, which are 

enriched at hippocampal glutamatergic synapses, are dispensable for normal 

synapse number in CA1 pyramidal neurons. However, we find that they are 

necessary for rapid BDNF-induced dendritic spine growth and CA3-CA1 TBS-

LTP. Together, findings from this study suggest that Vav-dependent F-actin 

dynamics are critical for BDNF-stimulated dendritic spine head enlargement and 

LTP, thus providing a novel molecular event linking Vav GEFs with 

BDNF/TrkB-dependent synapse plasticity. 

The emergence of these critical synaptic roles for Vav proteins prompts 

the hypothesis that the GEFs may be important for regulating appropriate 
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behavioral responses, including in behaviors mediated by proper BDNF/TrkB 

signaling. Numerous studies in rodents report requirements for BDNF/TrkB in a 

wide range of behaviors, including learning and memory, anxiety, and depression. 

Because Vav GEFs mediate BDNF/TrkB-dependent spine plasticity and LTP, it is 

important to understand whether the GEF also modulates behaviors, dependently 

or independently of BDNF/TrkB function. In Chapter Three, I present detailed 

results from a behavioral analysis of Vav2-/-3-/-, Vav2-/-, and Vav3-/- mice. In 

summary, Vav2/3-deficient mice have impaired contextual but not cued fear 

conditioning, as well as reduced anxiety in elevated plus maze and open field 

tests. Analysis of Vav single KO mice indicated that Vav2 and Vav3 are each 

required for associative learning in mice, while only Vav2 controls anxiety-

related responses. 
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PART TWO: Autism-linked Genes Myocyte Enhancer Factor 2 (MEF2) and 

Fragile X Mental Retardation Protein (FMRP) are Critical Regulators of 

Structural and Functional Synapse Plasticity 

  

Deficits in proper synapse formation, elimination, and maintenance, are 

hypothesized to underlie numerous neurological disorders, including autism, 

intellectual disability, schizophrenia, and addiction to drugs of abuse. Synapses 

are formed during early brain development, but neuronal activity also promotes 

the elimination of synapses to either prune excess synapses or to homeostatically 

maintain a steady-state number of synaptic connections. The transcription factor 

myocyte enhancer factor 2 (MEF2) is a critical activity-dependent regulator of 

excitatory synapse elimination in developing and adult brains. However, the 

molecular and cellular mechanisms by which MEF2 controls synapse number are 

not well understood.  

Recently, the RNA-binding protein, fragile X mental retardation protein 

(FMRP), was identified as an essential downstream component of MEF2-induced 

synapse elimination, suggesting that these two proteins work together to mediate 

proper synaptic connectivity and brain function. Specifically, findings support the 

hypothesis that MEF2 and FMRP coordinate transcriptional and translational 

control of common mRNAs to confer proper experience-dependent synapse 

refinement, and that dysfunction of this process may contribute to neurological 
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disorders, including autism, intellectual disability, and addiction to drugs of 

abuse. Further investigation into the mechanisms by which MEF2 and FMRP 

coordinate the formation of proper synaptic connections will have broad 

implications for understanding these and related disorders. 

 

MEF2 transcription factors are activity-dependent regulators of gene 

expression 

MEF2 proteins are members of the minichromosome maintenance 1-

agamous-deficiens-serum (MADS) response factor box family of transcription 

factors. While initially identified for their role in regulating muscle 

differentiation, critical functions for the MEF2 family of transcription factors in 

the nervous system have recently emerged. One well-described role for MEF2 is 

in the control of neuronal survival and apoptosis in response to extracellular 

stimuli. The transcription factor also controls synapse number and function in 

several brain regions in vitro and in vivo, and importantly, is being increasingly 

implicated in diseases, including addiction to drugs of abuse, intellectual 

disability, and autism. 

The MEF2 family comprises four distinct genes, MEF2A-D, which are 

expressed in unique, but overlapping patterns in both developing and adult brains 

(Heidenreich and Linseman, 2004; Ikeshima et al., 1995; Leifer et al., 1993; Lin 

et al., 1996; Lyons et al., 1995; Lyons et al., 2012; Pulipparacharuvil et al., 2008). 
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Expression of all four proteins can be found in the cortex, but evidence suggests 

that MEF2C is the predominant MEF2 protein expressed in this region. In the 

hippocampus, expression of MEF2C is restricted to the dentate gyrus, whereas 

MEF2A and MEF2D are expressed throughout the formation. In the cerebellum, 

MEF2C mRNA exhibits the strongest expression in Purkinje cells, while MEF2C 

and MEFD show preferential expression in the granule cell layer. Also, in the 

striatum, the primary MEF2 subtypes expressed are MEF2A and D.  

Structurally, the MEF2 proteins have three domains: (1) a MADS box, (2) 

a MEF2 domain, and (3) a transcriptional activation domain. All MEF2 proteins 

possess a highly conserved MADS domain, which confers dimerization and DNA 

binding, targeting the proteins to A/T-rich sequences in gene regulatory regions 

(West et al., 1997). The transcription factors also have a conserved MEF2 

domain, which mediates homo- and heterodimerization of MEF2 proteins, as well 

as provides binding sites for co-factor interactions (Molkentin et al., 1996; Yu et 

al., 1992). The third prominent domain shared by all MEF2 proteins is a C-

terminal transactivation domain (TAD) that diverges significantly between the 

family members, and has diverse consequences on transcriptional activity of 

MEF2 (Black and Olson, 1998). 
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Mechanisms of MEF2 regulation and effects on neuronal functions 

 MEF2 transcriptional activity is controlled by several mechanisms, 

including interactions with co-repressors and -activators, posttranslational 

modifications of MEF2, and differential splicing. 

 In the absence of transactivating stimuli, genes targeted by MEF2 exist in 

a repressed state due to MEF2’s interaction with class IIa histone deacetylases 

(HDACs) (McKinsey et al., 2002). HDACs associate with MEF2 through binding 

to its MADS and MEF2 domains, and interestingly, they exert a repressive 

function on MEF2 target genes independently of their deacetylase activity (Bertos 

et al., 2001; Verdin et al., 2003). Rather, they repress transcription by recruiting 

additional transcriptional co-repressors, including class I HDACs, C-terminal 

binding protein (CtBP), and histone methyltransferase binding protein 

heterochromatin protein 1 (HP1) (Chan et al., 2003; Dressel et al., 2001; Zhang et 

al., 2001). HDACs are released from MEF2 upon their phosphorylation by 

activated calmodulin (CaM)-dependent protein kinases (CaMKs) at conserved N-

terminal serine and threonine residues. Phosphorylation at these amino acids 

creates binding sites for 14-3-3 proteins, which trigger the nuclear export of 

HDAC proteins, thus allowing for association of MEF2 with transcriptional co-

activators (Grozinger and Schreiber, 2000; Kao et al., 2001; McKinsey et al., 

2001; Wang and Yang, 2001; Zhao et al., 2001). The identities, mechanisms, and 

consequences of co-activator association with MEF2 are less well-studied, but are 
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known to include the histone acetyl transferases (HATs), cAMP response element 

binding protein (CREB)-binding protein (CBP) and p300. Association of these 

co-activators with MEF2 has been demonstrated to increase lysine acetylation of 

chromatin at MEF2 target genes, which is linked with transcriptional activation 

(Zhang et al., 2002). 

 MEF2’s transcriptional activation domain possesses several 

phosphorylation sites that are targeted by kinases and phosphatases, and mediate 

activation of targeted genes. An additional calcium-dependent mechanism that 

regulates MEF2 transcriptional activity is its dephosphorylation by calcineurin, a 

serine-threonine phosphatase activated by calcium signals. In the absence of 

calcium signaling, calcineurin is an inactive dimer, comprised of a regulatory and 

catalytic chain (Aramburu et al., 2004; Aramburu et al., 2000). Upon calcium 

entry, the protein calmodulin binds to calcineurin’s catalytic chain and interrupts 

its interaction with the regulatory chain, thus allowing for dephosphorylation of 

targeted proteins. Evidence reveals that calcineurin exerts strong control over 

MEF2’s depolarization-stimulated dephosphorylation and enhanced activity levels 

in neurons, as the use of the specific calcineurin inhibitors cyclosporin A and 

FK506 almost completely blocked MEF2A and D dephosphorylation and MEF2 

reporter activity in hippocampal neurons (Flavell et al., 2006). 

 MEF2A and MEF2C are phosphorylated by p38MAPK in their 

transcriptional activation domain, which has the effect of enhancing their 
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transcriptional activity. p38MAPK-dependent phosphorylation of MEF2 occurs in 

response to osmotic stress or inflammatory stimuli, a mechanism speculated to 

contribute to a pro-survival function for MEF2 in neurons in response to sustained 

activity (Han et al., 1997; Marinissen et al., 1999). In support of this hypothesis, 

activation of p38MAPK is required for MEF2-dependent survival following 

calcium influx induced by depolarization (Mao and Wiedmann, 1999). 

Furthermore, MEF2A is required for the survival of primary cerebellar granule 

neurons in response to activity (Gaudilliere et al., 2002). MEF2 phosphorylation 

by ERK5 may also confer a pro-survival function of MEF2 in response to 

oxidative stress. Activation of ERK5 in response to oxidative stress enhances 

DNA binding of MEF2C in PC12 cells (Suzaki et al., 2002). Blocking ERK5 

activity pharmacologically causes an increase in stress-induced apoptosis, 

revealing that ERK5-dependent activation of MEF2C may provide a 

neuroprotective role in the presence of oxidative stress (Suzaki et al., 2002). 

In addition to facilitating pro-survival pathways, MEF2 is also a target of 

survival-inhibiting pathways induced by excitotoxic stress. One such pathway is 

the phosphorylation of MEF2 by Cdk5, a cyclin-dependent kinase that is activated 

in response to oxidative stress (Gong et al., 2003). MEF2’s phosphorylation by 

Cdk5 results in inhibition of its transcriptional regulation (Zhao et al., 2001), 

though the mechanism is unknown. Candidate theories include that 

phosphorylation of the Cdk5 site induces the recruitment of negative 
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transcriptional regulators to MEF2 (Zhu and Gulick, 2004). Additionally, 

evidence in neurons lends support that Cdk5 phosphorylation of MEF2 induces 

caspase-dependent cleavage of MEF2, resulting in truncation of MEF2 that 

generates a dominant negative consisting of a DNA-binding domain without a 

TAD (Okamoto et al., 2002). In this model, overexpression of constitutively 

active MEF2 is thought to protect neurons against NMDA-induced apoptosis, an 

effect that is blunted by co-expression of caspase-cleaved MEF2 fragments. 

Together, these findings present a potential mechanism through which oxidative 

stress reduces the pro-survival function of MEF2. 

 MEF2 can also be regulated by attachment of small ubiquitin-like modifier 

(SUMO) proteins, which alters the activity of many transcription factors. In 

cerebellar granule cells, the majority of MEF2A is SUMOylated, resulting in 

repressed transcriptional activity (Shalizi et al., 2006). Activity-dependent 

calcium signaling stimulates the dephosphorylation of MEF2A’s S408 by 

calcineurin, triggering a switch from SUMOylation to acetylation at K403. This 

mechanism is hypothesized to underlie the regulation of dendritic claw 

differentation in cerebellar granule neurons. 

 Finally, differential splicing of MEF2’s transcriptional activation domain 

also modulates its transcriptional activity. As mentioned previously, MEF2 

proteins have C-terminal transcriptional activation domains that diverge 

significantly and have diverse consequences on transcriptional activity. While all 
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MEF2 subtypes experience alternative splicing of α and β domains, only MEF2C 

exhibits alternative splicing of the γ domain, a major regulatory site governing 

transcriptional activity of MEF2 (Shalizi et al., 2006). Variants of MEF2C lacking 

the γ domain have enhanced sensitivity to depolarization-induced activation in 

cortical neurons, and specific knockdown of MEF2C results in significant 

impairment of depolarization-dependent expression of Bdnf exon IV in rat cortical 

neurons (Lyons et al., 2012). In contrast, knockdown of MEF2D does not alter 

expression of Bdnf exon IV, but instead causes a significant increase in expression 

of Bdnf exon I. Together, this study reveals that MEF2 subtypes exert differential 

regulation of genes and that expression of different MEF2 variants has specific 

consequences on transcriptional inducibility of important activity-regulated genes. 

 

MEF2 controls functional and structural synapse properties in vitro and in 

vivo 

MEF2 is a critical negative regulator of excitatory synapse number in vitro and in 

vivo 

 MEF2 proteins have recently emerged as crucial negative regulators of 

excitatory synapse number in neurons. In 2006, Flavell and colleagues observed 

that knocking down MEF2A and MEF2D proteins using RNAi in dissociated 

hippocampal neuron cultures elicits a robust increase in co-cluster density of 

PSD-95 and synapsin-1, and a concomitant increase in mEPSC frequency, 
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suggesting that MEF2 restricts the number of excitatory synapses that a neuron 

receives (Flavell et al., 2006). A constitutively active form of MEF2 in which the 

DNA binding and dimerization domains are fused to the potent transcriptional 

activator domain of VP16, MEF2-VP16, is sufficient to restrict structural synapse 

density, while a mutant in which the DNA binding domain is deleted produces no 

changes in synapse number. Importantly, findings report that MEF2-induced 

synapse elimination requires NMDA receptor activation, L-type calcium channel 

function, and calcineurin activity, indicating that activity is necessary for MEF2’s 

effects on synapse number. 

 Since this first report, additional in vitro studies corroborate the hypothesis 

that MEF2 mediates synapse elimination. In organotypic hippocampal slices, 

active MEF2 reduces dendritic spine density, as well as mEPSC frequency and 

evoked EPSC amplitude in CA1 pyramidal neurons, findings that are consistent 

with a decrease in functional synapse number (Pfeiffer et al., 2010; Tsai et al., 

2012; Wilkerson et al., 2014). Conversely, a dominant negative form of MEF2 in 

which the DNA and dimerization domains are fused to the strong transcriptional 

repressor domain of Engrailed, MEF2-Engrailed, produces an increase in mEPSC 

and evoked EPSC amplitude, indicative of an increase in functional synapse 

number (Pfeiffer et al., 2010). 

Together, findings from these in vitro studies illustrate that MEF2 controls 

synapse pruning, an activity-dependent process that refines synapses and 
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reinforces the maintained connections. In vivo studies also link the transcription 

factor with negative regulation of synapse number (Barbosa et al., 2008). 

Specifically, in the hippocampus, MEF2C deletion causes an increase in dendritic 

spine density of dentate gyrus neurons, and its overexpression in postsynaptic 

cells leads to a reduction in density of dendritic spines, accompanied by a 

decrease in mEPSC frequency, suggestive that MEF2 limits synapse number in 

the hippocampus. In the striatum, knockdown of MEF2A and MEF2D subtypes 

using RNAi produces an increase in dendritic spine density of medium spiny 

neurons (MSNs), revealing that reducing MEF2A and MEF2D in NAc MSNs is 

sufficient to increase dendritic spine density, and thus describing a critical role for 

MEF2A and MEF2D in regulating basal spine density in the NAc in vivo 

(Pulipparacharuvil et al., 2008). 

  

MEF2 regulates basal synaptic transmission in vivo 

Since these initial findings linking MEF2 with the control of synapse 

number, a study reported by Akhtar and colleagues identifies additional functions 

for MEF2 subtypes in the hippocampus in vivo (Akhtar et al., 2012). The study 

reports that brain-specific MEF2A/D knockouts have normal CA1 pyramidal 

neuron spine density, as well as unaltered CA3-CA1 LTP. In contrast, paired 

pulse facilitation is enhanced in the knockout mice, indicating that presynaptic 

release probability is decreased in the absence of MEF2A and D proteins in vivo. 
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The authors next turned to in vitro experiments using dissociated neuron cultures 

to more closely examine a role for MEF2 in regulating unitary spontaneous 

transmission. In MEF2A/D knockout neuron cultures, no changes in mEPSC 

frequency were observed, indicating that spontaneous excitatory synaptic 

transmission is unchanged in MEF2A/D-deficient neuron cultures. Additional 

experiments examined synaptic effects resulting from MEF2A, C, and D deletion, 

as MEF2C has previously been reported to control functional and structural 

excitatory synapse number in vivo. In MEF2A/C/D KO mice, CA1 pyramidal 

neuron dendritic spine density is unchanged, while neurotransmitter release 

probability is reduced, similar to findings in the MEF2A/D knockouts. Together, 

these data suggest that MEF2A, C, and D proteins control short-term synapse 

plasticity in vivo. 

 

MEF2A regulates synapse maturation in cerebellar neurons 

 The previously described studies suggest that MEF2 is a regulator of 

synapse number and transmission, and find that the transcription factor does not 

appear to affect synapse maturation. However, Shalizi and colleagues present 

evidence that MEF2 has a role in controlling synapse maturation in cerebellar 

granule neurons (Shalizi et al., 2006). During cerebellar development, granule 

neuron dendritic tips differentiate from a long, tapered structure to a mature 

dendritic claw. In the absence of MEF2, dendritic claw formation is impaired, in a 
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mechanism hypothesized to involve de-repression of MEF2A targets. In the study, 

authors found that the majority of MEF2A was in cerebellar granule neurons was 

SUMOylated, resulting in repressed transcriptional activity. Expressing MEF2-

EN in neurons triggered increased dendritic claw formation, supporting the 

hypothesis that SUMOylated, and therefore transcriptionally repressing, MEF2 

promotes claw differentiation. 

 

MEF2C controls cortical maturation and organization 

 Finally, MEF2C has also been linked with neuronal differentiation and 

maturation in the developing cortex. Brain-specific MEF2C conditional deletion 

causes aberrant cortical plate compaction, resultant of impaired differentiation of 

neurons that are characterized by more immature network properties (Li et al., 

2008). In correlation with these findings, MEF2C null mice in the study exhibit 

enhanced anxiety, working memory deficits, and enhanced paw clasping, 

behaviors that are reminiscent of Rett syndrome, an autism-related disorder. 

 

Transcriptional programs controlled by MEF2 

 As described above, MEF2 controls numerous aspects of synapse 

development and behavioral plasticity; however, the gene program through which 

MEF2 facilitates these events has remained poorly understood. To gain 

knowledge of the MEF2-dependent transcriptional program, genome-wide 
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approaches were implemented, and numerous experimental manipulations of 

MEF2, including loss- and gain-of-function, were used to identify MEF2 target 

genes in neurons (Flavell et al., 2008). Using this approach, 182 activity-

dependent MEF2 target genes were identified, which have wide-ranging roles in 

the regulation of excitatory synapse weakening, excitatory synapse maturation, 

inhibitory synapse development, and presynaptic vesicle release. Intriguingly, 

several of the targeted MEF2 genes have identified mutations that are implicated 

in neurological disorders, including autism and epilepsy, supporting the 

hypothesis that MEF2 controls critical activity-dependent networks that support 

appropriate synapse development and function. 

 

MEF2 controls learning and memory behaviors, and behaviors associated 

with autism and addiction to drugs of abuse 

 MEF2 proteins are critical regulators of functional and structural synapse 

plasticity, and profound alterations in synapse properties are observed following 

changes in MEF2 activity and protein levels. Because MEF2 has important roles 

in regulating proper brain function, it is likely that behavioral consequences may 

result from altered MEF2 function. 

MEF2C was first reported to regulate behavior responses in mice in 2008. 

Specifically, Barbosa and colleagues observed that mice with conditional brain 

deletion of MEF2C have impaired hippocampal-dependent contextual fear 
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conditioning, with no changes in cued fear conditioning (Barbosa et al., 2008). In 

the same year, a separate study reported behavioral alterations in MEF2C brain 

null mutant mice (Li et al., 2008). In a Y maze task, a paradigm used to study 

working memory, MEF2C knockouts exhibited a reduction in spontaneous 

alterations, suggestive of deficient spatial working memory. In the elevated plus 

maze, an assay used to measure anxiety, MEF2-deficient mice displayed reduced 

anxiety by spending more time in the open arms of the maze. Additionally, 

MEF2C knockout mice exhibited an enhanced paw clasping phenotype, which 

may model hand clasping in humans, a behavior that is increased in Rett 

syndrome, an autism-related disorder. Together, these studies describe critical 

roles for MEF2C in regulating cognition and memory, anxiety, and paw clasping 

behaviors. 

An additional study also links MEF2 with appropriate memory formation; 

however, findings contrast with previously reported observations. The study 

reports that increasing MEF2 expression in the dentate gyrus using viral injection 

blocked the formation of spatial memory in a water maze task, in a mechanism 

hypothesized to involve MEF2-dependent facilitation of AMPA receptor 

endocytosis (Cole et al., 2012). Overexpression of MEF2 in the dentate gyrus 

impaired hippocampal-dependent contextual fear conditioning, and increasing 

MEF2 levels in the amygdala obstructed contextual and cued fear conditioning. 

Conversely, reducing MEF2 levels in the dentate gyrus and amygdala promoted 
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the formation of spatial and associative fear memory. Together, these findings 

suggest that MEF2 inhibits memory formation in mice, and furthermore, reveal 

disparities in the role of MEF2 in memory, which may be attributed to 

developmental differences. 

 Other MEF2 isoforms have been analyzed for contributions to behavioral 

responses in mice. MEF2A/D-deficient mice have impaired motor coordination 

on the rotarod test, and display unaltered contextual and cued fear conditioning, 

suggestive of normal associative learning in these mice (Akhtar et al., 2012). 

Interestingly, MEF2A and D proteins mediate responses to cocaine in mice, as 

knocking down MEF2A and D in the NAc delayed acquisition of cocaine-induced 

locomotor senstization and reduced the behavioral response to a cocaine challenge 

dose following two weeks of withdrawal (Pulipparacharuvil et al., 2008). In 

contrast, overexpressing constitutively active MEF2, MEF2-VP16, in the NAc 

enhanced cocaine locomotor sensitization in mice. Furthermore, consistent with 

the locomotor sensitization phenotype, mice expressing MEF2-VP16 have 

increased cocaine condition placed preference (CPP), indicative that the mice 

experience enhanced rewarding effects of cocaine in comparison to their WT 

counterparts. 
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Molecular and genetic studies link MEF2 with autism and intellectual disability 

 As described above, studies in mice link MEF2 with regulation of 

behaviors associated with autism and intellectual disability, including cognition 

and memory, anxiety, and paw clasping. Interestingly, important recent molecular 

and genetic studies in mice and humans connect MEF2 in the modulation of 

molecular and behavior aspects of these neurocognitive disorders. MEF2 controls 

the expression of numerous autism-linked genes, including DIA-1 (deleted in 

autism-1), PCDH10 (protocadherin 10), and SLC9A6 (solute carrier family 9, 

subfamily A, member 6) (Flavell et al., 2008; Morrow et al., 2008).  Interestingly, 

the MEF2C gene is also repressed by methyl-CpG binding protein 2 (MeCP2), the 

gene mutated in Rett syndrome, an autism spectrum disorder (Chahrour et al., 

2008). Importantly, recent studies in humans are also implicating MEF2C in these 

prevalent neurodevelopmental disorders, as several patients with autism and 

mental retardation are reported to have deletions in the MEF2C gene. Described 

as MEF2C haploinsufficiency syndrome, specific symptoms of the disorder 

include 1) profound language deficits, 2) abnormal movements (dyskinesias), 3) 

abnormalities in reciprocity (e.g., eye contact/tracking), 4) epilepsy, and 5) 

intellectual disability (Novara et al., 2010; Novara et al., 2013; Paciorkowski et 

al., 2013; Zweier et al., 2010; Zweier and Rauch, 2012). 
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FMRP is required for MEF2-induced synapse elimination 

 MEF2 is a well-established negative regulator of excitatory synapse 

number; however, the molecular and cellular mechanisms of MEF2-induced 

synapse pruning remain poorly understood. A recent study discovered that fragile 

X mental retardation protein (FMRP), an RNA binding protein with roles in the 

transport and translation of neuronal mRNAs, is required for MEF2-induced 

synapse elimination (Pfeiffer et al., 2010). Specifically, the study reports that 

MEF2 activation fails to elicit functional or structural synapse elimination in 

FMRP-deficient mice, Fmr1 KO mice. In the converse experiment, inhibition of 

MEF2 does not generate an increase in excitatory synapse number in neurons 

lacking FMRP. Together, these data suggest that MEF2 and FMRP function in a 

common pathway to control synapse pruning.  

 FMRP is an RNA binding protein with over 800 identified targets 

comprising approximately four percent of mRNA transcripts in the mammalian 

brain (Brown et al., 2001; Darnell et al., 2011). Structurally, FMRP has three 

binding motifs that confer association with mRNAs: two KH domains referred to 

as KH1 and KH2, and one RGG domain (Darnell et al., 2001; Siomi et al., 1994). 

The KH2 domain recognizes a loop structure in the RNA described as a “kissing 

complex,” and evidence suggests that this binding motif is critical for FMRP 

functions, as inclusion of a point mutation (I304N) disrupting RNA interactions 

results in a severe form of FXS (De Boulle et al., 1993). The RGG box also 
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mediates association with RNAs, specifically through a common tertiary mRNA 

structure known as a G-quartet, but is not required for prominent FMRP 

functions, including regulation of synapse number (Darnell et al., 2001; Pfeiffer 

and Huber, 2007). 

 Extensive evidence indicates that FMRP regulates the translation of its 

targeted transcripts, and furthermore, that it controls local dendritic translation at 

the synapse. Studies primarily suggest that FMRP acts to repress the translation of 

bound mRNAs by stalling ribosomal translocation along the transcript (Bassell 

and Warren, 2008; Darnell et al., 2011). Indeed, exaggerated translation of several 

proteins, including the synaptic proteins CaMKIIα, Arc, EF1α, and PCDH10, is 

observed in the absence of FMRP (Bassell and Warren, 2008; Niere et al., 2012; 

Tsai et al., 2012). However, reports also describe that FMRP can act as a 

translational switch, and furthermore, suggest that this may depend on FMRP’s 

phosphorylation state, with dephosphorylated FMRP suppressing translation, and 

phosphorylated FMRP activating translation of its target mRNAs (Ceman et al., 

2003).  

 

FMRP controls functional and structural synapse plasticity 

 While brains from individuals with FXS exhibit no gross anatomical 

changes, alterations in structural morphology can be observed at the level of the 

synapse (O'Donnell and Warren, 2002). In particular, patients with FXS, as well 
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as the mouse model of the disease, Fmr1 KO mice, have an increased density of 

spines across several regions of the cortex (Comery et al., 1997; Grossman et al., 

2010; Grossman et al., 2006; Irwin et al., 2002; Irwin et al., 2001). An additional 

prominent characteristic of dendritic spines in FXS and the Fmr1 KO mouse is a 

long and tortuous, generally immature appearance (Comery et al., 1997; Dolen et 

al., 2007). Together, the observation that FMRP-deficient neurons have an 

increased number of filopodial-like spines provokes the question of whether 

FMRP functions to regulate pruning or maturation of dendritic spines. 

In testing this question, it was observed that FMRP appears to control 

spine pruning. In the study, authors found that Fmr1 KO hippocampal neurons 

have an increased mEPSC frequency, and a decrease in synaptic failures in 

response to minimal stimulation (Pfeiffer and Huber, 2007). These findings are 

indicative of the presence of an increased number of functional synapses, and are 

therefore consistent with the enhanced dendritic spine density findings. 

Reintroduction of FMRP containing a functional KH2 domain reduced structural 

and functional synapse number, but did not affect percentage of silent synapses, 

indicative of a role for FMRP in mediating pruning, and not maturation of 

synapses. 

 FMRP was recently implicated in the regulation of local connection 

pruning in layer 5A pyramidal neurons in the neocortex (Patel et al., 2013). Patel 

and colleagues obtained simultaneous recordings in the L5A neocortical network 
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of WT or Fmr1 KO mice to measure cell-to-cell connections in isolation. It was 

observed that connection frequency among pyramidal neurons in WT mice 

decreases between the third and fifth postnatal weeks. In contrast, connection 

frequency in the Fmr1 KO does not change during this time period, and is 

therefore elevated compared to the WT condition by the conclusion of the fifth 

week, resulting in hyperconnectivity in the FMRP-deficient L5A network. The 

deficit in connection pruning was determined to be due to loss of postsynaptic 

FMRP. Together, findings from this study demonstrate an in vivo and cell-

autonomous role for FMRP in the connectivity pruning of L5A pyramidal neurons 

in the neocortex, and provide an important system for the examination of altered 

pruning in FXS. 

 Emerging evidence describes a critical role for FMRP in controlling 

neuronal circuit properties. A robust phenotype in the Fmr1 KO mouse are 

alterations in UP states, spontaneous and rhythmic episodes of neuronal 

depolarization with simultaneous onset in local neuronal networks (Hays et al., 

2011; Ronesi et al., 2012). Generally, UP states are indicators of network 

excitability and spontaneous dynamics of the network. In Fmr1 KO mice, UP 

states in the somatosensory cortex are significantly longer than in WT mice (Hays 

et al., 2011; Ronesi et al., 2012). Furthermore, FMRP deficiency in only 

excitatory, and not inhibitory, neurons is sufficient to produce the prolonged UP 

state effects (Hays et al., 2011). Together, these data illustrate the presence of a 
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hyperexcitable neocortical network in FXS. Indeed, circuit hyperexcitability in 

FXS is a longstanding hypothesis, due to observations of increased epilepsy, 

abnormal EEGs, and enhanced sensitivity to sensory stimuli in individuals with 

FXS.  

An additional well-documented function for FMRP is the regulation of 

mGluR-dependent long-term depression (LTD), a form of LTD that is induced by 

stimulation of group 1 (Gp1) metabotropic glutamate receptors (mGluRs) and 

relies on the synthesis of new proteins at the synapse (Huber et al., 2000). Fmr1 

KO mice exhibit enhanced mGluR-dependent LTD, and furthermore, LTD in 

FMRP-lacking mice does not require protein synthesis (Huber et al., 2002). 

Together, these findings suggest that FMRP inhibits synthesis of proteins that 

mediate LTD, and that in the absence of FMRP, these proteins are highly 

expressed and lead to enhanced mGluR-LTD. 

 

Fragile X syndrome (FXS) is the most prevalent inherited form of autism and 

mental retardation 

 FXS, which results from loss of function of FMRP, is the most common 

inherited form of autism, a prevalent neurological disorder affecting 

approximately 1 in 68 individuals (Bassell and Warren, 2008). Characterized by 

reduced social interaction, impaired communication, and stereotyped behavior, 

the neurobiological underpinnings of autism remain poorly understood, and 
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current treatment for the disorder is limited, relying on coordinated behavioral 

intervention and medication to alleviate only specific symptoms. 

 FXS affects 1:4000 males and 1:8000 females, accounting for 1-2% of all 

autism diagnoses (Bassell and Warren, 2008; Garber et al., 2008). Furthermore, 

30-50% of individuals with FXS are diagnosed with autism, with severity ranging 

across cases (Hagerman et al., 2005; Kaufmann et al., 2004). Deficits in FXS 

include (1) mental retardation, with IQs varying between 40-70 (Merenstein et al., 

1996), (2) deficits in social interaction, (3) repetitive behavior, (4) 

hypersensitivity to sensory stimuli, especially to auditory and tactile inputs, (5) 

epilepsy, affecting approximately 15% of patients, and (6) alterations in physical 

characteristics, including prolonged face and hyperflexible joints. 

 In most cases, FXS results from a CGG trinucleotide repeat expansion in 

the promoter of the X-linked gene, FMR1, which encodes FMRP. In individuals 

with the full mutation, in which there are over 200 CGG repeats, 

hypermethylation of the repeat expansion occurs, leading to transcriptional 

silencing of the gene (O'Donnell and Warren, 2002). Additionally, investigators 

have identified a single mutation in FMRP protein that results in a severe form of 

FXS (De Boulle et al., 1993). The mutation occurs in the KH2 domain of the 

protein, in which an isoleucine in mutated to an asparagine (I304N), suggesting 

that FMRP-dependent RNA binding and synapse plasticity, is critical in the 

pathogenesis of FXS. 
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A FXS mouse model, the Fmr1 KO mouse, phenocopies synaptic and behavioral 

characteristics of FXS 

 Two decades ago, investigators developed the Fmr1 KO mouse, a model 

of FXS to study molecular and cellular underpinnings of the disorder (1994). The 

mouse harbors a neomycin cassette in exon 5 of Fmr1, which results in loss of 

FMRP expression. As mentioned previously, analysis of the mouse indicates that 

it phenocopies many aspects of FXS in humans on both synaptic and behavioral 

levels. Synaptically, similar to human patients, the Fmr1 KO mouse has an 

increased number of dendritic spines in several cortical regions (Comery et al., 

1997; Grossman et al., 2010). Furthermore, like in FXS, the dendritic spines are 

thin and filopodial in structure, suggestive of a potentially immature state 

(Comery et al., 1997; Grossman et al., 2006). 

 The Fmr1 KO mouse also phenocopies several behavioral characteristics 

of FXS. One of the most consistently observed phenotypes is an alteration in 

prepulse inhibition (PPI), a sensorimotor gating task that reflects ability to process 

and prioritize incoming sensory information (Chen and Toth, 2001). In the PPI 

test, the presentation of a weak stimulus tone will inhibit the response to a 

subsequent stronger startle stimulus. FMRP-deficient mice have an increased 

percent prepulse inhibition (Zhu and Gulick, 2004). As prepulse inhibition of 

acoustic startle triggers activation of forebrain gating circuitry to allow pre-
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stimulus processing, while subsequently interfering with processing of the second 

stimulus, these findings may signify changes in Fmr1 KO mice in network 

circuitry and sensitivity to acoustic stimuli. 

 An additional non-cognitive phenotype in the Fmr1 KO mouse is the 

presence of increased sensitivity to seizure modalities. A common phenotype in 

FMRP-deficient mice is susceptibility to audiogenic seizures, seizures triggered 

by exposure to a loud sound. While WT mice will not seize in response to the 

prolonged high frequency tone, approximately 60% of Fmr1 KOs seize as a result 

of the sound (Dolen et al., 2007; Musumeci et al., 2000; Yan et al., 2005). 

Additionally, in FMRP-lacking mice, there is a reduced threshold for limbic 

seizures, as reduced electrical stimulation of the amygdala is sufficient to induce a 

seizure (Qiu et al., 2009). Together, the observation that Fmr1 KO mice have an 

increased propensity to seizures is suggestive of a hyperexcitable circuit, one of 

the widely hypothesized core deficits in FXS.  

 Because cognitive deficits are a primary symptom of FXS, studies have 

investigated performance of the Fmr1 KO mouse in cognitive tasks, including the 

Morris water maze, fear conditioning, and a visual discrimination task. In the 

visual discrimination task, mice were first trained to nose poke illuminated holes 

to receive a food reward (Krueger et al., 2011). During the testing phase, only one 

of the five holes was lit and generated a reward, and mice were required to learn 

this criterion. While FMRP-deficient mice generally acquired the task and met 
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established criteria, they made significantly more mistakes than their WT 

counterparts, revealing that Fmr1 KOs have subtle deficits in visual 

discrimination tasks. Other behavioral paradigms have been used to examine 

cognitive dysfunction in Fmr1 KOs, including Morris water maze and fear 

conditioning. Reports from Morris water maze studies are often inconsistent, 

generating varied conclusions. Some reports state that Fmr1 KO mice have no 

deficits in learning the task, while others describe that the mice have deficits in 

the acquisition phase of the test (Van Dam et al., 2000). A more consistent finding 

is that Fmr1 KOs are impaired in Morris water maze reversal learning, in which 

mice are required to learn a new platform location; however, additional studies 

report no deficits in this task (Eadie et al., 2009; Paradee et al., 1999; Van Dam et 

al., 2000). The inconsistencies between studies examining these paradigms may 

be due to differences in background strain, as performance of FMRP-deficient 

mice is believed to be highly sensitive to genetic background. In another 

hippocampal-dependent task, contextual fear conditioning, mice lacking FMRP 

exhibit no alterations in freezing responses (Peier et al., 2000; Smith et al., 2014).  

 An additional core symptom of FXS is deficiency in social interaction. 

Similar to human patients, the Fmr1 KO mouse exhibits deficits in preference for 

social novelty, as well as reduced social investigation, indicative of autistic-like 

behaviors (Pietropaolo et al., 2011). Additionally, mice lacking FMRP display 

aggressive tendencies, as mice were observed to have an increased propensity to 
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attack a juvenile stimulus mouse (Pietropaolo et al., 2011). This finding also 

phenocopies FXS, in which patients commonly exhibit aggressive behaviors. 

 A recent study reports critical roles for FMRP in regulating behaviors 

associated with addiction to drugs of abuse. Interestingly, absence of FMRP in 

mice reduces locomotor sensitization to cocaine, as well as cocaine conditioned 

place preference, suggesting that the mice experience reduced rewarding effects 

of cocaine in comparison to controls (Smith et al., 2014). These behavioral 

findings were correlated with cocaine-induced dendritic and spine structural 

changes. Specifically, cocaine administration in FMRP-deficient mice elicited 

significant increases in dendritic branch number and length in medium spiny 

neurons (MSNs) in the NAc core, as well as an increase in spine density of NAc 

shell MSNs compared to WT. Functionally, Fmr1 KO shell MSNs exhibited an 

increase in mEPSC frequency in response to cocaine with no change in paired 

pulse ratio, suggesting an increase in functional synapse number, a finding that is 

consistent with structural spine observations. Furthermore, cocaine-treated Fmr1 

KO mice had increases in both mEPSC amplitude and AMPAR/NMDAR ratio, 

supporting the hypothesis that FMRP reduces AMPA receptor-mediated 

transmission in response to cocaine. Together, findings from this study delineate a 

critical role for FMRP in regulating cocaine-induced synaptic and behavioral 

plasticity, suggesting that FMRP facilitates behavioral plasticity to cocaine by 

promoting synapse elimination and weakening. 
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δ2 non-clustered protocadherins regulate synapse properties and are 

implicated in neurodevelopmental disorders 

 Findings described above suggest that MEF2 and FMRP function in the 

same pathway to control synapse elimination, regulating the transcription and 

translation of common targeted transcripts to induce elimination of excitatory 

synapses. To examine this hypothesis, we performed experiments to identify 

shared target(s) of MEF2 and FMRP, and have begun experiments to test their 

requirement for MEF2-dependent synapse pruning. 

In our studies, we found that MEF2 and FMRP both target several 

members of a specific family of non-clustered protocadherins (Pcdh), the δ2 

subfamily, consisting of Pcdh8, 10, 12, 17, 18, and 19 (Yasuda et al., 2011). The 

δ2 protocadherins are members of the superfamily of cadherins, calcium-

dependent cell adhesion molecules with broad functions in neuronal and non-

neuronal tissues (Kim et al., 2011). While δ2 protocadherins share many 

structural features with classical cadherins, they exhibit weaker homo- and 

heterophilic binding, and also possess a diverse C-terminal region with several 

hypothesized signaling-related motifs for which few effectors have yet been 

identified (Kim et al., 2011; Yasuda et al., 2007). Intriguingly, several δ2 

protocadherins, including Pcdh8, 10, and 19, have been linked with autism, and 

Pcdh17 has been implicated in schizophrenia and language delay (Dean et al., 
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2007; Kim et al., 2011; Morrow et al., 2008; Piton et al., 2011; Prasad et al., 

2012). Additionally, Pcdh8 and 10 have identified roles in controlling activity-

dependent synapse elimination, suggesting that protocadherin-dependent synapse 

regulation in neurons may contribute to behaviors associated with 

neurodevelopmental disorders (Tsai et al., 2012; Yasuda et al., 2007). 

My studies are focused on the investigation of a requirement for Pcdh17 in 

MEF2-induced synapse elimination. Below, I describe known information 

regarding functions of Pcdh17 and other δ2 protocadherins in neurons; detailed 

experimental procedures and results are presented in Chapter Four. 

 

Pcdh17 regulates synaptic transmission in the striatum 

 Neuronal functions for Pcdh17, a highly brain-expressed and synaptically 

localized δ2 protocadherin, are poorly understood (Hoshina et al., 2013; Kim et 

al., 2011). A recent report identifies a role for the protocadherin in regulating 

synaptic properties of striatal neurons, as well as in behavioral plasticity in mice 

(Hoshina et al., 2013). Pcdh17 is highly perisynaptically localized at excitatory 

and inhibitory neurons in the basal ganglia, and mediates homophilic intercellular 

interactions at synapses in striatal neurons. Unlike Pcdh10-/- mice, Pcdh17-/- mice 

do not have deficits in topographic map formation, but instead have an increased 

number of docked synaptic vesicles in the anterior striatum. Following 

identification of this presynaptic function for Pcdh17, synaptic transmission 
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efficacy in corticoanterior striatal synapses was examined in Pcdh17-deficient 

mice. Results indicate that basic AMPA and NMDA receptor properties are 

normal, but that paired pulse ratios for both EPSCs and IPSCs exhibit trending 

and significant increases, respectively, suggesting that Pcdh17 may regulate 

presynaptic release probability at these synapses. Repetitive stimulation-induced 

depression of the EPSC amplitude was found to be weaker in Pcdh17-/- mice 

compared to WT controls, which is hypothesized to be a consequence of the 

Pcdh17-induced increase in number of docked synaptic vesicles available for 

release. Authors also examined consequences of Pcdh17 deficiency in behaviors 

in mice, and report that Pcdh17-/- mice display anti-depressant-like behaviors in 

tail suspension and forced swim tests, and no changes in open field, elevated plus 

maze, and contextual and cued fear conditioning tests. Together, these findings 

demonstrate critical presynaptic roles for Pcdh17 in corticobasal ganglia circuits, 

which may underlie anti-depressant-like behaviors in Pcdh17-deficient mice. In 

the future, it will be necessary to investigate functional roles for Pcdh17 in other 

regions of the brain where it is also highly expressed. In Chapter Four, I describe 

findings from a study in which I am investigating a requirement for Pcdh17 in 

MEF2-induced synapse pruning in the hippocampus. 
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Pcdh8 and Pcdh10 mediate activity-dependent synapse elimination in neurons 

 While studies have not yet implicated Pcdh17 in the control of synapse 

number, reports have identified two closely related family members of Pcdh17, 

Pcdh8 and Pcdh10, as important participants in the process of activity-dependent 

synapse elimination. 

 Pcdh8, also known as arcadlin, interacts with and is required for the 

endocytosis of N-cadherin that occurs in response to depolarization or increased 

cAMP levels (Yasuda et al., 2007). Pcdh8-dependent N-cadherin endocytosis 

relies on the homophilic binding of Pcdh8, which recruits p38MAPK to its C-

terminus. p38MAPK, in turn, induces the phosphorylation of thousand and one 

amino acid protein kinase 2β (TAO2β), triggering internalization of N-cadherin at 

the synapse. To test the consequences of deficient Pcdh8-stimulated N-cadherin 

endocytosis, authors examined hippocampal neurons from Pcdh8-/- mice, 

discovering that Pcdh8-deficient neurons have an enhanced dendritic spine 

density, which is rescued by knocking down N-cadherin using siRNA. In 

summary, these findings reveal an interesting mechanism by which Pcdh8 

mediates depolarization-induced internalization of N-cadherin, resulting in 

synapse loss. 

 Pcdh10 was also recently linked with the process of activity-dependent 

synapse elimination, in a study reporting a requirement for Pcdh10 in MEF2-

induced pruning of excitatory synapses (Tsai et al., 2012). Like Pcdh8, Pcdh10 is 
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an autism-linked member of the δ2 subfamily of non-clustered protocadherins. 

Tsai and colleagues determined that MEF2 activity stimulates the ubiquitination 

of PSD-95 by the ubiquitin E3 ligase murine double minute 2 (Mdm2), and that 

Pcdh10 subsequently links PSD-95 to the proteasome for degradation. MEF2-

induced decreases in both mEPSC frequency and evoked EPSC amplitude were 

blocked in neurons transfected with the Pcdh10 shRNA, suggestive that Pcdh10 is 

required for MEF2-triggered decreases in functional synapse number. 

Manipulation of Pcdh10 levels through overexpression or knockdown did not 

alter functional synapse number, indicating that it is required, but not sufficient, 

for regulating MEF2-induced synapse elimination. Together, these findings 

describe a role for Pcdh10 in controlling the MEF2-induced degradation of PSD-

95 and subsequent synapse loss.  

 

δ2 protocadherins interact with the WAVE regulatory complex 

 While the above studies provide insight into the molecular and cellular 

mechanisms underlying the neuronal functions for δ2 protocadherins, recent 

studies also present evidence that two δ2 protocadherins, Pcdh10 and Pcdh19, 

interact with the WAVE (WASP family verprolin homologous protein) regulatory 

complex, or WRC (Chen et al., 2014). The WRC, a complex consisting of five 

components, critically regulates actin cytoskeletal dynamics by inducing the 

actin-nucleating activity of the Arp2/3 complex. Until recently, the factors that 
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mediate recruitment of the WRC to specific membrane locations have remained 

poorly understood. However, several current studies have identified numerous 

potential WRC ligands, including PCDH10 and PCDH19, and furthermore, Chen 

and colleagues have identified a novel conserved peptide motif, WRC interacting 

receptor sequence (WIRS), that binds the WRC and is possessed by all δ2 

protocadherins (Chen et al., 2014; Nakao et al., 2008; Tai et al., 2010). 

Interestingly, authors find that mutation of the WIRS in flies impairs actin 

cytoskeletal organization and egg morphology during oogenesis. Together, these 

findings reveal an intriguing mechanism through which δ2 protocadherins may 

regulate the actin cytoskeleton to effect changes in synapse plasticity. 

 

Motivation for studies and summary of research 

 Aberrant synapse number, structure, function, and plasticity are widely 

hypothesized to underlie autism, mental retardation, and other neurological 

disorders. Activity-dependent MEF2 transcription factors are critical negative 

regulators of excitatory synapse number, eliciting synapse removal in neurons 

through the stimulation of a complex program of gene expression (Barbosa et al., 

2008; Flavell et al., 2006; Flavell et al., 2008; Pfeiffer et al., 2010; 

Pulipparacharuvil et al., 2008; Tsai et al., 2012; Wilkerson et al., 2014). 

Molecular and behavioral studies increasingly associate MEF2 with neurological 

disorders, including autism and intellectual disability, suggestive that 
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dysfunctional MEF2-dependent gene transcription and synapse plasticity may 

underlie these disorders. Molecular evidence links MEF2 with the gene regulation 

of numerous candidate autism genes, including DIA1 (deleted in autism-1) and 

PCDH10 (protocadherin 10) (Flavell et al., 2008; Morrow et al., 2008). Recent 

studies in humans are also implicating MEF2C in these prevalent 

neurodevelopmental disorders, as several patients with autism, mental retardation, 

and epilepsy are reported to have deletions in the MEF2C gene (Novara et al., 

2010; Novara et al., 2013; Paciorkowski et al., 2013; Zweier et al., 2010; Zweier 

and Rauch, 2012). 

 Fragile X mental retardation protein (FMRP) was recently identified as an 

essential downstream component of MEF2-induced synapse elimination (Pfeiffer 

et al., 2010). FMRP is an RNA-binding protein that controls synapse plasticity 

through translational regulation of its targeted transcripts, likely acting as a 

translational switch to suppress or permit mRNA translation (Bassell and Warren, 

2008). Studies indicate that one-third of the synaptic proteome are FMRP targets, 

and approximately 50% of identified autism gene candidates are targets of FMRP, 

supporting the hypothesis that dysfunction in FMRP-dependent translation 

increases the risk of synapse dysfunction and autism (Darnell et al., 2011). 

Indeed, FXS, which results from loss-of-function mutations in the FMR1 gene, is 

the single most common inherited form of autism, and numerous reports describe 

critical synaptic functions for FMRP, including regulation of appropriate synapse 
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number (Bassell and Warren, 2008). The finding that FMRP is required for 

MEF2-dependent synapse elimination lends evidence that these two autism-linked 

proteins work together to mediate proper synaptic connectivity and brain function 

(Pfeiffer et al., 2010). Specifically, we hypothesize that MEF2 and FMRP 

coordinate transcriptional and translational control of common mRNAs to confer 

proper experience-dependent synapse refinement, and that dysfunction of this 

coordinated process leads to autism. 

To test this hypothesis, we utilized high throughput sequencing of RNA 

isolated by cross-linking immunoprecipitation (HITS-CLIP) of FMRP to identify 

common targets of MEF2 and FMRP in neurons. We find a strong overlap of 

MEF2-induced transcripts and FMRP-associated mRNAs, and observe that a 

majority of one specific family of non-clustered protocadherins, the δ2 subfamily, 

are targets of both MEF2 and FMRP. Several of the δ2 protocadherins, including 

Pcdh8, 9, 10 and 19 have been implicated in autism, and Pcdh17 is linked with 

schizophrenia and language delay (Dean et al., 2007; Kim et al., 2011; Morrow et 

al., 2008; Piton et al., 2011; Prasad et al., 2012). Using shRNA-mediated RNA 

interference, we find that Pcdh17 is required for MEF2-induced dendritic spine 

elimination of hippocampal CA1 pyramidal neurons. However, reducing Pcdh17 

levels in the absence of MEF2 activation does not alter structural or functional 

glutamatergic synapses, suggesting that regulation of Pcdh17 is necessary, but not 

sufficient, for regulating MEF2-induced synapse elimination. Critical future 
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experiments are necessary to examine key molecular and cellular mechanisms by 

which Pcdh17 mediates MEF2- and FMRP-dependent synapse elimination. 
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CHAPTER TWO: Essential Role for Vav Guanine Nucleotide Exchange 

Factors (GEFs) in Brain-derived Neurotrophic Factor (BDNF)-induced 

Dendritic Spine Growth and Synapse Plasticity 

 

Summary 

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 remodeling 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 (GEFs) through a novel TrkB kinase-dependent 

mechanism. We find that Vav is required for BDNF-stimulated Rac-GTP 

production in cortical and hippocampal neurons. Vav is partially enriched at 

excitatory 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 (TBS) long-term potentiation (LTP) in Vav-deficient 

mouse hippocampal slices, suggesting that Vav-dependent regulation of dendritic 

spine morphological plasticity facilitates normal functional synapse plasticity. 
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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 morphological plasticity under both basal and activity-

induced conditions (Dillon and Goda, 2005). Increasing evidence suggests that 

dendritic spine structural dynamics are coupled with functional 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 (LTD), a 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 impaired hippocampal LTP, and addition of exogenous BDNF 

enhances tetanus and theta burst stimulation (TBS)-induced hippocampal LTP in 

a Trk kinase-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 et al., 2007). Furthermore, pairing local glutamate uncaging with 

postsynaptic spikes induces long-lasting dendritic spine enlargement 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 
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BDNF-induced long-lasting functional and structural synapse plasticity 

(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 cytoskeleton and have documented roles in 

dendritic spine formation, motility, and morphology (Luo, 2002; Tashiro and 

Yuste, 2004).  Activation of Rac and Cdc42 GTPases promote 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 active by accelerating the exchange of GDP for 

GTP (Cerione and Zheng, 1996).  However, the molecular link(s) between 

BDNF/TrkB receptors and activation of Rho-family GTPases, and a potential role 

for this pathway in synapse plasticity, are poorly understood. 

The Vav-family GEFs comprise 3 distinct genes (Vav1-3) in vertebrates 

(Bustelo, 2001). While Vav1 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 tyrosines 

(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). 
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We report here a novel functional interaction between BDNF/TrkB 

signaling and Vav GEFs. Vav is partially enriched in developing 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 hippocampal CA1 pyramidal neurons. Finally, we show that 

hippocampal CA1 LTP is impaired in Vav-deficient neurons, suggesting a 

functional link between actin remodeling enzymes, dendritic spine growth and 

activity-dependent functional synapse plasticity in the hippocampus. 

 

Materials and Methods 

DNA constructs 

Full-length and point mutant forms of Vav2 were generated 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 receptors 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 quick-change mutagenesis (Stratagene). 
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Protein reagents 

The anti-Vav2 total antibody (1:1000 dilution) was described previously 

(Cowan et al., 2005). Anti-P-Y172 Vav2, 1:1000 (1 µg/ml), was generated in 

rabbits using KLH-coupling using the following synthesized phosphorylated 

peptide (C-AEGDEIYEDLMRL) and affinity purified by standard procedures 

using a Pierce Sulfo-link resin and 100 mM glycine, pH 2.3 elution. The 

following are commercial antibodies:  anti-phosphotyrosine (clone 4G10®, 

general anti-phosphotyrosine antibody), 1:1000, Upstate; anti-Rac1 (clone 23A8), 

1:1000, Millipore; anti-TrkB, 1:1000, BD Biosciences Pharmingen; anti-P-TrkA 

(Y490), 1:1000, Cell Signaling; anti-Flag (clone M2), 1:2000, Millipore; anti-T7, 

1:10,000, Novagen; anti-MAPK, 1:1000, Cell Signaling; anti-P-MAPK 

(T202/Y204), 1:1000, Cell Signaling, anti-P-Src (Y418), 1:1000, Invitrogen; anti-

Src, 1:1000, Cell Signaling.  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 

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 
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(Invitrogen) supplemented with 10% fetal bovine serum (Invitrogen), 1% L-

glutamine (Sigma), and 1% penicillin-streptomycin (Sigma).  Neurons were 

mechanically dissociated with a pipet 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 hr 

after plating. 

 

Organotypic slice cultures 

Hippocampal organotypic slices were cultured 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 CaCl2, 5 mM MgCl2, 10 mM glucose, 4 mM KCl, 26 mM NaHCO3, and 

40 mM sucrose) oxygenated with 95% O2/5% CO2.  Hippocampi were dissected 

and sectioned coronally into 400 µm thick sections using a McIlwain tissue 

chopper. Slices were transferred onto porous Millicell membranes in a 6-well 

plate with 750 µL of medium (MEM (Gibco) with 25% horse serum, 13 mM 

glucose, 5 mM NaHCO3, 30 mM HEPES, 1 mM CaCl2, 2 mM MgSO4, 1 mM L-

glutamine, 0.00125% ascorbic acid, 1 µg/mL insulin, pH 7.28). Slices were 

maintained at this liquid-air interface at 37°C with 5% CO2.   
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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 hr and probed 

with 1° antibody for 2 hr at room temperature or overnight at 4°C.  The 

membranes were then incubated with 2° antibody (1:10,000 G∝R or G∝M, 

Jackson ImmunoResearch Labs) for 1 hr at room temperature and developed with 

a homemade enzymatic chemiluminescence (ECL) solution or Amersham™ 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 µg/mL and 0.25 µg/mL, respectively; Peprotech) 

over a time-course at 6 and 9 days 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 MgCl2.  Each time-point was incubated with 10 µg GST-PBD 

and 20 µL glutathione beads (50% slurry; GE Healthcare) for 1 hr at 4°C.  The 

beads were washed 3 times with a wash buffer consisting of 50 mM Tris (pH 7.2), 

1% Triton X-100, 150 mM NaCl, and 5 mM MgCl2.  Samples were loaded onto 

SDS-PAGE gels for western blotting. 
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RNA isolation and reverse transcription 

Whole hippocampi were dissected 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 precipitated with chloroform (Sigma).  The remaining steps were carried out 

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 System for RT-PCR 

(Invitrogen).   

 

Quantitative real-time PCR 

All primers were designed to amplify a 100-150 base-pair product.  The 

primers used to amplify Vav2 RNA were 5’-GCTCTGAAGTCCACCTCTGG-3’ 

(forward) and 5’-TCCTTGGTGCTCTGAATGTG-3’ (reverse).  The primers used 

to amplify Vav3 RNA were 5’-AAAAGAGGCTCATGCTCAGG-3’ (forward) 

and 5’-CGAAATCACGAAAGCTGTGA-3’ (reverse).  The primers used to 

amplify cyclophilin were 5’-CATCTATGGTGAGCGCTTCCC-3’ (forward) and 

5’-GCCTGTGGAATGTGAGGGGTG-3’ (reverse).  The reactions were carried 

out using the SYBR Green PCR Master Mix (Ambion) and the ABI 7500 real-

time PCR thermal cycler (ABI).  Vav2 and Vav3 expression in the hippocampus 

were determined by running reactions of 50 ng of cDNA.  Fold changes relative 
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to cyclophilin were determined using the ΔΔCt method, in which mean fold 

change (2-
ΔΔ

CtAVE) and s.e.m. (abs(((2-
ΔΔ

CtAVE × 2-
ΔΔ

CtSEM) – (2-
ΔΔ

CtAVE / 2-
ΔΔ

CtSEM)) / 2)) 

were determined. 

 

Synaptosome preparation 

Whole hippocampi were dissected from P15 mice of either sex and 

homogenized in buffer consisting of 7 mM Tris-HCl (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 23,000xg for 6 min at 

4°C, resulting in the formation of a membrane fraction-containing pellet.  The 

pellet was resuspended in homogenization buffer and layered onto a 5%/13% 

discontinuous Ficoll gradient.  The sample was spun at 45,000xg for 45 min at 

4°C.  Synaptosomes were collected from the 5% and 13% Ficoll interface, 

washed in ice-cold PBS, spun at 23,000xg for 20 min at 4°C, and resuspended in 

ice-cold PBS.  The post-synaptic density (PSD) was collected by homogenizing 

an aliquot of the synaptosome fraction in homogenization buffer with 0.5% Triton 

X-100.  The sample was vortexed repeatedly during a 15-min incubation on ice, 

then spun at 33,000xg for 20 min at 4°C.  The pellet that formed following the 

centrifugation was PSD. 
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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 time-lapse imaging after 72 h of gene expression. Time lapse images were 

collected from the secondary and tertiary basal dendrites of CA1 hippocampal 

neurons on a Zeiss LSM 510 inverted microscope using an Achroplan 40 × 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% 

CO2 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 µm 

with a resolution of 0.09 pixels/µm. Image stacks were collapsed into maximum 

projections and analyzed. Dendritic spine head fluorescence intensity was 

normalized to an adjacent area of 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 µL 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. 
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Intracellular recordings 

Hippocampal organotypic cultures were prepared from wild-type 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 cerebrospinal fluid 

(aCSF) containing (in mM): 124 NaCl, 26 NaHCO3, 10 glucose, 3 KCl, 2.6 

NaH2PO4, 1.3 MgCl2, and 2.5 CaCl2 and saturated with 95%O2/5%CO2. 

Picrotoxin (100 µM, Sigma-Aldrich) and tetrodotoxin (0.2 µM, Ascent Scientific) 

were added to block GABAA receptors and Na channels, respectively. Neurons 

were voltage clamped at -60 mV through whole cell recording pipettes (4-6 MΩ) 

filled with internal solution containing (in mM): 130 K-gluconate, 10 KCl, 10 

HEPES, 3 MgCl2, 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 contrast 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 

equilibrium. The following 15 min were considered, and cells were discarded if 

less than 100 events were recorded. mEPSCs were detected and analyzed using an 

automatic detection program (MiniAnalysis; Synaptosoft Inc, Decatur, GA). 

Seventy-five events were randomly selected per recording and the average 

amplitude and inter-event interval (IEI) were calculated. Following mEPSC 
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collection, Schaffer collaterals were stimulated using custom-made stimulation 

electrodes, with constant current discovered by A.M.P.I. stimulus isolators. The 

stimulus intensity was adjusted to evoke a monosynaptic EPSC and the stimulus 

was delivered twice at 100 ms (10 Hz) intervals. This was repeated at least 7 

times every 30 seconds. Off-line analysis was performed using scientific analysis 

software (Igor Pro, Wavemetrics). Significant differences between wild-type and 

Vav2-/-3-/- slices were determined using a t-test.  

 

Slice preparation and TBS-LTP electrophysiology 

All studies used postnatal 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 NaH2PO4, 1 mM MgCl2•6H2O, 2 mM CaCl2•2H2O, 25 mM 

NaHCO3, and 25 mM dextrose.  A Vibratome 1500 sectioning system was used to 

prepare transverse hippocampal slices of 300 µm 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 hr before recording. Slices were 

transferred to a recording chamber perfused with aCSF maintained at 30°C.  Field 

EPSPs (fEPSPs) were recorded from CA1 in response to stimulation of Schaffer 

collaterals.  Pulses were delivered through the stimulation electrode at 0.05 Hz.  
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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 hours, cells were lysed in RIPA buffer (50 mM Tris-HCl, pH 7.4, 150 

mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.5% DOC, 0.1% SDS).  Flag-tagged 

TrkB protein was precipitated using 20 µL anti-FLAG agarose (50% slurry; 

Sigma). 

 

Results 

BDNF 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 cultured primary neurons (E18+6 DIV, rat cortical) with 

recombinant BDNF (100 ng/ml) over a 1-hour time-course. Endogenous Vav2 

was immunoprecipitated with specific antibodies (Fig. 2.1A) and western blotting 

was performed to detect Vav2 tyrosine phosphorylation. We found that BDNF 

induced a rapid and transient tyrosine phosphorylation of Vav2, with 

phosphorylation peaking at approximately 2 minutes and remaining elevated 
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above pre-stimulation levels through at least 30 minutes (Fig. 2.1B). Consistent 

with these observations, TrkB receptors also activate Vav GEFs in HEK293T 

cells (Fig. 2.1C). Under these conditions, transient expression of wild-type TrkB 

displays high basal activity without addition of exogenous BDNF as revealed by 

western blotting with the P-Y490 Trk receptor-specific antibody. Compared to 

Vav2 or Vav3 expressed alone, co-expression with wild-type TrkB dramatically 

increased tyrosine phosphorylation of Vav2 and Vav3 using either a general 

phospho-tyrosine 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 co-expression of kinase-active TrkB receptor with either Vav2 or 

Vav3 resulted in altered cell morphology of transfected HEK293T cells compared 

to 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 Vav1 at acidic 

domain tyrosines in response to T-cell receptor activation (Bustelo, 2000). 

However, incubating cortical neurons with the Src inhibitor, PP2, did not block 

BDNF-induced endogenous Vav2 tyrosine phosphorylation (Fig. 2.1D), 

indicating a Src kinase-independent mechanism. Taken together, these 

experiments indicate that BDNF/TrkB activation increases tyrosine 
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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. 2.1) 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 wild-type (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 production of Rac-GTP (Fig. 2.2A,C-D). In wild-type hippocampal 

slices (Fig. 2.2A) or dissociated neuron cultures (Fig. 2.2C), we observed that 

exogenous BDNF addition induced a rapid and transient increase in Rac-GTP 

levels, with peak levels occurring  ~2-5 minutes after stimulation (Fig. 2.2). The 

kinetics of Rac-GTP activation in were very similar to the kinetics of BDNF-

induced Vav2 tyrosine phosphorylation (Fig. 2.1B compared to Fig. 2.2C). In 

contrast, BDNF stimulation of Vav-deficient neurons produced a dramatically 

reduced induction of Rac-GTP (Fig. 2.2A,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. 2.2B), 

indicating that Vav GEFs are not required for all BDNF/TrkB forward signaling 
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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 BDNF/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 co-localize 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 neurons. Toward this end, we first analyzed expression levels of 

Vav2 and Vav3 during the postnatal time-frame in which robust synaptogenesis, 

dendritic spinogenesis and synaptic remodeling are occurring in vivo (P4-P21) 

and in adult hippocampus. Using reverse transcription and quantitative real-time 

PCR (qRT-PCR), we found that Vav2 mRNA levels are high during the early 

postnatal phase (P4-P7) and then slightly decline during the next two weeks (P14-

P21) before stabilizing at their adult hippocampal levels, which are approximately 

50% of peak levels (Fig. 2.3A). In comparison, hippocampal Vav3 mRNA levels 

do not change from P4 to adult (Fig. 2.3A). By relative comparison, Vav2 is 
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expressed at a level that is ~2-4-fold higher than Vav3 mRNA in the 

hippocampus, depending on the postnatal age (Fig. 2.3B). Taken together, these 

data reveal that Vav2 and Vav3 are both highly expressed in the developing 

hippocampus. 

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 et al., 1996; Patterson et al., 1996; 

Minichiello et al., 1999; Pozzo-Miller et al., 1999; Kossel et al., 2001; Luikart et 

al., 2005; Rex et al., 2007; Luikart et al., 2008; 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 biochemical fractionation 

procedure to isolate membranous fractions enriched for glutamatergic synaptic 

proteins (i.e. synaptosomes, (Rao and Steward, 1991)) from whole mouse 

hippocampi (P15) and then analyzed Vav2 protein co-fractionation in the various 

cellular fractions by western blotting with a highly-specific Vav2 antibody (Fig. 

2.1A). Interestingly, Vav2 was strongly enriched in proteins associated with the 

non-nuclear cell membrane pellet (P2) and synaptosome (syn), similar to the 

fractionation profiles of TrkB, Rac1, and PSD-95 (Fig. 2.3C), despite the fact that 

Vav2 lacks known membrane spanning domains or membrane-anchoring 

posttranslational modifications. To determine whether Vav2 is a component of the 

postsynaptic density (PSD) in synaptosome preparations, we performed mild 



	
   82	
  

detergent (1% Triton X-100) extraction of the synaptosomal fraction. 

Interestingly, Vav2 partially extracted from the synaptosomal fraction, indicating 

that a large amount of synaptosomal Vav2 is associated with the PSD (Fig. 2.3C). 

In comparison, TrkB was almost completely detergent-extracted from the 

synaptosome fraction, whereas PSD-95 was not extracted from synaptosomes 

under these conditions (Fig. 2.3C), as expected. Taken together, these data 

suggest that hippocampal Vav2 is largely membrane-associated in synapse-

containing fractions, is a partial constituent of the PSD, and is thus in a position to 

mediate BDNF/TrkB-mediated morphological and/or functional plasticity 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 remodeling and functional synapse 

plasticity (Korte et al., 1995; Figurov et al., 1996; Luikart et al., 2005; Rex et al., 

2007; Luikart et al., 2008; Tanaka et al., 2008). Since (1) Vav GEFs are activated 

by BDNF/TrkB signaling, (2) Vav GEFs are required for BDNF-induced Rac-

GTP production, and (3) Vav2 is co-localized with TrkB in synapse-enriched 

fractions, we speculated that Vav GEFs might be involved in BDNF/TrkB-

induced morphological synapse plasticity. To test this idea, we treated wild-type 
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(WT) and Vav2-/-3-/- mouse organotypic hippocampal slice cultures (P6 + 9 DIV) 

with recombinant BDNF and monitored dendritic spines using 2-photon confocal 

live cell imaging (Fig. 2.4A). 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 minutes before and 15 minutes 

after the addition of exogenous BDNF (Fig. 2.4A). Analysis of CA1 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).  However, the mean dendritic spine head size was 

fairly stable over the 10 minutes of pre-BDNF treatment (Fig. 2.4A, bottom). 

Upon addition of BDNF to the wild-type hippocampal slice, we observed a 

significant increase in spine head area (Fig. 2.4A, bottom, p<0.05, two-way 

ANOVA) that peaked by 8 minutes and maintained an enlarged spine head area 

throughout the duration of the experiment (Fig. 2.4A). In contrast, analysis of 

hippocampal slices from the Vav-deficient mice showed no significant change in 

spine head area after addition of BDNF (Fig. 2.4A-B), indicating that Vav GEFs 

are required for BDNF-induced dendritic spine head growth.  

Because initial spine head area may affect 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 significant differences between the 

genotypes (Fig. 2.4C). Similarly, there were no differences in cumulative 
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dendritic spine length between wild-type and Vav-deficient neurons (Fig. 2.4D). 

We also did not observe evidence of new dendritic spines forming during the 15-

minute BDNF treatment (data not shown), indicating that BDNF-induced 

synaptogenesis requires a longer time scale (e.g. 24-48 hrs) as reported by others 

(Tyler and Pozzo-Miller, 2001; Tyler and Pozzo-Miller, 2003).   

BDNF and TrkB signaling are required for dendritic filopodial motility 

and synapse formation in early postnatal periods of hippocampal development in 

CA1 neurons (Luikart et al., 2005; Luikart et al., 2008). To test whether Vav 

GEFs are required for these TrkB-influenced processes, we investigated 

morphological and functional synapses in wild-type and Vav-deficient neurons in 

hippocampal slice cultures. However, we observed no significant differences in 

dendritic spine density between wild-type and Vav-deficient CA1 neurons from 

analysis of dendritic regions used for the live-cell imaging study above (Fig. 

2.4E). Using whole-cell patch clamp recordings from WT and Vav-deficient CA1 

pyramidal neurons in hippocampal slice cultures, we observed no significant 

differences in miniature excitatory postsynaptic current (mEPSC) frequency (Fig. 

2.5A) or amplitude (Fig. 2.5B), and no differences in pre-synaptic vesicle release 

probability as determined from paired pulse ratio of evoked postsynaptic 

responses with a 100 ms stimulus interval (Fig. 2.5C). Therefore, while Vav GEFs 

are important for BDNF-induced rapid induction of Rac-GTP and morphological 

dendritic spine plasticity, they appear to be dispensable for early hippocampal 
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synaptogenesis or basal synaptic function. As such, we sought to test whether Vav 

might function in existing dendritic spines to modulate or facilitate functional 

synapse plasticity. 

 

Vav GEFs mediate synaptic plasticity in the hippocampus 

F-actin remodeling and BDNF/TrkB signaling are required for induction 

of TBS-LTP at CA1 glutamatergic synapses (Chen et al., 1999; Kim and Lisman, 

1999; Krucker et al., 2000). To test whether Vav GEFs are required for TBS-LTP, 

we stimulated Schaffer collateral axons with a weak theta-burst stimulus (2 × 

TBS) and recorded field excitatory post-synaptic potentials (fEPSPs) from the 

CA1 region of wild-type or Vav-deficient acute hippocampal slices at postnatal 

day 15 (P15). Weak TBS stimulation of wild-type slices resulted in significant 

LTP as determined from evoked field responses during the last 10 minutes of a 

50-minute post-tetanus recording period. TBS-LTP was also significantly 

generated in the Vav-deficient slices, but the LTP level was significantly reduced 

compared to wild-type slices (Fig. 2.5D, wild-type 43.5%±8.7, Vav2-/-3-/- 

15.9%±4.4, p<0.05, student’s t-test). Taken 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. 
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Vav2 activation requires TrkB kinase activity, but not autophosphorylation of the 

Shc/Frs2 and PLCγ-interacting TrkB phosphotyrosines 

To better define how BDNF/TrkB 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, 

co-expression of wild-type TrkB with Vav2 resulted in elevated tyrosine 

phosphorylation levels using either a general phosphotyrosine-specific antibody 

(Fig. 2.1B) or with a specific anti-P-Y172-specific antibody (Figs. 2.1C and 

2.6A). However, the TrkB-dependent increase in P-Y172 Vav2 required TrkB 

kinase activity (Fig. 2.6A, wt vs. K571N (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 (PLCγ 

binding site) (Fig. 2.6A). Similarly, mutating one TrkB kinase domain 

autophosphorylation site (Y670F) did not alter P-Y172 levels (Fig. 2.6A). 

However, mutating multiple TrkB kinase domain autophosphorylation sites, 

Y674/675F, did reduce Vav2 P-Y172 levels, 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. 2.6A, right), which was previously shown to be important for 
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activation by Eph receptors (Cowan et al., 2005). Taken together, these data 

indicate that Vav GEFs are activated by a TrkB kinase-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 co-immunoprecipitation (co-IP) assays. We found that TrkB 

specifically co-IPed with either Vav2 or Vav3 (Fig. 2.6B) under stringent 

detergent lysis/IP buffer conditions (i.e. RIPA buffer, see methods). Unlike the 

regulation of Vav2 P-Y172 levels, we found that this interaction occurred 

independently of TrkB kinase activity since Vav2 and kinase-inactive TrkB 

(K571N) co-IPed together to a similar extent (Fig. 2.6C). Similarly, TrkB 

autophosphorylation site mutants, Y490F and Y785F, also co-IPed with Vav2 at 

similar levels as wild-type TrkB (Fig. 2.6C).  

To further define the nature of this novel TrkB/Vav2 interaction, 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/PH/ZF 

regions intact (Fig. 2.6D). All of these Vav2 mutants interacted strongly with 

TrkB, indicating that the TrkB kinase-independent interaction between Vav2 and 
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TrkB is mediated by residues within the DH/PH/ZF region. Deletion of the TrkB 

kinase domain disrupted the interaction (Fig. 2.6E), suggesting that the Vav 

DH/PH/ZF region mediates the interaction with the TrkB kinase domain. These 

findings reveal a strong kinase-independent binding mechanism between Vav and 

TrkB in cells, and suggest that activation of TrkB kinase activity stimulates Vav2 

tyrosine phosphorylation and GEF activity. 

 

Discussion 

In this study, we report an essential role for Vav GEFs as important 

mediators of BDNF/TrkB receptor-induced activation of Rac GTPases and 

morphological plasticity of hippocampal dendritic spines, and a novel role in 

functional synapse plasticity. Specifically, we report that BDNF/TrkB signaling 

increases Vav tyrosine phosphorylation, and that Vav GEFs are required for 

BDNF-induced production of Rac-GTP and spine head growth in hippocampal 

neurons. Vav2 co-purifies with biochemically-enriched excitatory postsynaptic 

proteins, and Vav2/3 are necessary for normal TBS-LTP, supporting a role for F-

actin remodeling enzymes 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 establishment and 

maintenance of LTP. 
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While our findings link Vav GEFs to regulated F-actin dynamics in 

dendritic spines and functional synapses, and suggest a possible mechanism by 

which BDNF/TrkB signaling may contribute to establishment of stable LTP, there 

remain a number of important questions about the role of Vav GEFs in BDNF-

dependent structural and functional synapse 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 studies reported that BDNF/TrkB signaling 

activates Tiam1 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 family 

of Rho GEFs and a potent regulator of Rac activity. In Cos-7 cells, BDNF/TrkB 

signaling stimulates tyrosine phosphorylation of Tiam1 and activation of Rac-

GTP, and in dissociated cortical neurons, dominant negative Tiam1 expression 

reduced 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 require Tiam1-dependent 

activation of Rac (Zhou et al., 2007). As such, we speculate that Tiam1, which is 

expressed in the developing hippocampus (Ehler et al., 1997), likely contributes to 

the residual Rac-GTP activation in Vav2/3 null mice. Depending on the 

developmental stage and neuronal cell type, Vav and Tiam GEFs may serve in a 

functionally redundant pathway for Rac activation, but either alone is not 
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sufficient 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.   

The Segal group recently reported that PI3-K activity was not required for 

BDNF-induced activation of Rac in cerebellar GCPs (Zhou et al., 2007), 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 

activation, are not required for early hippocampal dendritic spinogenesis through 

postnatal day 15 (Fig. 2.4E). Similarly, P-Y490 TrkB is not required for Vav2 

activation in non-neuronal cells (Fig. 2.6A), nor is it required for LTP induction 

(Minichiello et al., 2002; Gruart et al., 2007), suggesting that TrkB-mediated 

enhancement of filopodial motility and synaptogenesis is a distinct process from 

BDNF/Vav-dependent Rac activation, spine head growth and maintenance of 

LTP. Interestingly, unlike TrkB receptor knockout mice, CA1 hippocampal 

neurons of conditional brain-specific BDNF knockout 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 
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receptors may regulate CA1 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 et al., 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 inhibition of endogenous BDNF reduces TBS-LTP (Rex et al., 2007), 

supporting the hypothesis that BDNF/TrkB signaling enhances TBS-LTP by 

facilitating 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 

dramatic 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 together with TrkB results in robust lamellipodia-like protrusions from the 

transfected cells (unpublished observations, C. W. Cowan), 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 
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Tiam1 and Trio, did not reduce TBS-LTP in hippocampal slices (Rex et al., 

2009). However, this compound exhibits specificity for inhibiting Tiam1-Rac 

binding and was found to reduce Tiam1-stimulated, but not Vav-stimulated, cell 

growth, suggesting that the inhibitor does not affect Vav-mediated Rac1 

activation (Gao et al., 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. 2.2).  

Despite our initial speculation that Vav GEFs would be recruited to 

tyrosine autophosphorylated TrkB via the SH2 phosphotyrosine binding domain, 

which is how Vav2 interacts with Eph Receptors in HEK293T cells (Cowan et al., 

2005), our findings in heterologous cells reveal a novel interaction between Vav2 

and TrkB involving a TrkB kinase-independent interaction between the Vav 

DH/PH/ZF core catalytic region and the TrkB kinase domain. A similar 

interaction mechanism was observed between Ephexin1, a DH-family GEF 

required for axonal outgrowth and repulsion, and two different receptor tyrosine 

kinases:  EphA4 and FGF receptors. Ephexin’s DH and PH domains interacted 

with the kinase domain of the EphA4 receptor (Shamah et al., 2001), and recently, 

a similar interaction was described between Ephexin and the fibroblast growth 

factor (FGF) receptor (Zhang et al., 2007). In the former case, addition of 
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ephrinA1 ligand stimulated 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 dynamics in 

dendritic spines may regulate aspects of postsynaptic structural and functional 

synapse plasticity, it will be important to determine the downstream signaling 

events and cellular processes by which Vav GEFs elicit these changes. Our 

findings suggest a postsynaptic role for Vav GEFs, but as these are total knockout 

mice, we cannot rule out a potential pre-synaptic role that could indirectly 

mediate TBS-LTP or spine growth. Since Vav2 and Vav3 mRNAs (and Vav2 

protein) are expressed at similar 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 prior to the 

structural and functional synapse plasticity events analyzed at P15 (or its rough 

equivalent in slice culture). Analysis of conditional Vav knockout 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 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 
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ephrinA1/Eph receptor complex in retinal ganglion cells (Cowan et al., 2005), 

which led us to speculate that Vav-dependent endocytosis, 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 

receptor has been shown to be critical for promoting forward signaling processes 

necessary for BDNF-dependent neuronal survival and migration of cerebellar 

granule cell precursors (Valdez 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 receptor 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 critical 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 

GEFs signaling stimulates transient F-actin assembly, but an independent, protein 

synthesis-dependent molecular process likely stabilizes the F-actin cytoskeleton 

and maintenance of LTP. Consistent with this idea, we find that addition of 

exogenous BDNF to hippocampal slices is sufficient to induce rapid spine head 
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growth (Fig. 2.4). However, addition of exogenous BDNF, in the absence of 

presynaptic stimulation, does not by itself produce LTP, but coupling exogenous 

BDNF pre-incubation 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 plasticity, but additional activity-

dependent processes are required to induce and stabilize LTP. It is also important 

to note that addition of 20 ng/ml BDNF to hippocampal slices did not alter spine 

head size unless coupled with glutamate uncaging (Tanaka et al., 2008). In 

contrast, we found that addition of 250 ng/ml BNDF was sufficient for spine head 

growth (Fig. 2.4A,B), suggesting that there is a threshold BDNF concentration 

required to stimulate spine growth without strong, coupled glutamate release, 

which appears to stimulate endogenous BDNF release. Glutamate is also known 

to stimulate other Rac-GEFs, such as Tiam1 and Kalirin-7, via activation of 

ionotropic AMPA or NMDA glutamate receptors (Tolias et al., 2005; Xie et al., 

2007), which may synergize with BDNF/TrkB signaling mechanisms to facilitate 

spine growth. 

 Taken 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 hippocampal LTP. By regulating Rho GTPase 

activity in response to BDNF/TrkB signaling, Vav proteins may modulate F-actin 
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remodeling in dendritic spines to facilitate dendritic structural changes and 

activity-dependent synapse plasticity. 
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Figure 2.1. BDNF stimulates the transient activation of Vav2 in neurons. 

 

 
 

Figure 2.1. BDNF stimulates the transient activation of Vav2 in neurons. A, 
Vav2 antibodies are highly specific. Western blot of whole hippocampi from P15 
wild-type (WT) or Vav2-/-3-/- (DKO) mice with anti-Vav2 antibody (Cowan et al., 
2005). B, E18 rat cortical neurons were cultured for 6 days and then stimulated 
with BDNF (100 ng/mL) over a time-course. Vav2 was immunoprecipitated and 
blotted with anti-phospho-tyrosine antibody (4G10). Total cell lysates (TCL) were 
blotted with anti-phospho-TrkB (Y490) and anti-TrkB antibodies. Result is a 
representative finding of five independent experiments. C, Co-expression of Vav2 
or Vav3 and TrkB increases 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 phosphorylation, total cell 
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lysates were immunoprecipitated with anti-HA antibody, then immunoblotted 
with anti-phospho-tyrosine (4G10) and anti-HA (Vav) antibodies. Total cell 
lysates were blotted with anti-pTrkB (Y490) antibody. Result is 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 
days and then incubated with DMSO, PP2 (5 µM), or PP3 (5 µM) for 30 minutes 
prior to stimulation with BDNF (100 ng/mL) over a time-course. Vav2 was 
immunoprecipitated and blotted with anti-phospho-tyrosine 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. Result is a representative finding of two independent experiments. 
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Figure 2.2. BDNF stimulates Rac-GTP formation through a Vav-dependent 
mechanism. 
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Figure 2.2. BDNF stimulates Rac-GTP formation through a Vav-dependent 
mechanism. A, Hippocampal organotypic slices (400 µm) 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 expressed as 
fold change in comparison to the 0 minute time-point (***p<0.001, genotype by 
Two-way ANOVA). Wild-type and Vav2-/-3-/- data are from four and five 
independent experiments, 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. C, Rac1-GTP stimulation by BDNF as in (A), except 
using cultured primary cortical neurons (E16.5+6DIV) from either wild-type or 
Vav2-/-3-/- mice and treatment with 100 ng/mL BDNF for indicated times. Wild-
type and Vav2-/-3-/- data are from four independent experiments. D, Acute 
hippocampal slices (300 µm) 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. 
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Figure 2.3. Vav GEFs co-localize with excitatory synaptic proteins in the 
hippocampus. 

 

 
 
Figure 2.3. Vav GEFs co-localize with excitatory synaptic proteins in the 
hippocampus. A, Relative hippocampal expression of Vav2 and Vav3 mRNA at 
indicated time-points 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. C, Synaptosomes were prepared from 
whole hippocampi of P15 mice. Vav2 localized to the membrane (P2) and 
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synaptosome (syn) fractions. S1, total hippocampal homogenate with nuclei 
removed. S2, cytosol. P2, crude membrane fraction. syn, synaptosomes collected 
following Ficoll gradient fractionation. TXE, 1% Triton X-100 soluble fraction of 
syn. PSD, pellet after 1% Triton X-100 extraction. Synaptosome fractions were 
blotted with anti-Vav2, anti-TrkB, anti-Rac, anti-RCS (regulator of calmodulin 
signaling; (Pulipparacharuvil et al., 2008), and anti-PSD-95 antibodies. Result is a 
representative finding of two independent experiments. 
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Figure 2.4. Vav GEFs are required for BDNF-induced dendritic spine head 
growth in hippocampal CA1 neurons. 
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Figure 2.4. Vav GEFs are required for BDNF-induced dendritic spine head 
growth in hippocampal CA1 neurons. A, Top:  Hippocampal organotypic slices 
(400 µm) 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 and imaged using 
two-photon microscopy. Representative photomicrographs showing dendritic 
segments and dendritic spine heads from wild-type or Vav2-/-3-/- mice at indicated 
times from BDNF stimulation. Data Plot:  Normalized spine head areas from 
wild-type and Vav2-/-3-/- mice at times before and after BDNF addition to slice. 
(*p<0.05, two-way ANOVA, genotype and time, n=6 (wild-type), n=8 (Vav2-/-3-/-

)). For all experiments (A-E), n=6 (wild-type) and n=8 (Vav2-/-3-/-). Each 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, Percent increase of mean spine head size at 10-15 
minutes post-BDNF compared to first 5 minutes after BDNF application 
(*p<0.05, student’s t-test). C, Plot of the percent increase in spine head size vs. 
initial spine head area, demonstrating that similar range of spine heads were 
analyzed and that the failure of Vav KO spine head growth with BDNF treatment 
is not due to occlusion. D, Plot of cumulative dendritic 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 imaged in A. 
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Figure 2.5. Vav GEFs mediate synaptic plasticity in the hippocampus.  

 

 
 
Figure 2.5. Vav GEFs mediate synaptic plasticity in the hippocampus. A, 
Average inter-event interval (IEI) per neuron from wild-type or Vav2-/-3-/- CA1 
pyramidal neurons (n.s., student’s t-test). B, Average mEPSC amplitude per 
neuron from same recordings as in (B), (n.s., student’s t-test). C, Paired-pulse 
stimulation (10 Hz). Average paired-pulse ratio measured as the percent of the 
second pulse relative to the first (n.s., student’s t-test). D, Left: Field EPSPs 
(fEPSPs) were recorded from CA1 of P15 wild-type or Vav2-/-3-/- acute 
hippocampal slices (300 µm) in response to two theta burst stimulation of 
Schaffer collaterals. Right: The fEPSP slopes were normalized for each genotype. 
Normalized fEPSP enhancement at 40-50 minutes is shown (*p<0.05, student’s t-
test). 
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Figure 2.6. Kinase-active TrkB activates Vav2 independently of the 
ERK/PI3K and PLCγ-interacting sites. 

 

 
 

Figure 2.6. Kinase-active TrkB activates Vav2 independently of the 
ERK/PI3K and PLCγ-interacting sites. A, Co-expression of TrkB and Vav2 
increases phospho-Vav2 (Y172) in HEK293T cells. HEK293T cells were 
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transfected with T7-tagged wild-type or ΔSH2 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. KD, 
kinase-dead. For all panels (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 (kinase dead: K571N), TrkB-Y490F, or 
TrkB-Y785F. Total cell lysates (TCL) were immunoprecipitated with anti-Flag 
antibody, then immunoblotted 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 co-association 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-ΛCH/AD, Vav2-Λadaptor, 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 Δ kinase domain (ΔKD)-TrkB. Total cell lysates were 
immunoprecipitated with anti-Flag antibody and immunoblotted with anti-Vav2 
and anti-Flag (TrkB) antibodies. Whole-cell lysate was blotted with anti-Vav2 
antibody. 
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Figure 2.7. Model for the role of Vav GEFs in BDNF/TrkB-induced dendritic 
spine growth and functional synapse plasticity. 
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CHAPTER THREE: Vav Guanine Nucleotide Exchange Factors (GEFs) 

Mediate Learning and Memory and Anxiety Behaviors in Mice 

 

Summary 

 Vav-family guanine nucleotide exchange factors (GEFs) have emerged as 

important modulators of neuronal development and function. Most recently, we 

discovered that Vav GEFs are localized at excitatory synapses and are required 

for BDNF-induced Rac-GTP formation in hippocampal slices. Importantly, Vav-

deficient neurons have impaired brain-derived neurotrophic factor (BDNF)-

induced dendritic spine growth and theta burst-stimulated CA3-CA1 long-term 

potentiation (LTP), suggesting that Vav-dependent F-actin dynamics are critical 

for these synapse plasticity events. Despite the emergence of these molecular and 

cellular functions for Vav proteins, a role for the GEFs in mediating animal 

behavior has not yet been investigated. Here, we report that Vav2-/-3-/- mice have 

impaired context, but not cue-dependent, fear conditioning. Vav2-/-3-/- mice also 

exhibit reduced anxiety-like behavior in elevated plus maze and open field tests. 

Further analysis of single Vav2 and Vav3 knockouts reveals that these genes are 

each necessary for normal contextual fear conditioning, while only Vav2 is 

required for normal anxiety-like behaviors. Together, these studies implicate Vav 

GEFs as critical regulators of normal learning and memory and anxiety behaviors 
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in mice, and furthermore, suggest that their molecular and cellular roles in 

neuronal development and synapse plasticity may underlie these behaviors.  

 

Introduction 

 Initially identified as oncogenes and regulators of hematopoietic cell 

development and signaling, Vav GEFs now have numerous identified roles in 

regulating various aspects of brain development and function. The Vav family 

comprises three distinct genes, Vav1-3, in vertebrates (Bustelo, 2000). Of these, 

Vav2 and Vav3 are highly expressed in the brain from embryonic development 

through adulthood (Cowan et al., 2005; Hale et al., 2011; Turner and Billadeau, 

2002), and are localized at excitatory synapses (Hale et al., 2011).  

Vav GEFs regulate the activity of Rho-family GTPases, regulators of the 

actin cytoskeleton that have documented roles in dendritic spine formation and 

plasticity (Luo, 2002; Tashiro and Yuste, 2004). Rho-family GTPases, including 

Rho, Rac, and Cdc42, act as molecular switches, cycling between inactive GDP-

bound and active GTP-bound states. GEFs activate GTPases by facilitating the 

exchange of GDP for GTP, while GAPs (GTPase activating proteins) render 

GTPases inactive by accelerating GTP hydrolysis (Cerione and Zheng, 1996). 

Studies suggest that Vav proteins specifically activate Rac1 and Cdc42 (Abe et 

al., 2000; Liu and Burridge, 2000; Marignani and Carpenter, 2001), Rho GTPases 

that promote spine formation and enlargement (Nakayama et al., 2000; Tashiro et 
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al., 2000). Furthermore, it has recently been demonstrated that Vav exhibits a 

preference for activating Rac1 over Cdc42 (Kawakatsu et al., 2005; Marignani 

and Carpenter, 2001). 

Increasing evidence supports the coupling of functional synapse plasticity 

and dendritic spine structural dynamics, particularly in long-lasting forms of 

plasticity, including long-term potentiation (LTP) a widely hypothesized 

functional correlate of learning and memory. (Cingolani and Goda, 2008; Dillon 

and Goda, 2005; Yuste and Bonhoeffer, 2001). During LTP, dendritic spines 

undergo F-actin cytoskeletal remodeling and enlargement, which is hypothesized 

to facilitate the accumulation of α-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic (AMPA) receptors to strengthen synapses (Matsuzaki et al., 

2004; Okamoto et al., 2004). Activation of Rac1 in neurons induces spine 

morphology changes associated with LTP, specifically dendritic spine 

enlargement (Tashiro and Yuste, 2004). Furthermore, its overexpression leads to 

synapse strengthening by promoting AMPA receptor clustering in spines (Wiens 

et al., 2005). Together, these studies suggest that Rac1 promotes dendritic spine 

cytoskeletal remodeling events to support the functional synapse changes 

underlying LTP. 

BDNF and its cognate receptor, TrkB are well-established positive 

modulators of hippocampal LTP and dendritic spine growth, and increasing 

evidence demonstrates that BDNF/TrkB-induced Rac-GTP activation may 
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facilitate these plasticity events by stimulating F-actin remodeling and 

cytoskeletal dynamics. A recent study reported that BDNF promotes theta burst-

induced increases in dendritic spine F-actin levels, and that sequestering BDNF 

impairs CA3-CA1 TBS-LTP, revealing that BDNF may facilitate LTP by 

enhancing F-actin remodeling in dendritic spines (Rex et al., 2007). Furthermore, 

a protocol pairing local glutamate uncaging with postsynaptic spikes results in 

increased dendritic spine head size, a long-lasting structural event demonstrated to 

require BDNF/TrkB kinase signaling (Tanaka et al., 2008). 

Because Rac1 is the major effector of Vav GEFs, and Vav GEFs are 

tyrosine phosphorylated and activated by receptor tyrosine kinases, we previously 

speculated that Vav might be required for BDNF-dependent synapse plasticity 

events. In testing this hypothesis, we observed that Vav GEFs are tyrosine 

phosphorylated and activated by BDNF/TrkB stimulation in hippocampal slices, 

and are required for BDNF-induced Rac-GTP formation (Hale et al., 2011). 

Importantly, BDNF-dependent dendritic spine growth and CA3-CA1 TBS-LTP 

are impaired in Vav-deficient hippocampal slices (Hale et al., 2011), suggesting 

that Vav-dependent F-actin dynamics and regulation of dendritic spine 

morphology facilitates functional synapse plasticity. 

Our findings propose the interesting possibility that Vav-dependent 

functional and structural synapse plasticity may control behavioral responses, and 

furthermore, that the GEFs may regulate behaviors mediated by BDNF/TrkB. One 
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of the most well-studied BDNF/TrkB-dependent behaviors is learning and 

memory, including hippocampal-dependent contextual fear conditioning and 

Morris water maze tests. BDNF heterozygote mice exhibit impaired context-

dependent fear conditioning (Liu et al., 2004), without a change in cue-dependent 

fear conditioning, while TrkB conditional knockouts have deficits in contextual 

and cued fear conditioning (Minichiello et al., 1999). BDNF or TrkB conditional 

knockout mice also display deficits in the Morris water maze, a hippocampal-

dependent spatial navigation task (Gorski et al., 2003; Minichiello et al., 1999). 

Numerous additional BDNF/TrkB-dependent behaviors in mice have been 

identified, including anxiety, depression, and in behaviors associated with 

addiction to drugs of abuse.  

We report here that Vav GEFs are required for normal learning and 

memory, as well as anxiety behaviors in mice. We find that similar to BDNF-

deficient mice, Vav2-/-3-/- knockouts have deficits in context-, but not cue-, 

dependent fear conditioning, but exhibit no impairments in the Morris water 

maze. Additionally, Vav-deficient mice show reduced anxiety-like phenotypes in 

open field and elevated plus maze tests. Analysis of the contribution of the 

individual Vav genes indicates that both Vav2 and Vav3 are required for context-

dependent fear conditioning, while only Vav2 supports normal anxiety responses. 

Together, these studies indicate that Vav GEFs, which are important regulators of 

hippocampal LTP and BDNF-induced dendritic spine growth, also mediate 



	
   114	
  

normal hippocampal-dependent learning and memory, as well as anxiety 

behaviors in mice. 

 

Materials and Methods 

Behavior studies 

Behavior studies were performed with adult male littermates between 

three and six months of age. All knockout mice used in this study were 

backcrossed to C57BL/6N (Charles River) for more than 10 generations. Mice 

were housed on a 12 hr light-dark cycle. Procedures were in accordance with the 

Institutional Animal Care and Use (IACUC) guidelines. 

 

Locomotor activity 

Mice were individually placed into new home cages with a thin layer of 

fresh bedding. Locomotor activity was measured for 2 hr using acquisition 

software linked to infrared beams evenly spaced across the length of each cage 

(San Diego Instruments). Activity was collected in five-minute bins. 

 

Open field test 

Mice were individually placed into a 72 cm-diameter square box and their 

activity was recorded for 6 minutes using Ethovision video-tracking (Noldus). 
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Overall locomotor activity, and time spent in the center and peripheries of the box 

were measured. 

 

Elevated-plus maze 

Mice were placed in the center of an elevated-plus maze (arms are 33 x 5 

cm, opposing “closed” arms have 25 cm tall walls) and allowed to explore the 

maze for 5 min. Amount of time spent in the open arms, closed arms, and center 

of the maze was recorded using Ethovision video-tracking (Noldus). 

 

Morris water maze 

For MWM studies, we used a white, plastic, circular pool filled with 

opaque water (22 ± 1°C) in a room with extra-maze visual cues. During training, 

mice were given 8 trials per day for 5 consecutive days. The mice were placed in 

the pool at one of four start locations, with locations being randomized for each 

trial. Mice were allowed to swim until they reached a submerged platform, or 

until 60 s had elapsed. Time to reach the platform, distance traveled to reach the 

platform, swim speed, and thigmotaxis were measured using Ethovision video-

tracking (Noldus). The probe trial (a 60 s free swim with the platform removed), 

was performed on Day 6, the day following the final training session. The amount 

of time spent in each quadrant of the pool, as well as the number of platform 

location crossings by the mouse were measured. 
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Fear conditioning 

For training (Day 1), mice were individually placed into fear conditioning 

chambers (Med Associates) for 6 min, in which they were exposed to 3 30 s white 

noise tones that each co-terminated with a 2 s (0.5 mA) shock. The tone-shock 

pairings were separated by 1 min intervals. On Day 2, context-dependent fear 

conditioning was assessed by placing the mice into the same context as in Day 1, 

but without tone or shock. The mice remained in the chamber for 5 min, during 

which their movement was videotaped and the amount of time spent freezing was 

measured using FreezeFrame software. On Day 3, cue-dependent fear 

conditioning was assessed by placing the mice into the chamber in which various 

contextual alterations had been made. Time spent freezing was measured over 6 

min, the first three minutes without tone and the last three minutes with 

continuous tone. Changes in context included introduction of vanilla scent, 

insertion of a smaller plastic box within the chamber, and placement of smooth 

plastic flooring over the shock-grid flooring. Following the conclusion of the 

tests, footshock sensitivity of the mice was determined. Mice were placed into the 

fear conditioning chamber and exposed to intermittent footshocks of increasing 

intensity (between 0 and 0.35 mA). The lowest shock intensities to elicit 

flinching, jumping, and vocalizations were measured. 
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Results 

Vav GEFs are required for context-, but not cue-dependent fear conditioning 

 Vav-deficient mice have impaired BDNF-induced dendritic spine head 

growth and a concomitant deficiency in theta burst-induced hippocampal CA3-

CA1 LTP, a widely hypothesized functional correlate of learning and memory 

(Hale et al., 2011). As a result of these findings, we speculated that Vav 

knockouts may exhibit impairments in behavioral learning and memory 

paradigms demonstrating dependence on BDNF/TrkB and intact hippocampal 

circuitry, including context-dependent fear conditioning, and the Morris water 

maze. Importantly, to minimize genetic and experimental variability, mice used in 

this and all subsequent behavioral assessments examined, were age-matched and 

had been backcrossed to the C57BL/6N strain in excess of 10 generations. We 

also tested all mice for alterations in locomotor activity, and observed no 

differences in activity levels of Vav2-/-3-/-, Vav2-/-, and Vav3-/- mice in comparison 

to WT mice (Fig. 3.1 and 3.3). 

Vav2-/-3-/- mice were first examined for their performance in contextual 

and auditory cue fear conditioning. Lesion studies indicate that while cue-

dependent conditioning relies primarily on the amygdala, the context-dependent 

counterpart also requires the hippocampus, as damage to the formation leads to 

impaired context-dependent but not auditory cue fear conditioning (Rudy et al., 

2004; Rudy and O'Reilly, 1999). The fear conditioning assay was carried out over 
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three days, in which on the first day, mice were individually placed in a chamber 

and exposed to three tone-shock pairings. On the second day, the mice were 

returned to the chamber (same context as day 1) and freezing behavior was 

measured. We observed that Vav2/3 double knockouts (DKOs) spent significantly 

less time freezing in comparison to WT mice over a 5-minute observation period 

(Fig. 3.2A, left, p<0.05, Student’s t-test). Importantly, footshock sensitivity tests 

revealed no difference between WT and Vav DKO mice in shock intensities 

required to elicit flinch, jump, and vocalization responses, suggesting that reduced 

freezing in the context was due to a deficit in learning and not differences in pain 

sensitivities (Fig. 3.2A, right). 

On the third day, cue-dependent fear conditioning was assessed. Mice 

were placed into the fear conditioning box in which contextual modifications had 

been introduced (change in scent, appearance, and flooring texture), and freezing 

behavior was subsequently measured before and during presentation of tone. No 

difference was observed between WT and Vav DKO mice in time spent freezing 

in response to the cue (Fig. 3.2A, left, Cue test during tone). A significant 

difference emerged in baseline freezing in the “new” context, in which WT mice 

spent more time freezing than Vav DKOs before the tone was played (p<0.05, 

Student’s t-test). This may indicate that despite changes to the context, sufficient 

similarities were present to provoke freezing responses in WTs, but not in the 

Vav-deficient mice, which were impaired in learning the tone-context association. 
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Overall, findings from the fear conditioning tests provide evidence that Vav2 and 

Vav3 are required for hippocampal-dependent contextual fear conditioning. In 

contrast, auditory cue fear conditioning remains intact in Vav-deficient mice. 

 

Vav2-/-3-/- mice are not impaired in spatial learning in the Morris water maze 

 Because Vav GEFs are necessary for normal hippocampal CA3-CA1 LTP 

and context-dependent fear conditioning, we speculated that they might also be 

required for performance in the Morris water maze, a well-described 

BNDF/TrkB- and hippocampal-dependent spatial learning and memory task. To 

examine this hypothesis, mice were trained to locate the hidden platform for five 

consecutive days, undergoing eight training sessions during each day. On the 

sixth day, a probe test was performed following removal of the platform, and 

various measurements were recorded, including percent time spent in each 

quadrant, and number of times the target platform was crossed. We found that 

Vav DKOs exhibited no differences in comparison with WTs in these examined 

measures (Fig. 3.2B), suggesting that while Vav GEFs are required for 

hippocampal-dependent contextual fear conditioning, they do not mediate 

hippocampal spatial learning and memory in the Morris water maze. 
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Deficiency of Vav2 or Vav3 leads to impaired context-dependent fear 

conditioning 

Vav2-/-3-/- mice have impaired context-dependent fear conditioning, but it 

remains unclear whether one or both genes are responsible for mediating the 

observed deficiency. Additionally, it might be reasonable to expect no differences 

to emerge between WT and Vav2-/- or Vav3-/- mice. This finding could indicate the 

existence of compensatory mechanisms, a potentially likely result since and Vav2 

and Vav3 proteins have redundant GEF functions, and are also similarly regulated 

by BDNF/TrkB and other signaling pathways (Bustelo, 2000; Hale et al., 2011). 

To probe these possibilities, responses of Vav2-/- and Vav3-/- mice were 

examined in the fear conditioning assay, executed as in Figure 3.2. Vav2- or 

Vav3-deficient mice have impaired context-dependent fear conditioning, both 

showing reductions in comparison to WT littermates in percent time spent 

freezing to the same context on day 2 of experimentation (Fig. 3.4A and B, Vav2 

KO: p<0.05, Student’s t-test; Vav3 KO: p<0.05, Student’s t-test). Surprisingly, 

although we did not observe any differences in the cue-dependent task in Vav 

DKOs, a significant reduction was detected in percent time spent freezing during 

presentation of the tone in Vav2-/- but not Vav3-/- mice (Fig. 3.4A and B, Vav2 

KO: p<0.05, Student’s t-test). Despite the statistical significance of the Vav2 KO 

effect, the effect size is quite small and since it was not present in the Vav2/3 

DKO, the confidence in this Vav2 KO finding is not high. Overall, results from 
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these studies demonstrate that both Vav2 and Vav3 individually contribute to 

hippocampal-dependent contextual fear conditioning. 

 

Vav GEFs mediate anxiety-related behaviors 

 BDNF and TrkB have been implicated in anxiety-related behaviors, and 

because Vav GEFs are activated by BDNF/TrkB signaling, we speculated that 

Vav may also have a role in anxiety paradigms. Vav2-/-3-/- mice exhibited reduced 

anxiety in the elevated plus maze, spending more time in the center and open 

arms of the maze (Fig. 3.5A, p<0.05, Student’s t-test), while spending less time in 

the closed arms (Fig. 3.5A, p<0.01, Student’s t-test). In the open field test, the 

mice spent an increased length of time in the non-periphery of the field (Fig. 

3.5B, p<0.05, Student’s t-test), and less time in the periphery over the 5-minute 

period (Fig. 3.5B, p<0.05, Student’s t-test), indicative of an anxiolytic phenotype 

that is consistent with elevated plus maze results. Together, these findings 

illustrate that Vav GEFs are important in promoting behaviors associated with 

anxiety. In the future, it will be interesting to examine effects of Vav deficiency in 

responses of mice in depression-associated tasks, as anxiety and depression 

commonly exhibit comorbidity. 
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Vav2-/-, but not Vav3-/- mice display reduced anxiety 

 Mice lacking Vav2 and Vav3 have reduced anxiety in the elevated plus 

maze and open field tests. To identify whether Vav2 or Vav3 mediates the 

anxiety-related phenotype in Vav DKO mice, or whether a compensatory 

mechanism is present, we measured performance of Vav single knockouts in these 

tasks. In the elevated plus maze, Vav2 KOs spent significantly more time in the 

center and open arms of the maze (Fig. 3.6A, p<0.05, Student’s t-test), and 

conversely, spent less time in the closed arms (Fig. 3.6A, p<0.001). While no 

differences emerged in the open field test, the Vav2 KO mice exhibited a trend 

towards a reduced anxiety phenotype, and this effect may reach significance with 

an increased sample size (Fig. 3.6B). Unlike the Vav2-/- mice, the Vav3-deficient 

mice revealed no differences in the elevated plus maze or open field test, 

suggesting that only Vav2 regulates the anxiety-associated behaviors in mice (Fig. 

3.6C and D). Future experiments will be necessary to delineate the mechanisms 

by which Vav2 regulates anxiety-like behaviors in mice. 

 

Discussion 

In this study, we report an essential role for Vav GEFs in mediating 

normal hippocampal-dependent learning and memory, as well as anxiety-like 

behaviors, in mice. We find that Vav2-/-3-/- mice have reduced context-dependent 

fear conditioning and a reduced anxiety phenotype in open field and elevated plus 
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maze tests. Further investigation demonstrates that deficiency of Vav2 or Vav3 

individually leads to impaired context-dependent fear conditioning, while only 

Vav2 facilitates normal anxiety behavior. 

Recently published studies that describe roles for Vav in regulating 

cerebellar development, motor coordination, and visual circuit formation evoke 

the possibility that any reported behavioral impairments may occur as a 

consequence of these deficiencies. A recent study reported a role for Vav3 in 

cerebellar Purkinje and granule cell function, and motor coordination and gaiting 

(Quevedo et al., 2010). In the study, Purkinje cells from Vav3-/- mice were found 

to have deficient dendritic arborization in vivo, while granule cells in the internal 

and external granule layers of Vav3-deficient mice exhibited decreased survival 

and impaired migration, respectively. Importantly, analyses of motor coordination 

and gaiting in Vav3-/- mice at five weeks of age revealed impaired performance in 

the rotarod accelerating test and abnormal pattern of paw overlap (Quevedo et al., 

2010). However, by four months of age, the approximate age in which we 

performed our behavioral studies, these problems were corrected or significantly 

ameliorated. Importantly, the Vav DKO mice used in our study were not hyper- or 

hypoactive, exhibited no gross motor coordination deficits, and displayed normal 

magnitudes of speed in all tasks assessed. 

An additional concern for analyses of behavioral performance of the Vav 

KO mice is the potential for visual impairments, as a recent study reported 
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impaired ipsilateral axon projections from RGCs to the dLGN in Vav2-/-3-/- mice 

(Cowan et al., 2005). However, our studies indicate that the Vav knockouts did 

not possess deficient vision, as overall, Vav single and double knockout mice 

exhibited learning of the platform location in the Morris water maze, and also 

easily located the escape platform when made visible. 

The hippocampus is required for contextual fear conditioning, and is also 

highly implicated in anxiety and stress. Vav GEFs are required for BDNF-induced 

dendritic spine growth of CA1 pyramidal neurons and CA3-CA1 LTP (Hale et al., 

2011), suggesting that Vav-dependent postsynaptic structural and functional 

synapse plasticity in the hippocampus may underlie or contribute to the learning 

and anxiety behaviors observed here. As total knockout mice were used in these 

studies, it is possible that Vav-dependent functions in other brain regions may 

account for or contribute to the observed behavioral effects in Vav-deficient mice. 

Furthermore, a developmental role for Vav GEFs that occurs prior to the reported 

deficits in dendritic spine and synapse plasticity may underlie or promote the 

behavioral responses. One potential experiment to investigate these concerns is to 

examine whether re-expressing and restoring Vav-dependent functions in the 

hippocampus is sufficient to rescue deficits in contextual fear conditioning and 

anxiety. Notably, the generation and analysis of Vav conditional knockout mice 

would be important to resolve these remaining questions and identify the specific 

circuitry by which Vav GEFs facilitate normal behavioral responses. 
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In this study, we hypothesized that Vav GEFs might mediate BDNF/TrkB-

dependent behaviors, and therefore, that Vav KO mice would mimic behavior 

phenotypes that result from BDNF/TrkB deficiency. In learning tasks, 

heterozygous BDNF mice display reduced freezing to the context in fear 

conditioning, and BDNF conditional knockouts are impaired in the Morris water 

maze (Gorski et al., 2003; Liu et al., 2004). Furthermore, mice in which TrkB is 

knocked out in the forebrain exhibit deficits in the Morris water maze, as well as 

impaired contextual and cued fear conditioning (Minichiello et al., 1999). While 

BDNF’s role in learning is well-established, a function for the neurotrophin in 

modulating anxiety has not been as extensively studied and results are often 

inconsistent. Heterozygous BDNF mice are reported to have increased anxiety in 

open field and elevated plus maze tests (Chen et al., 2006). A separate study 

describes that forebrain deletion of BDNF in mice leads to reduced anxiety in 

female mice in elevated plus maze and open field tests, with no differences 

observed in male mice (Monteggia et al., 2007). Here, we found that similar to 

BDNF- or TrkB-deficient mice, Vav2-/-3-/- mice have impaired contextual fear 

conditioning; however, the behavior of Vav KOs in Morris water maze and 

anxiety tests are generally inconsistent with reports for BDNF and TrkB-deficient 

mice, suggesting that Vav GEFs may regulate a subset of behaviors controlled by 

BDNF/TrkB function.  
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Because hippocampal slices lacking Vav proteins display impaired CA3-

CA1 TBS-LTP, we hypothesized that deficits in hippocampal-dependent learning 

and memory tasks may be present in Vav KO mice, and therefore assayed their 

responses in related behavioral paradigms. Interestingly, we observed that Vav-

deficient mice have impairments in context-dependent fear conditioning, but not 

Morris water maze, learning and memory tasks that both rely on the intact 

hippocampal formation. While it may be expected that these tasks would yield 

similar concurrent deficits, recent work suggests that while place learning in the 

Morris water maze depends only on the hippocampus, corticohippocampal 

circuitry is required for the formation of an association between the context and 

the footshock in fear conditioning (Burwell et al., 2004). Specifically, a 

combination of perirhinal, postrhinal, and entorhinal lesions cause impaired 

contextual fear learning without impinging on learning in the Morris water maze. 

In contrast, the hippocampus is required for both, as hippocampal lesion alone 

resulted in deficient contextual fear conditioning and water maze navigation. 

Groups speculate that unlike exclusively spatial tasks, contextual tasks require 

higher-order processing of polymodal sensory information from the environment, 

and therefore, that spatial and contextual tasks require different brain systems. 

These findings may suggest that Vav function in cortical regions surrounding the 

hippocampus may be critical for associative fear conditioning, but is unnecessary 

for the Morris water maze spatial learning task. 
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In this study, we observe that Vav2-/-3-/- have reduced anxiety, and further 

analysis of single knockouts indicates that Vav2, and not Vav3, mediates the 

anxiolytic phenotype in mice. In the future it will be interesting to investigate the 

mechanisms by which Vav2 specifically controls anxiety-related behavior. One 

possibility may be differences in expression levels of Vav2 and Vav3 in brain 

circuitry that underlies anxiety. To date, a detailed examination of Vav2 and Vav3 

expression in specific brain regions has not been reported. It will thus be 

informative to investigate patterns of Vav2 and Vav3 expression in the brain from 

development through adulthood, which may have implications for cellular and 

behavioral functions for Vav proteins. 

As additional functions for Vav GEFs in controlling development and 

plasticity continue in animal models continue to emerge, we may also expect 

future discoveries to implicate the GEF in regulating plasticity and behaviors 

associated with human disorders. It will therefore be critical to analyze a 

requirement for Vav GEFs in modulating additional behaviors, including in 

behaviors relevant to schizophrenia, addiction to drugs of abuse, and depression.  

A recent genome wide association study (GWAS) of schizophrenia in a 

Japanese population was the first study to report a strong association signal in a 

region of VAV3, rs1410403 (Ikeda et al., 2011). Following this discovery, a 

separate study sought to examine whether rs1410403 is associated with altered 

brain structure in healthy and schizophrenic individuals, and also performed exon 
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resequencing for further mutation analysis (Aleksic et al., 2013). Previously 

published studies utilizing voxel-based morphometry (VBM) have reported the 

observation of smaller volumes in the temporal gyrus of schizophrenic 

individuals, a brain region that promotes the formation of language and semantic 

memory processing, visual perception, and multimodal sensory integration, 

cognitive processes that are deficient in patients with schizophrenia (Onitsuka et 

al., 2004). Interestingly, Vav3 is more highly expressed than Vav2 in the left 

superior and medial temporal gyri, suggesting that Vav3 may be more likely to 

impinge on region-specific functions that are deficient in individuals with 

schizophrenia, including formation of language and semantic memory processing, 

and multimodal sensory integration. Using VBM, it was discovered that 

rs1410403 is associated with a reduction in volume of the left superior and middle 

temporal gyri in patients with schizophrenia. As a result of mutation analysis, four 

rare novel missense mutations in VAV3 were also detected, one of which, 

Glu741Gly was found to be significantly associated with schizophrenia in a large 

independent sample (P=0.02). Future experiments will be necessary to explore the 

mechanism by which Glu741Gly, located within the SH2 domain of Vav3, affects 

the pathogenesis of schizophrenia. 

Regulation of actin-remodeling proteins has also been demonstrated to 

control behaviors associated with addiction to drugs of abuse, promoting 

speculation that GEFs may have a role in mediating behaviors induced by use of 
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illicit drugs. A recent study reported that repeated cocaine administration in mice 

negatively regulates Rac-GTP levels in the nucleus accumbens (NAc), a critical 

region in the brain reward pathway (Dietz et al., 2012). Down-regulation of Rac1 

in mice promoted conditioned place preference to cocaine, and conversely, 

overexpression of active Rac1 blocked the reward to cocaine. This finding evokes 

that possibility that Vav or other Rho-family GEFs may contribute to activation of 

Rac1 in response to drugs of abuse to facilitate behavioral consequences. Indeed, 

a fellow Rho-family GEF, Kalirin-7, has already been implicated in controlling 

cocaine-dependent behaviors, as mice lacking Kalirin-7 show increased cocaine 

locomotor sensitization and have increased cocaine self-administration rates 

(Kiraly et al., 2013). These findings indicate that Kalirin-7, and suggestively 

increased Rac-GTP levels, may antagonize the rewarding effects of cocaine, a 

hypothesis that is consistent with findings from the Dietz et al. (2012) study. 

The findings described here introduce a novel role for Vav GEFs in 

regulating learning and memory, as well as anxiety behaviors in mice. 

Specifically, we report that Vav2-/-3-/- mice have impaired contextual, but not 

cued, fear conditioning, while displaying no deficits in the Morris water maze. 

Vav2-/-3-/- mice also have an anxiolytic phenotype in elevated plus maze and open 

field tasks, suggesting that Vav GEFs promote normal anxiety behaviors in mice. 

Investigation of Vav single knockouts reveals that Vav2 and Vav3 individually 

contribute to context-dependent fear conditioning, but only Vav2 controls normal 
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anxiety responses in mice. Together, these studies describe that Vav GEFs 

mediate learning and memory and anxiety behaviors in mice, and suggest that 

their documented functions in neuronal development and synapse plasticity may 

contribute to these behaviors. 
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Figure 3.1. Vav2/3 DKO mice have normal locomotor activity. 

 

 
 

Figure 3.1. Vav2/3 DKO mice have normal locomotor activity. Locomotor 
activity was measured for 2 hr. Number of beam breaks collected in 5 min bins is 
indicated.
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Figure 3.2. Vav2/3 GEFs are required for context-dependent fear 
conditioning. 

 

 

Figure 3.2. Vav2/3 GEFs are required for context-dependent fear 
conditioning. A, (Left) Context: Percent time spent freezing 24 hr after training. 
Vav DKO mice spent significantly less time freezing than WT mice (*p<0.05). 
Cue: Percent time spent freezing before and during tone. Vav DKO mice spent 
less time freezing than WT mice before tone (*p<0.05). No significant difference 
between Vav DKO and WT mice was observed in percent time spent freezing 
during tone. (Right) Footshock intensities required to elicit flinch, jump, and 
vocalization responses were not different between Vav DKO and WT mice. (WT: 
n=29; Vav DKO: n=32) B, Vav DKO mice are not impaired in the Morris water 
maze spatial learning task. (Left) Mice were trained in the Morris water maze for 
five consecutive days, with eight trials per day. On Day 6 (probe), percent time 
spent in quadrant, and number of platform crossings were measured. (WT: n=29; 
Vav DKO: n=32) 
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Figure 3.3. Vav2 and Vav3 KO mice have normal locomotor activity. 

 

 
 
Figure 3.3. Vav2 and Vav3 KO mice have normal locomotor activity. 
Locomotor activity was measured for 2 hr. Number of beam breaks collected in 5 
min bins is indicated. 
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Figure 3.4. Vav2 and Vav3 KO mice have impaired context-dependent fear 
conditioning. 

 

 
 
Figure 3.4. Vav2 and Vav3 KO mice have impaired context-dependent fear 
conditioning. A, Context test: Percent time spent freezing 24 hr after training. 
Vav2 KO mice spent less time freezing than WT mice (**p<0.01). Cue test: 
Percent time spent freezing before and during tone. No significant difference 
between Vav2 KO and WT mice was observed in time spent freezing before tone. 
Vav2 KO mice spent less time freezing than WT mice during tone (*p<0.05). (WT: 
n=18; Vav2 KO: n=15) B, Context test: Percent time spent freezing 24 h after 
training. Vav3 KO mice spent less time freezing than WT mice (*p<0.05). Cue 
test: Percent time spent freezing before and during tone. No significant difference 
between Vav3 KO and WT mice was observed in percent time spent freezing 
before and during tone. (WT: n=14; Vav3 KO: n=22) 
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Figure 3.5. Vav2/3 GEFs are required for normal anxiety-like responses in 
mice. 

 

 
 
Figure 3.5. Vav2/3 GEFs are required for normal anxiety-like responses in 
mice. A, Elevated plus maze: Time spent in center, closed arms, and open arms of 
elevated plus maze are indicated. Vav DKO mice spent more time in center and 
open arms than WT mice (*p<0.05). Vav DKO mice spent less time in closed arms 
than WT mice (**p<0.01). (WT: n=15; Vav DKO: n=20) B, Open field test: Time 
spent in center, non-periphery, and periphery are shown. Vav DKO spent more 
time in non-periphery than WT mice (*p<0.05). Vav DKO spent less time in 
periphery than WT mice (*p<0.05). (WT: n=15; Vav DKO: n=20) 
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Figure 3.6. Vav2, but not Vav3 KO has reduced anxiety-like behavior. 

 

 
 
Figure 3.6. Vav2, but not Vav3 KO has reduced anxiety-like behavior. A, 
Elevated plus maze: Time spent in center, closed arms, and open arms are 
indicated. Vav2 KO spent less time in closed arms than WT mice (***p<0.001). 
Vav2 KO spent more time in open arms than WT mice (*p<0.05). (WT: n=18; 
Vav2 KO: n=15) B, Open field test: Time spent in center, non-periphery, and 
periphery are shown. No significant difference between WT and Vav2 KO mice 
was observed in time spent in each region. (WT: n=18; Vav2 KO: n=15) C, 
Elevated plus maze: Time spent in center, closed arms, and open arms are shown. 
No different between WT and Vav3 KO mice was observed in time spent in 
regions of maze. (WT: n=14; Vav3 KO: n=22) D, Open field test: Time spent in 
center, non-periphery, and periphery are indicated. No difference between WT and 
Vav3 KO mice was observed in time spent in each region. (WT: n=14; Vav3 KO: 
n=22) 
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CHAPTER FOUR: Pcdh17, a Common Target of MEF2 and FMRP, is 

Required for MEF2-induced Synapse Elimination 

 

Summary 

Synapses are formed during early brain development, but neuronal activity 

also promotes the elimination of synapses to either prune excess synapses or to 

homeostatically maintain a steady-state number of synaptic connections. The 

myocyte enhancer factor 2 (MEF2) transcription factors are important activity-

dependent regulators of synapse elimination in the developing and adult brains, 

findings that have been correlated with a role for MEF2 in mediating various 

behaviors, including learning and memory. Fragile X mental retardation protein 

(FMRP) was recently found to be required for MEF2-dependent excitatory 

synapse elimination, suggesting that MEF2 and FMRP coordinate transcriptional 

and translational control of common mRNAs to confer proper experience-

dependent synapse refinement. To pursue the identification of common MEF2 

and FMRP targets, we utilized high-throughput sequencing of RNA isolated by 

cross-linking immunoprecipitation (HITS-CLIP) of FMRP to identify MEF2-

regulated gene targets whose transcripts associate with FMRP in neurons. We 

identify a large overlap in MEF2 target genes and mRNAs associated with FMRP, 

consistent with their shared roles in synapse elimination. More specifically, we 

observe that the FMRP-associated mRNA coding for protocadherin 17 (Pcdh17) 
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is upregulated upon activation of MEF2, and it exhibits differential binding to 

FMRP following MEF2 activation. Pcdh17 is partially enriched at excitatory 

synapses in postnatal hippocampus. Reducing Pcdh17 alone did not alter basal 

structural or functional synapse number, but reducing Pcdh17 levels blocked 

MEF2-induced dendritic spine elimination of hippocampal CA1 pyramidal 

neurons. These data suggest that MEF2-induced synapse elimination requires 

Pcdh17 – a MEF2 target gene and FMRP associated transcript. Ongoing studies 

are examining the molecular and cellular mechanisms by which Pcdh17 mediates 

MEF2-dependent synapse elimination. 

 

Introduction 

 The establishment and maintenance of proper synaptic connectivity within 

neural circuits is a dynamic process requiring the formation, elimination, 

stabilization, and plasticity of synapses (Hua and Smith, 2004). During early 

postnatal development, an excess of synapses are formed in many circuits, which 

undergo subsequent pruning during adolescence in a sensory- and activity-

dependent mechanism, leading to fewer synapses in the adult (Hua and Smith, 

2004; Rakic et al., 1986; Sanes and Lichtman, 1999; Zuo et al., 2005). While the 

molecular and cellular mechanisms that control the elimination of synapses 

remain poorly understood, the recent discovery that myocyte enhancer factor 2 

(MEF2) transcription factors are important activity-dependent regulators of 
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synapse elimination provides a molecular link with the process of synapse 

removal (Barbosa et al., 2008; Flavell et al., 2006; Pfeiffer et al., 2010; 

Pulipparacharuvil et al., 2008). 

 The MEF2 family comprises four distinct genes (MEF2A-D), which are 

expressed in unique but overlapping patterns in the both the developing and adult 

brain (Leifer et al., 1993; Lin et al., 1996; Lyons et al., 1995; Lyons et al., 2012; 

Pulipparacharuvil et al., 2008). In neurons, glutamatergic synaptic activity and the 

resultant influx of calcium through voltage-sensitive calcium channels (VSCCs) 

leads to the activation of MEF2, which subsequently elicits a transcriptional 

program hypothesized to promote the elimination of synapses (Flavell et al., 

2006; Flavell et al., 2008; McKinsey et al., 2002; Pulipparacharuvil et al., 2008). 

While numerous studies report that MEF2 is an important negative regulator of 

synapses, many questions remain regarding the mechanisms by which MEF2-

dependent transcription regulates proper synapse number. 

 Fragile X mental retardation protein (FMRP) was recently demonstrated to 

be required for MEF2-dependent excitatory synapse elimination (Pfeiffer et al., 

2010). Fragile X syndrome (FXS), the most prevalent inherited form of autism, 

results from the loss of FMRP, an RNA-binding protein with well-documented 

roles in the transport and translation of dendritic mRNAs (Bassell and Warren, 

2008). Patients with FXS, as well as the mouse model of the disease, Fmr1 

knockout mice, exhibit an increased density of cortical dendritic spines (Comery 
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et al., 1997; Grossman et al., 2010; Grossman et al., 2006; Irwin et al., 2002; 

Irwin et al., 2001), prompting speculation that a deficit in synapse elimination 

may be present in FXS. In FMRP-deficient neurons, MEF2 fails to induce both 

structural and functional excitatory synapse elimination (Pfeiffer et al., 2010), 

suggesting that FMRP may function downstream of MEF2 to control synapse 

number by interacting with and regulating the translation of MEF2-induced 

transcripts that mediate the removal of synapses. 

 Here, we report the use of high throughput sequencing of RNA isolated by 

cross-linking immunoprecipitation (HITS-CLIP) of FMRP (Darnell et al., 2011) 

to identify common targets of MEF2 and FMRP in neurons. We find a strong 

overlap of MEF2-induced transcripts and RNAs associated with FMRP, and 

observe that a majority of one specific family of non-clustered protocadherins, the 

δ2 subfamily, are targets of both MEF2 and FMRP. The δ2 protocadherins are 

members of the superfamily of cadherins, calcium-dependent cell adhesion 

molecules with broad functions in neuronal and non-neuronal tissues (Kim et al., 

2011). While δ2 protocadherins share many structural features with classical 

cadherins, they exhibit weaker homo- and heterophilic binding, and also possess a 

diverse C-terminal region with several hypothesized signaling-related motifs for 

which few effectors have yet been identified (Kim et al., 2011; Yasuda et al., 

2007).  Several δ2 protocadherins have established roles in regulating synapse 

number and function, and importantly, are being increasingly implicated in brain 
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disorders, including autism, schizophrenia, and cocaine abuse (Dean et al., 2007; 

Kim et al., 2011; Piton et al., 2011; Prasad et al., 2012; Tsai et al., 2012; Yasuda 

et al., 2007).  

In this study, we find that Pcdh17 is a common target of both MEF2 and 

FMRP, and we investigate a role for this protocadherin in mediating MEF2-

induced synapse pruning. Pcdh17 is highly expressed in the brain, and has been 

demonstrated to regulate presynaptic vesicle accumulation and synaptic 

transmission efficacy in corticobasal ganglia circuits in mice (Hoshina et al., 

2013). Interestingly, a recent study links Pcdh17 with schizophrenia, reporting 

that Pcdh17 mRNA levels are increased in Brodmann area (BA) 46 in brains of 

individuals with schizophrenia (Dean et al., 2007). Importantly, these studies are 

beginning to provide insight into the poorly understood functions of Pcdh17, 

emphasizing the importance of additional studies investigating the 

protocadherin’s regulatory roles in neurons. 

Here, we report that Pcdh17 mRNA is 1) upregulated by MEF2, 2) a target 

of FMRP, and 3) differentially associated with FMRP following activation of 

MEF2 in neurons. We find that Pcdh17 is partially enriched with excitatory 

synaptic proteins, and that it is required for MEF2-induced dendritic spine 

elimination in the hippocampus. Furthermore, reducing Pcdh17 expression in 

CA1 neurons does not affect structural or functional synapse number, suggesting 

that Pcdh17 is necessary, but not sufficient, for MEF2-induced synapse pruning.  
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Materials and Methods 

DNA constructs 

Pcdh17 shRNA was purchased from Sigma (TRCN0000094739). The 

Pcdh17-EGFP plasmid was a gift from the Yamamoto Lab (Okinawa Institute of 

Science and Technology, Japan) and is described in (Hoshina et al., 2013). 

 

Protein reagents 

The following commercial antibodies were used in the study: anti-Pcdh17, 

1:1000 (R&D Systems); anti-Pcdh10, 1:1000 (Sigma); anti-MEF2A, 1:1000 

(Santa Cruz Biotechnology); anti-MEF2D, 1:1000 (BD Biosciences); anti-PSD95, 

1:1000 (Santa Cruz Biotechnology); anti-synapsin I, 1:1000 (Abcam); anti-

tubulin, 1:10,000 (Abcam).  

 

Dissociated hippocampal and cortical cultures 

Embryonic cortical neurons were cultured from embryonic day 16.5 

(E16.5) mice. 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 3× with trypsin inhibitor, 

followed by 3 washes with plating medium consisting of DMEM (Life 

Technologies) supplemented with 10% fetal bovine serum (Life Technologies), 
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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 (Life Technologies) supplemented with B-

27 (Life Technologies), L-glutamine (Sigma), and 1% penicillin-streptomycin 

(Sigma) 24 h after plating. Postnatal hippocampal and cortical neurons were 

cultured from postnatal day 0 (P0) mice. Hippocampi or cortices were treated 

with 0.25% trypsin in HBSS (Life Technologies) for 10 min. The tissue was 

washed for a total of 3× with plating medium consisting of Neurobasal A medium 

(Life Technologies) supplemented with 10% fetal bovine serum (Life 

Technologies) and 1% L-glutamine (Sigma). Neurons were mechanically 

dissociated with a pipette and plated on poly-D-lysine (Sigma)-coated plates. One 

hr after plating, plates were washed 1× with Neurobasal A supplemented with B-

27 (Life Technologies) and 1% L-glutamine, and replaced with glial conditioned 

medium. 

 

Preparation of glial conditioned medium 

Glia were cultured from postnatal day 0 (P0) mice. Cortices were treated 

with 0.25% trypsin in HBSS (Life Technologies) for 10 min. The tissue was 

washed for a total of 3× with plating medium consisting of Neurobasal A medium 

(Life Technologies) supplemented with 10% fetal bovine serum (Life 
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Technologies) and 1% L-glutamine (Sigma). The tissue was mechanically 

dissociated with a pipette and plated onto non-coated T75 flasks. Once glia 

reached confluence, pure astrocyte cultures were prepared by vigorously rotating 

flasks for 24 hr at room temperature. Twenty-four hr following rotation, glial 

conditioned medium was prepared by adding Neurobasal A supplemented with B-

27 (Life Technologies) and 1% L-glutamine (Sigma) to glia for 48 hr. 

 

Organotypic slice cultures 

Hippocampal organotypic slices were culture from P6 mice of either sex 

following the protocol of (Stoppini et al., 1991). The mice were anesthetized with 

isoflurane and rapidly decapitated. The brains were extracted and placed in chilled 

dissection medium (10 mM HEPES, 1 mM CaCl2, 5 mM MgCl2, 10 mM 

dextrose, 4 mM Kcl, 26 mM NaHCO3, and 248 mM sucrose) oxygenated with 

95% O2/5% CO2. Hippocampi were dissected and sectioned coronally into 400-

µM-thick sections using a McIlwain tissue chopper. Slices were transferred onto 

porous Millicell membranes in a six well plate with 750 µL of medium (MEM 

(Life Technologies) with 20% adult horse serum, 1 mM L-glutamine, 0.0012% 

ascorbic acid, 1 mM CaCl2, 2 mM MgSO4, 12.87 mM dextrose, 5.25 mM 

NaHCO3, 30 mM HEPES, and 0.17 mM insulin, pH 7.28). Slices were maintained 

at this liquid-air interface at 37°C with 5% CO2. 
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HEK293 cell transfections and preparation of lentivirus 

To prepare lentivirus, HEK293T cells were transfected using 

Lipofectamine 2000 (Life Technologies). Cells were transfected with a lentiviral 

shRNA or overexpression plasmid and packaging vectors (MDLg, RSV-Rev, and 

VSVG). At 12 hr post-transfection, the medium was replaced with Neurobasal A 

(Life Technologies) supplemented with B-27 (Life Technologies) and 1% L-

glutamine (Sigma). At 36-40 hr post-transfection, the virus-containing supernatant 

was harvested. Dissociated neuron cultures were treated with virus at 2-3 DIV for 

12-16 hr.  

 

FMRP HITS-CLIP 

 WT dissociated cortical neuron cultures were transfected with 4-hydroxy-

tamoxifen (4OHT)-inducible, constitutively active MEF2 (MEF2-VP16-ERTM) at 

1 DIV using lentivirus. At 7 DIV, the neurons were treated with vehicle (0.1% 

EtOH) or 2.5 µM 4OHT for 3 or 6 hr to induce MEF2-dependent gene expression. 

Neurons were irradiated one time at 200 mJ/cm2, and lysed in 1 mL PXL buffer 

(10 cm dish). FMRP HITS-CLIP was performed as described in (Darnell et al., 

2011), with the following modifications. Prior to RNase treatment, lysates from 

crosslinked neurons were thawed on ice and homogenized using a Dounce 

homogenizer (three strokes). Samples were treated with RNAse cocktail (1:500 

dilution), and lysates were precleared as described in Protocol 2 (Darnell et al., 
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2011). The remaining steps were carried out as described in (Darnell et al., 2011). 

Sequencing was performed using an Illumina HiSeq 2000 platform by the 

Rockefeller University Genomics Resource Center. Raw sequences were filtered 

and analyzed as described in (Darnell et al., 2011). 

 

RNA-seq 

	
   WT dissociated cortical neuron cultures were transfected with 4-hydroxy-

tamoxifen (4OHT)-inducible, constitutively active MEF2 (MEF2-VP16-ERTM) at 

1 DIV using lentivirus. At 7 DIV, the neurons were treated with vehicle (0.1% 

EtOH) or 2.5 µM 4OHT for 3 or 6 hr to induce MEF2-dependent gene expression. 

Neurons were harvested in PXL buffer, and samples were diluted 1:1 with 

RNAse-free water. For RNA extraction, samples were lysed with TRIzol LS (Life 

Technologies), and the RNA was precipitated with chloroform. Samples were 

prepared for high throughput sequencing with the Illumina Tru-Seq V2 kit 

including RiboMinus removal of rRNA according to manufacturer’s instructions. 

Samples were sequenced on an Illumina HiSeq 2000 platform. 

 

RNA isolation and reverse transcription 

Dissociated neuron cultures were lysed in TRIzol (Life Technologies), and 

the RNA was precipitated with chloroform (Sigma). The remaining steps were 

performed using the RNeasy Micro kit (Qiagen). The RNA concentration of each 
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sample was determined using a NanoDrop spectrophotometer and was reverse 

transcribed using the Superscript III First-Strand Synthesis System for RT-PCR 

(Life Technologies). 

 

Quantitative real-time PCR 

All primers were designed to amplify a 100-150 bp product. The primers 

used to amplify Pcdh17 RNA were 5’-GAACATCTGAAGTGCCCACA-3’ 

(forward) and 5’-TCATCCTCCTTTTTGCGTCT-3’ (reverse). The primers used 

to amplify Rgs2 RNA were 5’-GCAAGGGTGTTGACGTTCTT-3’ (forward) and 

5’-TTTGGCACTCGTAACAGACG-3’ (reverse). The primers used to amplify 

Gapdh RNA were 5’-AGGTCGGTGTGAACGGATTTG-3’ (forward) and 5’-

TGTAGACCATGTAGTTGAGGTCA-3’ (reverse). The reactions were 

performed using iTaq Universal SYBR Green Supermix (Bio-Rad) and the 

StepOnePlus Real-Time PCR System thermal cycler (Life Technologies). mRNA 

expression was determined by running reactions of 10 ng of cDNA. Fold changes 

relative to Gapdh were determined using the ΔΔCt method, in which the mean 

fold change (2-
ΔΔ

CtAVE) and SEM (abs(((2-
ΔΔ

CtAVE × 2-
ΔΔ

CtSEM) – (2-
ΔΔ

CtAVE/2-

ΔΔ
CtSEM))/2)) were determined. 
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Western blotting 

Samples were run on SDS-PAGE gels and transferred to PVDF membrane 

(Millipore). The membranes were blocked in 10% milk for 1 hr and probed with 

1° antibody for 2 hr at room temperature or overnight at 4°C. The membranes 

were then incubated with 2° antibody (1:10,000 G α R, G α M, or R α G, Jackson 

ImmunoResearch Laboratories) for 1 hr at room temperature and developed with 

a homemade enzymatic chemiluminescence (ECL) solution or SuperSignal West 

Femto Chemiluminescent Substrate (Thermo Scientific). 

 

Synaptosome preparation 

Whole hippocampi were dissected from P15 mice of either sex and 

homogenized in buffer consisting of 7 mM Tris-HCl, 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 × g for 6 min at 4°C, 

resulting in the formation of a membrane fraction-containing pellet. The pellet 

was resuspended in homogenization buffer and layered onto a 5%/13% 

discontinuous Ficoll gradient. The sample was spun at 45,000 × 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 × g for 20 min at 4°C, and resuspended in ice-cold 

PBS. The postsynaptic density (PSD) was collected by homogenizing an aliquot 
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of the synaptosome fraction in homogenization buffer with 0.5% Triton X-100. 

The sample was vortexed repeatedly during a 15 min incubation on ice, then spun 

at 33,000 × g for 20 min at 4°C. The pellet that formed during the centrifugation 

was PSD. 

 

Biolistic transfection of organotypic slices 

Organotypic hippocampal slices were biolistically transfected at 5-6 DIV. 

Preparation of gold bullets and biolistic transfection procedure were performed 

using the Helios Gene Gun system (Bio-Rad) according to the manufacturer’s 

protocols. 

 

Dendritic spine imaging 

Organotypic hippocampal slice cultures were prepared from mice at P5-6, 

as described previously. At 5-6 DIV, slices were biolistically transfected with 

relevant constructs together with pAl-GFP, which expresses a myristoylated form 

of GFP to enhance filling of spines. After 48 hr, secondary apical dendrites (150-

200 µM from soma) of transfected CA1 neurons were imaged using a Zeiss LSM 

510 2-photon laser scanning microscope. Images were obtained using an 

excitation wavelength of 920 nm and a 63X 0.9 NA water immersion objective. 

An interval of 0.3 µM and pixel resolution of 2048×2048 was used to acquire Z-

stacks, generating images with pixel dimensions of 0.07×0.07×0.3 µM. For each 
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neuron, 1-2 regions of interest were acquired. All imaging experiments were 

performed blind to treatment. 

 

Intracellular recordings 

Simultaneous whole-cell recordings were obtained from CA1 pyramidal 

neurons in slice cultures visualized using IR-DIC and GFP fluorescence to 

identify transfected and non-transfected neurons (Pfeiffer and Huber, 2007). 

Recordings were made at 34°C in a submersion chamber perfused at 3 ml/min 

with artificial cerebrospinal fluid (ACSF) containing (in mM): 119 NaCl, 2.5 KCl, 

26 NaHCO3, 1 NaH2PO4, 11 D-Glucose, 3 CaCl2, 2 MgCl2, 0.1 picrotoxin, 

0.002 2-chloro-adenosine; 0.1% DMSO pH 7.28, 300 mOsm and saturated with 

95% O2/5%CO2. For evoked EPSC recordings, the ACSF was supplemented 

with 5 mM CPP as well. For evoked EPSC and mEPSC recordings, neurons were 

voltage clamped at -60 mV through whole cell recording pipettes (~4-6 MΩ) 

filled with an intracellular solution containing (in mM): 0.2 EGTA, 130 K-

Gluconate, 6 KCl, 3 NaCl, 10 HEPES, 2 QX-314, 4 ATP-Mg, 0.4 GTP-Na, 14 

phosphocreatine-Tris, pH7.2 adjusted by KOH, 290 mOsm.     

For mEPSC measurements, the ACSF was supplemented with 1 µM TTX. 

Synaptic responses were evoked by single bipolar electrode placed in stratum 

radiatum of area CA1 (along the Schaffer collaterals) 50-100 µm from the 

recorded neurons with monophasic current pulses (10-100 µA, 0.05-1 ms). Series 
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and input resistance were measured in voltage clamp with a 400-ms, –10 mV step 

from a –60 mV holding potential (filtered at 30 kHz, sampled at 50 kHz). Cells 

were only used for analysis if the series resistance was less than 30 MΩ and was 

stable throughout the experiment. Input resistance ranged from 50-700 MΩ. Data 

were not corrected for junction potential. No significant difference was observed 

between transfected and untransfected neurons in resting membrane potential or 

input resistance, indicating that overall neuronal health and subthreshold 

membrane conductances were unaffected by expression of shRNA. Synaptic 

currents were filtered at 2 kHz, acquired and digitized at 10 kHz on a PC using 

custom software (Labview; National Instruments, Austin, TX). mEPSCs were 

detected off-line using an automatic detection program (MiniAnalysis; 

Synaptosoft Inc, Decatur, Ga.) with a detection threshold set at a value greater 

than at least 4 S.D. of the noise values, followed by a subsequent round of visual 

confirmation. The detection threshold remained constant for the duration of each 

experiment. For evoked EPSCs shown in figures the stimulation artifact has been 

digitally removed for clarity. Significant differences between transfected and 

nontransfected neurons were determined using a paired t-test. 
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Results 

MEF2 and FMRP share a large overlap of targets  

FMRP is required for MEF2-induced synapse elimination, suggesting that 

MEF2 and FMRP coordinate control of the transcription and translation of mRNA 

targets that promote synapse pruning (Pfeiffer et al., 2010). To identify common 

transcript targets of MEF2 and FMRP, we utilized HITS-CLIP of FMRP (Darnell 

et al., 2011) with cortical neurons expressing activated MEF2. Briefly, WT 

dissociated cortical neuron cultures were transfected with 4-hydroxy-tamoxifen 

(4OHT)-inducible, constitutively active MEF2 (MEF2-VP16-ERTM) at 1 DIV 

using lentivirus. At 7 DIV, the neurons were treated with vehicle (0.1% EtOH) or 

2.5 µM 4OHT for 3 or 6 hr to induce MEF2-dependent gene expression. We 

established these specific stimulation time-points for two reasons: 1) we observe 

robust induction of well-known MEF2 targets, including Nur77, Rgs2, Nurr1, and 

Nor1 at 3 and 6 hr (Fig. 2 and data not shown), and 2) MEF2-VP16-ERTM causes 

a decrease in excitatory synapse number within 6-12 hr of 4OHT treatment, 

suggesting that the MEF2-induced transcripts that control the elimination of 

synapses are regulated in this time frame (Flavell et al., 2006). 

Following cross-linking of live neurons by UV radiation, the FMRP-RNA 

complexes were immunoprecipitated, and cross-linked RNAs were amplified by 

RT-PCR. The RNA identities and abundances were determined using RNA 

sequencing, and FMRP targets were identified with a stringent false discovery 
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rate of less than 1%. Importantly, in parallel with the samples processed for 

HITS-CLIP, we also processed parallel lysates for RNA sequencing to identify 

genes regulated by MEF2. Three completely independent experiments were 

performed and combined to generate the final data sets for the HITS-CLIP and 

RNA-seq studies. 

The HITS-CLIP experiment allowed us to discern two pieces of 

information: 1) identify if an mRNA was a significant target of FMRP, and 2) 

determine if the abundance of an mRNA associated with FMRP was altered upon 

activation of MEF2-dependent gene expression. Analysis of the HITS-CLIP 

studies revealed that 627 mRNAs were significant targets of FMRP in neuron 

cultures. Previously, Darnell et al. identified 842 FMRP targets in seven 

independent in vivo experiments using HITS-CLIP (Darnell et al., 2011). 

Comparison of results from the in vitro and in vivo HITS-CLIP studies described 

a large overlap of FMRP-associated mRNAs between the two preparations (Fig. 

4.1A), and indicated that that we have successfully identified FMRP-associated 

mRNAs in neuron cultures. To identify the overlap of targets shared by MEF2 

and FMRP, we compared results from the in vitro FMRP HITS-CLIP and RNA-

seq studies. FMRP and MEF2 share a large overlap of targets, as approximately 

25% of FMRP targets are induced >1.2-fold by MEF2 (Fig. 4.1B), supporting the 

hypothesis that MEF2 and FMRP function to co-regulate a large fraction of 

common transcripts. 
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Using a false discovery of less than 5%, 32 and 18 transcripts were 

differentially bound to FMRP following 3 and 6 hr of 4OHT-induced MEF2 

transcription, respectively (Tables 4.1 and 4.2). Interestingly, the vast majority of 

these mRNAs exhibited reduced binding to FMRP, with only 5 of the 50 total 

regulated transcripts having an increased association with FMRP following MEF2 

activation. As FMRP is hypothesized to translationally repress many of its 

targeted transcripts, these findings may suggest that FMRP is disassociating from 

these mRNAs to permit their translation. It also proposes the interesting 

possibility that MEF2 activation causes FMRP to release a subset of associated 

mRNAs, possibly to promote their conversion to new proteins. How MEF2 

activation causes changes in FMRP binding to mRNAs, or the importance of this 

observed regulation, is not clear. Future studies will be necessary to probe these 

interesting questions. 

 

Non-clustered protocadherins of the δ2 subfamily are common targets of MEF2 

and FMRP 

After discovering that MEF2 and FMRP share several common targets, we 

next sought to identify and examine requirement of specific candidates for MEF2-

induced synapse elimination. In closely analyzing the HITS-CLIP data, we 

observed that several members of the δ2 subfamily of non-clustered 

protocadherins, including Pcdh10, 17, and 19, were targeted by FMRP. Of these, 
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Pcdh17 and Pcdh19 were also induced by MEF2, to 1.37- and 1.34-fold, 

respectively. These findings were particularly remarkable, as many δ2 non-

clustered protocadherins have been linked with autism, schizophrenia, and drug 

abuse (Dean et al., 2007; Kim et al., 2011; Piton et al., 2011; Prasad et al., 2012; 

Tsai et al., 2012; Yasuda et al., 2007). Furthermore, members of the δ2 

protocadherin subfamily, including Pcdh8 and Pcdh10, regulate activity-

dependent synapse elimination (Tsai et al., 2012; Yasuda et al., 2007). In 

examining whether binding of these protocadherins to FMRP was regulated in the 

context of MEF2 activation, we observed that the abundance of Pcdh17 mRNA 

associated with FMRP following MEF2 activation began to decline at 3 hr of 

4OHT stimulation, and was further reduced (0.73-fold) after 6 hr of 4OHT 

treatment. While statistical analysis of the abundance of Pcdh17 bound to FMRP 

following 4OHT stimulation (6 hr) did not reach significance, a strong trend was 

observed (p=0.10), which suggests that binding of Pcdh17 transcript to FMRP 

may be a MEF2-regulated association. Association of FMRP with Pcdh19 was not 

altered following MEF2 activation. 

 

Pcdh17 colocalizes with excitatory synaptic proteins in the hippocampus 

Pcdh17 is induced by MEF2 activation, is a target of FMRP, and may 

show a reduced association with FMRP following activation of MEF2. We 

therefore speculated that Pcdh17 might be required for MEF2-induced excitatory 
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synapse elimination in the hippocampus. To this end, we first analyzed protein 

levels of Pcdh17 over a time course of development, including the ages during 

which robust synaptogenesis and synapse remodeling are occurring. We found 

that Pcdh17 is expressed during early postnatal development (P4-P7), and that its 

levels increase at P14-P21 before beginning to decline at P28 (Fig. 4.2A). 

Interestingly, the time points in which Pcdh17 levels are increased coincide with 

the ages that MEF2A and MEF2D levels in the hippocampus are observed to 

elevate (P14-21). This is also a developmental time period during which neuronal 

activity is high, and we therefore might expect levels of MEF2 activity to be 

elevated. Overall, these data reveal that Pcdh17, as well as MEF2, are highly 

expressed in the developing hippocampus. 

 To examine whether Pcdh17 is localized near excitatory synapses, and 

therefore in a position to mediate the MEF2-induced effects on synapses, we 

performed a biochemical fractionation procedure to isolate synaptosomes, 

membranous fractions that are enriched for glutamatergic synaptic proteins. 

Synaptosomes were prepared from whole hippocampi of P15 mice, and western 

blotting was used to examine co-fractionation of Pcdh17 in the cellular fractions 

(Fig. 4.2B). Pcdh17 was strongly enriched in the P2 fraction containing non-

nuclear cell membrane proteins, and was partially enriched in the synaptosome 

(syn) fraction. To examine whether Pcdh17 is a component of the post-synaptic 

density (PSD), we performed detergent extraction of the synaptosome fraction 
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using 0.5% Triton X-100. Pcdh17 was partially extracted from the synaptosome 

fraction, indicating that a large amount of Pcdh17 is associated with the PSD. 

Overall, these data suggest that Pcdh17 is localized in synapse-containing 

fractions and is partially enriched in the PSD, therefore in a position to exert 

structural and functional effects on excitatory synapse structure and/or function. 

 

Pcdh17 expression is regulated by MEF2 and FMRP in hippocampal neurons 

 FMRP HITS-CLIP and RNA-sequencing experiments indicate that 

Pcdh17 mRNA is induced by MEF2, and also interacts with FMRP. However, it 

remains unclear whether Pcdh17 protein is increased resultant of the increase in 

MEF2-induced transcript abundance, and also whether Pcdh17 protein expression 

is modulated by FMRP. To more closely assess regulation of Pcdh17’s mRNA 

and protein by MEF2 and FMRP in neurons, we transfected dissociated 

hippocampal neuron cultures from WT or Fmr1 null mice (P0 + 2 DIV) with 

4OHT-inducible MEF2-VP16-ERTM using lentivirus. At 7-8 days following 

addition of virus, the neurons were treated with vehicle (0.1% EtOH) or 4OHT 

(2.5 µM) to induce MEF2-dependent gene transcription. For expression analyses 

described here comparing genotype and treatment conditions, all data are shown 

relative to the WT + vehicle (0.1% EtOH) condition.   

Using reverse transcription and qRT-PCR, we found no changes in 

Pcdh17 mRNA levels in either WT or Fmr1 KO mice upon a short 1 hr 4OHT 
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treatment (Fig. 4.3A), suggesting that longer stimulation lengths are required to 

observe regulation of MEF2-dependent gene transcription. However, a longer 

treatment length of 3 hr elicited a significant induction of Pcdh17 mRNA to 1.31-

fold over vehicle-treated conditions in both WT and Fmr1 KO neurons (Fig. 4.3A, 

WT: p<0.05, Two-way ANOVA; Fmr1 KO: p<0.05, Two-way ANOVA). The 

magnitude of Pcdh17 mRNA induction observed here is consistent with a 

previously reported study examining regulation of genes by MEF2-VP16-ERTM in 

hippocampal neuron cultures, which report a 44% increase in Pcdh17 mRNA 

expression following 2.5 hr 4OHT stimulation (Flavell et al., 2008). In our 

studies, Rgs2 served as a positive control, increasing by 53% and 58% with 3 hr 

of 4OHT treatment in WT and Fmr1 null neurons, respectively, (Fig. 4.3A, WT: 

p<0.01, Two-way ANOVA; Fmr1 KO: p<0.01, Two-way ANOVA). No 

differences were detected between WT and FMRP-deficient cultures in basal or 

MEF2-induced mRNA levels, indicating that FMRP does not regulate basal 

mRNA expression, mRNA stability, or MEF2’s ability to induce gene 

transcription in cultured neurons. The MEF2-induced elevation in Pcdh17 mRNA 

levels persists through at least 6 hr of 4OHT treatment, with levels in WT neurons 

increased to 1.36-fold in comparison to the vehicle-stimulated condition (Fig. 

4.3A, p<0.05, Two-way ANOVA). In contrast, the level of induced Rgs2 mRNA 

was reduced at this time point compared to a 3 hr 4OHT treatment. Together, 

these experiments show that Pcdh17 mRNA expression is stimulated by MEF2, 



	
   159	
  

and is a simultaneously robust and long-lasting induction. Furthermore, both basal 

and MEF2-induced Pcdh17 and Rgs2 mRNA levels are not regulated in FMRP-

deficient neurons, suggesting that FMRP does not modulate basal expression, or 

control the ability of MEF2 to induce expression of genes in dissociated neuron 

cultures, findings that are consistent with previously reported studies (Pfeiffer et 

al., 2010; Tsai et al., 2012). 

 Following the observation that Pcdh17 mRNA is induced by MEF2 

activation in both WT and FMRP-deficient neurons, we next wanted to assess 

whether an increase in Pcdh17 protein levels can be detected. Additionally, 

because Pcdh17 mRNA is targeted by FMRP, and FMRP is widely hypothesized 

to regulate the translation of its associated transcripts, it is important to examine 

for any regulation of the basal or MEF2-induced protein levels by the RNA 

binding protein. As previously performed, dissociated WT and Fmr1 null 

hippocampal neuron cultures were transfected with MEF2-VP16-ERTM using 

lentivirus (P0 + 2 DIV), and stimulated with vehicle (0.1% EtOH) or 4OHT at 9-

10 DIV. Since MEF2 stimulates increases in Pcdh17 mRNA with both 3 and 6 hr 

of 4OHT treatment, we hypothesized that elevations in Pcdh17 protein levels 

might be detected with a 4OHT treatment length of 3 or 6 hr. Western blot 

analyses revealed a trend towards a slight increase (~15%) in Pcdh17 protein 

levels following MEF2 activation (p=0.09) that may reach significance upon 

inclusion of more samples (Fig. 4.3B). Experiments are also underway to 
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determine whether an increased length of MEF2 activation (specifically, 9 hr 

4OHT treatment) may yield further enhancement of Pcdh17 protein levels. 

Interestingly, a difference is detected between Pcdh17 protein expression in WT 

and Fmr1 KO cultures in the 6 hr vehicle-treated control condition (Fig. 4.3B). 

Specifically, Pcdh17 protein was increased in FMRP-deficient neurons by 30% 

compared to WT, findings that may support a role for FMRP in the translational 

regulation of Pcdh17. However, in neuron cultures exposed to vehicle or 4OHT 

stimulation for 3 hr (Fig. 4.3B), there are no differences between Pcdh17 protein 

levels in WT and Fmr1 KO cultures, suggesting that any regulation of Pcdh17 

expression by FMRP may not be detected using these procedures and indicating 

the need for additional experiments.  

 Modulation of Pcdh17 protein expression by FMRP was also examined in 

vivo. Toward this end, whole hippocampal lysates were prepared from WT and 

Fmr1 null mice of ages P12-P14 or P18-P20 and Western blot analysis was 

performed (Fig. 4.3C). No differences between Pcdh17 protein levels in WT and 

FMRP-deficient hippocampi were perceived at these ages, indicating that any 

FMRP-dependent regulation of Pcdh17 protein in vivo is not apparent using these 

experimental procedures. The possibility exists that we may be able to detect 

differences in specific subcellular fractions of the neuron that cannot be discerned 

in total cell lysates. Indeed, it has been previously reported that expression of Arc 

protein in Fmr1 KO neurons is specifically enhanced in dendrites, an observation 
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that can be detected with immunocytochemistry (Niere et al., 2012). Experiments 

to investigate the possibility that Pcdh17 protein levels will be specifically 

controlled by FMRP at the synapse include the preparation of synaptosome 

fractions or immunostaining of dendrites. 

 

Pcdh17 is not required for basal structural or functional glutamatergic synapse 

number in CA1 pyramidal neurons 

 MEF2 is a critical negative regulator of excitatory synapse number, 

eliciting a complex transcriptional program hypothesized to result in the pruning 

of synapses in neurons. FMRP was recently found to be required for MEF2-

induced synapse elimination, suggesting that MEF2-induced transcripts 

specifically targeted and regulated by FMRP may be mediating the MEF2-

dependent removal of synapses. Since (1) Pcdh17 mRNA is induced by MEF2 

activation (2) Pcdh17 mRNA is targeted and may be regulated by FMRP, and (3) 

Pcdh17 is enriched in excitatory synaptic fractions, we hypothesized that Pcdh17 

may be required for the pruning of excitatory synapses downstream of MEF2 

activation. 

 To begin testing this idea, we first examined whether manipulation of 

Pcdh17 levels is sufficient to regulate synapse number in neurons. To determine 

the effect of Pcdh17 knockdown on dendritic spine density and functional synapse 

measures, we first test candidate shRNAs that were predicted to selectively target 
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Pcdh17 for RISC-mediated degradation. Five different shRNA constructs were 

evaluated for their efficacy and specificity in reducing Pcdh17 protein levels by 

preparing lentivirus for transfection of dissociated hippocampal neurons. After 

only 72 hr after addition of lentivirus-shRNA, three shRNAs reduced Pcdh17 

protein levels, but only one shRNA reduced Pcdh17 protein (~80%) while not 

affecting protein levels of closely related family members, Pcdh10 (Fig. 4.4A) 

and Pcdh9 (data not shown).  

The shRNA targeting Pcdh17 was introduced into hippocampal 

organotypic slices (P6 + 4-6 DIV) together with a myristoylated form of GFP 

using biolistic transfection. After 40-48 hr of expression, 2-photon live-cell 

imaging of dendritic spines or whole-cell patch clamp recordings was performed 

to assess changes in structural and functional synapse properties. For 2-photon 

studies, organotypic hippocampal slices were biolistically transfected with 

Pcdh17 shRNA and a myristoylated form of GFP, to allow for enhanced imaging 

of dendritic spines. After 40-48 hr, secondary apical dendrites of Pcdh17- and 

vector-expressing CA1 pyramidal neurons were imaged. Knockdown of Pcdh17 

did not affect overall dendritic spine density, or density of specific spine subtypes 

(stubby, mushroom, and thin) in hippocampal CA1 pyramidal neurons (Fig. 

4.4B). 

In line with these findings, knocking down Pcdh17 did not elicit changes 

in mEPSC frequency or evoked AMPA receptor EPSC amplitude, measures of 
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functional synapse number (Fig. 4.4C). Further analyses revealed that reducing 

Pcdh17 did not alter mEPSC amplitude or paired pulse ratio (PPF), suggesting 

that no modifications in individual synapse strength or presynaptic release 

probability, respectively, were apparent (Fig. 4.4C). Overall, findings from the 2-

photon imaging and electrophysiology studies provide evidence that Pcdh17 is not 

necessary for normal dendritic spine density, functional synapse number and 

strength, and presynaptic vesicle release probability in hippocampal pyramidal 

neurons.  

 

Pcdh17 is required for MEF2-induced dendritic spine elimination in CA1 

pyramidal neurons 

 Pcdh17 is not required for basal dendritic spine density or functional 

synapse number in hippocampus, but it may have a role in regulating MEF2-

dependent structural synapse pruning. Toward this end, we co-expressed the 

Pcdh17 shRNA together with GFP and 4OHT-inducible MEF2-VP16, and 

assessed effects on dendritic spine density of transfected CA1 pyramidal neurons. 

While active MEF2 caused a reduction in the density of dendritic spines, reducing 

Pcdh17 levels blocked the MEF2-induced decrease in spine density, supporting a 

role for Pcdh17 in MEF2-induced elimination of synapses (Fig. 4.5). The next 

critical step is to validate that the synapse elimination phenotype can be rescued 

by expression of an shRNA-insensitive Pcdh17 construct. This will verify that the 
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Pcdh17 shRNA is mediating its effects by reducing Pcdh17 levels, and is not 

blocking synapse pruning through off-target effects. Additionally, we will 

examine whether Pcdh17 is also necessary for MEF2-induced elimination of 

functional synapses by obtaining electrophysiology responses in transfected CA1 

hippocampal neurons. 

 

Discussion 

 Together, the studies reported here identify a large overlap of shared 

MEF2 and FMRP mRNAs, supporting the hypothesis that MEF2 and FMRP 

coordinate the regulation of common mRNA targets to confer synapse refinement. 

Interestingly, we observe that many members the δ2 subfamily of non-clustered 

protocadherins, which have been linked with autism, schizophrenia, drug abuse, 

and language delay, are represented among all overlapping transcripts. Focusing 

attention on one specific protocadherin, we find that Pcdh17, a synaptically 

localized protein, is targeted for regulation by MEF2 and FMRP, and is necessary 

for MEF2-induced synapse pruning. Several key experiments remain to verify a 

role for Pcdh17 in MEF-triggered structural and functional synapse elimination, 

and to uncover the molecular and cellular mechanisms by which Pcdh17 controls 

MEF2-dependent synapse elimination.  

 Here, we report that expression of a shRNA targeting Pcdh17 in 

hippocampal CA1 neurons blocks MEF2-induced dendritic spine elimination, 
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suggesting that Pcdh17 is necessary for MEF2-dependent synapse pruning; 

however, key future experiments are necessary to support a role for Pcdh17 in this 

process. The initial immediate step will be to confirm that shRNA-mediated 

Pcdh17 knockdown, and not off-target effects of the short hairpin, is responsible 

for blocking MEF2-induced synapse elimination. This will be achieved by co-

expressing an shRNA-insensitive Pcdh17 cDNA together with the inducible, 

constitutively active MEF2 and Pcdh17 shRNA constructs. A subsequent key step 

is to investigate whether in addition to its requirement in MEF2-dependent 

dendritic spine elimination, Pcdh17 is also necessary for MEF2-induced pruning 

of functional synapses. Toward this end, we will co-express the Pcdh17 shRNA 

together with constitutively active MEF2, following the protocols used for the 

structural spine studies. Effects on synapse number and function will be examined 

by obtaining spontaneous miniature EPSC and evoked EPSC responses. As with 

the dendritic spine experiments, we will rescue any effects observed with shRNA-

insensitive Pcdh17. Finally, we will also perform experiments to examine whether 

overexpression of Pcdh17 is sufficient to induce synapse elimination in the 

presence or absence of basal MEF2 activity. 

FMRP is required for MEF2-induced synapse elimination (Pfeiffer et al., 

2010), suggesting that MEF2 and FMRP coordinate transcriptional and 

translational control of common mRNA targets that mediate MEF2-dependent 

synapse pruning. The comparison of the HITS-CLIP and RNA-seq experiments 
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support this hypothesis, as a large percentage of FMRP targets in cortical neuron 

cultures (approximately 25%) are induced to >1.2-fold by MEF2 activation. An 

interesting observation in the HITS-CLIP studies is that the majority (45/50 = 

90%) of mRNA targets that showing altered binding to FMRP following MEF2 

activation, specifically exhibited reduced binding to FMRP at both 3 and 6 hr 

4OHT stimulation time points. As FMRP is hypothesized to suppress the 

translation of its associated target mRNAs, this finding lends evidence that FMRP 

might disassociate from specific transcripts to permit their translation. 

Furthermore, this finding generates speculation that MEF2 may somehow 

stimulate the disassociation of FMRP from its bound mRNA targets, therefore 

promoting the expression of FMRP targets. Future investigational studies are 

necessary to explore these intriguing questions. 

Pcdh17 mRNA is 1) upregulated by MEF2 activity (Fig. 4.3 and Flavell et 

al., 2008), 2) targeted for association with FMRP, and 3) localized in CA1 

dendrites (Cajigas et al., 2012), suggesting that FMRP may regulate the local 

dendritic translation of MEF2-induced Pcdh17 mRNA to mediate synapse 

elimination. Additional experiments are necessary to examine the specific 

regulation of Pcdh17 protein by MEF2 and FMRP. MEF2 activity increases 

Pcdh17 mRNA levels by approximately 35% in neuronal total cell lysates, but 

whether this generates an increase in Pcdh17 protein levels is not yet known. 

Preliminary experiments indicate a trend towards a slight increase (15%) in 
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MEF2-stimulated total levels of Pcdh17 protein, and this effect may reach 

significance with the inclusion of more replicates, or with longer lengths of MEF2 

activation. Additionally, an enhancement of Pcdh17 protein levels may be more 

readily discerned in synaptic compartments, where we believe it is exerting its 

effects on synapses.  

A well-established mechanism that stimulates FMRP-dependent 

translation is the activation of group 1 (Gp1) metabotropic glutamate receptors 

(mGluRs), mGluR1 and mGluR5 (Bassell and Warren, 2008; Dictenberg et al., 

2008). Importantly, dendritic mGluR5 activity was recently reported to be 

necessary for MEF2-induced synapse elimination (Wilkerson et al., 2014). To 

determine if dendritic Pcdh17 translation is regulated by mGluR5 and FMRP, we 

will perfuse dendrites of MEF2-VP16-ERTM-expressing WT and Fmr1 KO 

hippocampal neurons in microfluidic culture chambers with inhibitors of 

translation or mGluR5, and examine effects on Pcdh17 protein levels. To examine 

if dendritic Pcdh17 is necessary for the removal of synapses triggered by MEF2, 

we will incubate the dendrites with a Pcdh17 siRNA or anti-sense oligo, and 

assess MEF2-induced decreases in synaptic markers using immunocytochemistry. 

An important note is that the specific regulation of Pcdh17 levels by MEF2 and 

FMRP may not be necessary for the MEF2-induced synapse elimination process. 

Rather, MEF2 may promote synapse elimination via a mechanism that requires 
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Pcdh17, but the regulation of Pcdh17 by MEF2 and FMRP may not be required 

for that function. 

In the future, it will be crucial to delineate the molecular and cellular 

mechanisms by which Pcdh17 controls MEF2-induced elimination of synapses. 

Studies report that the autism-linked δ2 protocadherins Pcdh8 and Pcdh10 also 

mediate activity-dependent excitatory synapse removal, evoking the possibility 

that Pcdh17 may act as a negative regulator through similar processes. Yasuda 

and colleagues discovered that Pcdh8 interacts with and is required for the 

endocytosis of N-cadherin that occurs in response to depolarization or increased 

cAMP levels (Yasuda et al., 2007). Detailed analysis revealed that homophilic 

binding of Pcdh8, in cis or in trans, induces the recruitment of p38MAPK to its 

C-terminus, thereby stimulating N-cadherin endocytosis and subsequent synapse 

loss. Pcdh10 was also recently implicated in the process of activity-dependent 

synapse elimination, in a study reporting a requirement for Pcdh10 in MEF2-

induced pruning of excitatory synapses (Tsai et al., 2012). Detailed experimental 

analyses indicated that MEF2 induces the ubiquitination and subsequent 

degradation of PSD-95, and that degradation of PSD-95 requires Pcdh10 to 

facilitate its delivery to the proteasome.  

Insight into Pcdh17’s functional mechanisms may be gained through a 

careful examination of its structure and binding motifs. Interestingly, recent 

studies reveal that two δ2 protocadherins, PCDH10 and PCDH19, interact with 
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the WAVE regulatory complex (WRC), a complex that controls actin cytoskeletal 

dynamics by inducing the actin-nucleating activity of the Arp2/3 complex (Chen 

et al., 2014). The study identified a novel conserved peptide motif, WRC 

interacting receptor sequence, that binds the WRC and is possessed by all δ2 

protocadherins, revealing an intriguing mechanism through which δ2 

protocadherins may regulate the actin cytoskeleton to effect changes in synapse 

plasticity.  

Taken together, the studies described here support the coordinated efforts 

of MEF2 and FMRP in the regulation of mRNA targets that control synapse 

pruning. Findings specifically introduce a novel role for Pcdh17, a common target 

of MEF2 and FMRP, in MEF2-induced elimination of synapses. Ongoing 

experiments are examining the molecular and cellular processes by which Pcdh17 

mediates this process. 
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Figure 4.1. MEF2 and FMRP share a large overlap of targets. 

 

 
 
 
Figure 4.1. MEF2 and FMRP share a large overlap of targets. A, Venn 
diagram illustrating the overlap between FMRP targets identified with in vitro 
dissociated cortical neuron cultures and in vivo hippocampal tissue (Darnell et al., 
2011). B, Venn diagram presenting the overlap between FMRP targets and genes 
whose expression is upregulated >1.2-fold following MEF2 activation. 
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Figure 4.2. Pcdh17 colozalizes with excitatory synaptic proteins in the 
hippocampus. 

 

 
 
Figure 4.2. Pcdh17 colocalizes with excitatory synaptic proteins in the 
hippocampus. A, Timecourse of Pcdh17 protein expression in whole hippocampi 
from WT mice of ages ranging from P4 through P60. B, Synaptosomes were 
prepared from whole hippocampi of P15 mice. Pcdh17 colocalized to the 
membrane (P2) and synaptosome fractions. S1, total hippocampal homogenate 
with nuclei removed; S2, cytosol; P2, crude membrane 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. 
Synaptosome fractions were blotted with anti-Pcdh17, anti-PSD-95, anti-
Synapsin1, and anti-Tubulin antibodies. 
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Figure 4.3. Analysis of Pcdh17 mRNA and protein regulation by MEF2 and 
FMRP in neurons. 

 



	
   173	
  

Figure 4.3. Analysis of Pcdh17 mRNA and protein regulation by MEF2 and 
FMRP in neurons. A1, Dissociated WT or Fmr1 KO hippocampal neurons 
cultured at P0 were transfected with MEF2-VP16-ERTM using lentivirus at 2 DIV. 
At 9-10 DIV, neurons were stimulated with vehicle (0.1% EtOH) or 4OHT (2.5 
µM) for 1 hr. Expression of Pcdh10 and Rgs2 mRNA was determined using real-
time qPCR. Results were normalized to Gapdh mRNA levels. A2, WT or Fmr1 
KO hippocampal neurons were cultured and transfected as in A1. At 9-10 DIV, 
neurons were stimulated with vehicle (0.1% EtOH) or 4OHT (2.5 µM) for 3 hr. 
Expression of Pcdh10 and Rgs2 mRNA was determined using real-time qPCR. 
Results were normalized to Gapdh mRNA levels (*p<0.05, **p<0.01, Two-way 
ANOVA). A3, WT or Fmr1 KO hippocampal neurons were cultured and 
transfected as in A1. At 9-10 DIV, neurons were stimulated with vehicle (0.1% 
EtOH) or 4OHT (2.5 µM) for 6 hr. Expression of Pcdh10 and Rgs2 mRNA was 
determined using real-time qPCR. Results were normalized to Gapdh mRNA 
levels (*p<0.05, Two-way ANOVA). B1, WT or Fmr1 KO hippocampal neurons 
were cultured and transfected as in A. At 9-10 DIV, neurons were stimulated with 
vehicle or 4OHT (2.5 µM) for 3 hr, and samples were lysed. Total cell lysates 
were blotted with anti-Pcdh17 and anti-Tubulin antibodies. B2, WT or Fmr1 KO 
hippocampal neurons were cultured and transfected as in A. At 9-10 DIV, neurons 
were stimulated with vehicle or 4OHT (2.5 µM) for 6 hr, and samples were lysed. 
Total cell lysates were blotted with anti-Pcdh17 and anti-Tubulin antibodies 
(*p<0.05, Two-way ANOVA). C, Western blots of whole hippocampi from P12-
14 WT or Fmr1 KO mice (left) and P18-20 WT or Fmr1 KO mice (right). Lysates 
were blotted with anti-Pcdh17 and anti-Tubulin antibodies. 
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Figure 4.4. Pcdh17 knockdown does not affect excitatory synaptic number or 
function. 

 

 
 
Figure 4.4. Pcdh17 knockdown does not affect excitatory synaptic number or 
function. A, Dissociated cortical neurons cultured at P0 were transfected with 
Pcdh17 shRNA using lentivirus at 3 DIV. Lysates were prepared 72 hr following 
addition of virus. Western blot analyses of Pcdh17 and Pcdh10 protein expression 
are shown (left). (Right) Quantification of Pcdh17 and Pcdh10 protein levels 
following expression of Pcdh17 shRNA. Pcdh17 and Pcdh10 protein levels are 
normalized to tubulin, and quantification of knockdown is indicated as percent 
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expression relative to control. The shRNA decreases Pcdh17 protein levels by 
80%, without affecting levels of Pcdh10 protein. B1 and B2, WT hippocampal 
organotypic slices were prepared at P6, and transfected with Pcdh17 shRNA at 5-
6 DIV. B1, Pcdh17 shRNA does not affect total dendritic spine density of CA1 
pyramidal neurons. (Right) Representative images of apical dendrites from WT 
CA1 pyramdical neurons transfected with GFP alone or Pcdh17 + GFP for 48 hr. 
B2, Pcdh17 shRNA does not affect density of dendritic spine subtypes (stubby, 
thin, mushroom). C1 and C2, WT hippocampal organotypic slices were prepared 
at P6, and transfected with Pcdh17 shRNA at 5-6 DIV. Electrophysiology 
recordings from untransfected and transfected neurons in the same slice were 
performed at 48 hr post-transfection. Representative traces of mEPSCs (C1) and 
evoked AMPAR-mediated EPSCs (C2) are shown. C3, Average mEPSC 
frequency, mEPSC amplitude, evoked AMPAR-mediated EPSC amplitude, and 
paired pulse ratio from untransfected WT neurons and neighboring neurons 
transfected with Pcdh17 shRNA. 
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Figure 4.5. Pcdh17 is required for MEF2-induced dendritic spine 
elimination. 

 

 
 
Figure 4.5. Pcdh17 is required for MEF2-induced dendritic spine 
elimination. WT organotypic hippocampal slices were prepared at P6, and 
transfected with Pcdh17 shRNA + vector or Pcdh17 shRNA + MEF2-VP16-ERTM 
at 5-6 DIV. Slices were treated with vehicle or 4OHT (10 µM) 24 hr after 
transfection, and imaging was performed 24 hr later. Secondary apical dendrites 
from transfected CA1 pyramidal neurons were imaged (representative images 
shown, right). 
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Table 4.1. Results from HIT-CLIP studies (3 hr MEF2 activation). 

 
FMRP 
binding 
order 

 
Gene 

Avg 
number of 
tags EtOH 

Avg 
number of 
tags 4OHT 

Fold change 
FMRP 
binding 

 
t-test 

548 Snx13 2108 2368 1.12 0.002 
85 C330002I19Rik 7372 6186 0.84 0.005 
573 St8sia1 1774 1049 0.59 0.008 
16 Kif1b 17026 14895 0.87 0.011 
114 Rfx3 6196 4792 0.77 0.012 
546 Dchs1 2112 1406 0.67 0.014 
537 Epb4.1l1 2167 1799 0.83 0.018 
544 Auts2 2124 1219 0.57 0.018 
202 Prkce 4307 3168 0.74 0.021 
141 Mll1 5237 3965 0.76 0.021 
218 Zfp238 4061 3324 0.82 0.021 
589 Bclaf1 1856 2307 1.24 0.022 
39 Sox11 10817 6424 0.59 0.024 
58 Cugbp2 8255 6592 0.80 0.024 
132 Trio 5547 4192 0.76 0.025 
253 Smarca4 3623 2907 0.80 0.025 
170 Mprip 4707 4002 0.85 0.026 
516 Gnas 2235 1582 0.71 0.027 
203 Ckap5 4289 3130 0.73 0.028 
256 Lrp8 3590 2293 0.64 0.029 
580 Angel2 789 2215 2.81 0.029 
125 Zfp462 5747 3757 0.65 0.031 
3 Macf1 31286 28075 0.90 0.032 

494 Nucks1 2320 1521 0.66 0.034 
50 Ncam1 9199 7203 0.78 0.038 
40 Ccdc88a 10707 9026 0.84 0.040 
121 Camsap1l1 5902 6548 1.11 0.043 
468 Nufip2 2382 1949 0.82 0.046 
603 Rapgef1 1579 2171 1.38 0.046 
478 Lphn3 2387 1771 0.74 0.046 
215 Pank3 4078 3258 0.80 0.046 
562 Ccnd2 2055 1377 0.67 0.048 
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Table 4.1. Results from HITS-CLIP studies (3 hr MEF2 activation). 
Dissociated cortical neurons expressing MEF2-VP16-ERTM were stimulated with 
4OHT for 3 hr, and then exposed to UV radiation to crosslink FMRP-mRNA 
complexes. FMRP-mRNA complexes were immunoprecipitated, and RNA 
sequencing was performed to determine identities and abundances of FMRP-
bound mRNAs. Transcripts that exhibited differential binding to FMRP following 
MEF2 activation are shown (p<0.05). 
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Table	
  4.2. Results from HITS-CLIP studies (6 hr MEF2 activation). 

	
  
FMRP 
binding 
order 

 
Gene 

Avg 
number of 
tags EtOH 

Avg 
number of 
tags 4OHT 

Fold change 
FMRP 
binding 

 
t-test 

483 Nav2 3355 2518 0.75 0.002 
445 Pcdhgc3 2502 1991 0.80 0.006 
444 9030612M13Rik 2913 2199 0.76 0.010 
435 Kif2a 3274 2347 0.72 0.021 
440 Mapk6 3398 2336 0.69 0.021 
495 Atp2b1 3084 2449 0.79 0.024 
20 Spna2 17892 15030 0.84 0.025 
557 Atp2a2 2468 1914 0.78 0.029 
416 Mib1 3072 2074 0.68 0.031 
526 Acvr2a 1998 1397 0.70 0.032 
304 Brunol4 3466 2570 0.74 0.035 
133 Matr3 6638 5400 0.81 0.037 
11 Kif1a 20324 17840 0.88 0.039 
91 Enc1 7536 6213 0.82 0.041 
95 Mef2c 7004 5887 0.84 0.041 
430 Prickle2 2767 2145 0.78 0.042 
222 Rab6b 4828 4094 0.85 0.048 
544 Auts2 1809 1499 0.83 0.048 
 
Table 4.2. Results from HITS-CLIP studies (6 hr MEF2 activation). 
Dissociated cortical neurons expressing MEF2-VP16-ERTM were stimulated with 
4OHT for 6 hr, and then exposed to UV radiation to crosslink FMRP-mRNA 
complexes. FMRP-mRNA complexes were immunoprecipitated, and RNA 
sequencing was performed to determine identities and abundances of FMRP-
bound mRNAs. Transcripts that exhibited differential binding to FMRP following 
MEF2 activation are shown (p<0.05). 
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CHAPTER FIVE: Concluding Remarks and Recommendations for Future 

Studies 

 

 The development of appropriate synaptic connections in the brain is a 

dynamic process involving synapse formation, elimination, maintenance, and 

plasticity. Early in postnatal development, many neural circuits form excess 

synapses that undergo pruning during adolescence in a sensory- and activity-

dependent mechanism. Maintained synapses are also subject to experience-

dependent modifications that can result in their strengthening or weakening. 

Deficits in synapse formation and function are hypothesized to underlie numerous 

neurological disorders; however, the molecular and cellular underpinnings of 

synaptic dysfunctions and their downstream consequences remain poorly 

understood. 

BDNF and its high-affinity receptor, TrkB, are critical positive modulators 

of LTP, and emerging evidence suggests that BDNF/TrkB may facilitate LTP by 

inducing F-actin remodeling and morphological dynamics in dendritic spines. 

Indeed, BDNF-induced TrkB stimulates the activation of enzymes with well-

documented roles in the regulation of F-actin cytoskeletal remodeling; however, 

additional studies are necessary to understand the molecular mechanisms that link 

BDNF/TrkB with this signaling event, and downstream consequences on synapse 

plasticity. In Chapters Two and Three of this manuscript, I describe the 
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identification of a novel, essential role for Vav GEFs in mediating BDNF-induced 

hippocampal dendritic spine growth and LTP, and furthermore, report that Vav 

promotes normal learning and memory, and anxiety-associated behaviors in mice.  

More recently, the transcription factor MEF2 has emerged as a key 

regulator of synapse number and function. MEF2 proteins negatively regulate 

synapse number in vitro and in vivo, and recently, the RNA-binding protein 

FMRP was identified as an essential downstream component of MEF2-induced 

synapse pruning, revealing a common pathway through which MEF2 and FMRP 

promote the elimination of synapses. Critical experiments are necessary to 

delineate cellular and molecular mechanisms underlying this process. In Chapter 

Four, I investigate molecular mechanisms underlying MEF2- and FMRP-

dependent elimination of synapses, applying a specific focus on the identification 

of shared MEF2 and FMRP mRNA targets that mediate synapse removal. I report 

that Pcdh17, a common target of MEF2 and FMRP that is enriched at excitatory 

synapses, is necessary for MEF2-induced dendritic spine elimination of 

hippocampal CA1 neurons.  

Findings reported in this manuscript identify novel mechanisms 

underlying BDNF-dependent and MEF2-dependent regulation of synapses. 

However, future experiments remain to uncover the specific molecular and 

cellular processes through which Vav GEFs and MEF2 transcription factors 

control synapse plasticity. 
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Part One: Vav GEFs are Important Regulators of Synapse and Behavioral 

Plasticity 

Increasing evidence suggests that functional synapse plasticity is highly 

correlated with structural spine dynamics, especially for durable plasticity events, 

including LTP and LTD, which are correlated with dendritic spine enlargement 

and contraction, respectively (Cingolani and Goda, 2008; Dillon and Goda, 2005; 

Yuste and Bonhoeffer, 2001). BDNF and its cognate receptor, TrkB, are positive 

modulators of hippocampal CA3-CA1 TBS-LTP, and studies reveal that 

BDNF/TrkB may facilitate LTP in part through the modulation of F-actin 

remodeling enzymes and dendritic spine dynamics. Lines of evidence supporting 

this hypothesis include (1) Rho-GTPases, critical regulators of F-actin formation 

and cytoskeletal dynamics, are activated by BDNF-stimulated TrkB signaling 

(Huang and Reichardt, 2003), (2) BDNF promotes the formation of TBS-induced 

F-actin assembly in dendritic spines (Rex et al., 2007), (3) F-actin polymerization 

is required for hippocampal CA3-CA1 TBS-LTP (Chen et al., 1999; Kim and 

Lisman, 1999; Krucker et al., 2000), and (4) pairing local glutamate uncaging 

with postsynaptic spikes leads to long-lasting increases in dendritic spine head 

size through a mechanism that requires TrkB kinase-dependent signaling (Tanaka 

et al., 2008). 
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BDNF/TrkB signaling is hypothesized to facilitate functional and 

structural synapse plasticity events, in part, through the activation of Rho-family 

GTPases, modulators of F-actin formation and cytoskeletal dynamics (Luo, 2002; 

Tashiro and Yuste, 2004). GTPases act as molecular switches, cycling between 

inactive and active states, in which they are bound to GDP and GTP, respectively. 

GEFs activate GTPases by facilitating the exchange of GDP for GTP, while 

GAPs render GTPases inactive by accelerating the hydrolysis of GTP. The 

BDNF/TrkB-induced activation of Rho GTPases is a well-established signaling 

event (Huang and Reichardt, 2003); however, the molecular events that link 

BDNF/TrkB with Rho GTPase activation, and subsequent downstream 

consequences on synapse plasticity have not been well studied. 

Vav GEFs, which stimulate Rac1- and Cdc42-GTP formation, GTPases 

associated with dendritic spine formation and growth, are activated by several 

receptor tyrosine kinases, including Eph, FGF, and PDGF receptors (Abe et al., 

2000; Cowan et al., 2005; Kawakatsu et al., 2005; Marignani and Carpenter, 

2001). We speculated therefore that Vav GEFs might be activated by BDNF-

induced TrkB receptor signaling, and that they might regulate BDNF/TrkB-

dependent synaptic functions. In Chapter Two, we report that BDNF stimulates 

the transient tyrosine phosphorylation and activation of Vav in neurons, and that 

BDNF-induced Rac-GTP activation in hippocampal organotypic slices requires 

Vav GEFs. While Vav GEFs are not necessary for synapse number, they are 
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required for dendritic spine growth induced by stimulation with exogenous 

BDNF. Importantly, TBS-LTP is impaired in Vav-deficient hippocampal slices, 

suggesting that Vav-dependent F-actin remodeling may contribute to structural 

spine dynamics and functional plasticity. Experiments in HEK cells reveal that 

kinase-active TrkB activates Vav2 independently of the ERK/PI3-K- (Y490) and 

PLCγ (Y785)-interacting sites. A number of important questions remain regarding 

the role of Vav GEFs in BDNF-dependent structural and functional synapse 

plasticity. 

In general, our findings are consistent with the large body of work 

generated by the BDNF/TrkB field. Zhou and colleagues recently reported that 

PI3-K activity is not required for BDNF-induced activation of Rac in cerebellar 

granule cell precursors, supporting the idea that Rac activation is not downstream 

of PI3-K activity, but is a parallel signaling process necessary for cell 

morphological changes (Zhou et al., 2007). Additional studies report that 

phosphorylation of TrkB’s Y490 (ERK/PI3-K) is important for filopodial motility 

and hippocampal synaptogenesis (Luikart et al., 2008), but is dispensable for LTP 

induction (Gruart et al., 2007; Minichiello et al., 2002). Our findings are 

consistent with these observations, as TrkB Y490 is not necessary for 

BDNF/TrkB-dependent activation of Vav GEFs, which are required for LTP, but 

not synaptogenesis in the hippocampus. Interestingly, unlike TrkB knockout mice, 

CA1 neurons from brain-specific BDNF knockouts do not have a reduced 
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dendritic spine density. Rather, they exhibit fewer mushroom spines, more thin 

spines, and a concomitant impairment in CA3-CA1 LTP, indicating that TrkB 

may regulate dendritic spine number independently of BDNF in vivo, and 

furthermore, suggesting that BNDF-dependent LTP deficits do not result from 

dendritic spine and synapse loss (Rauskolb et al., 2010). 

Our findings link Vav GEFs to F-actin dynamics in dendritic spines and 

functional synapses, and furthermore, suggest a potential mechanism by which 

BDNF/TrkB signaling may contribute to hippocampal LTP. In the future, it will 

be important to determine the downstream signaling events and cellular processes 

by which Vav GEFs elicit these changes. We speculate here that Vav mediates 

BDNF-induced dendritic spine growth and LTP by promoting F-actin dynamics in 

spines; however, no studies were performed to examine the specific involvement 

of Vav GEFs in BDNF- or LTP-induced F-actin formation. By staining 

hippocampal slices with phalloidin, a mushroom toxin that binds F-actin, it is 

possible to examine whether Vav GEFs promote the enhancement of F-actin 

levels induced by exogenous BDNF treatment or LTP stimulation protocols in 

neurons. Results from this experiment would implicate a clearer link between Vav 

GEFs and BDNF-induced F-actin polymerization. An additional note of interest is 

that in the absence of Vav GEFs, significant residual BDNF-induced Rac-GTP 

activation remains, suggesting the contribution of other GEFs to BDNF-enhanced 

Rac-GTP levels, F-actin formation, and possibly BDNF-dependent plasticities. 
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Two studies have recently reported that the Rho GEF Tiam1 is activated by 

BDNF/TrkB and is required for BDNF-stimulated Rac-GTP in cortical and 

cerebellar granule cell precursors (Miyamoto et al., 2006; Zhou et al., 2007). 

These studies link deficient Tiam1-dependent F-actin remodeling with 

impairments in neurite outgrowth and cell migration in cortical neurons and 

cerebellar granule cell precursors, respectively. In light of these findings, we 

believe that Tiam1 may also be contributing to BDNF-induced Rac-GTP levels in 

our experiments presented here. 

BDNF induces transient Vav tyrosine phosphorylation and Rac-GTP 

production. As such, we hypothesize that Vav GEF signaling stimulates transient 

F-actin assembly, but that an independent, protein synthesis-dependent molecular 

process likely stabilizes the F-actin cytoskeleton and the maintenance of LTP. In 

line with these findings, we observe that treatment of hippocampal slices with 

exogenous BDNF induces rapid dendritic spine head growth, but that incubation 

with BDNF enhances, but is not sufficient to stimulate CA3-CA1 LTP. This 

observation lends evidence that BDNF-stimulated spine head enlargement may be 

permissive for LTP, but additional activity-dependent processes are necessary to 

induce and stabilize LTP. 

Findings reported here suggest that Vav acts postsynaptically to induce F-

actin dynamics and promote dendritic spine enlargement and hippocampal LTP. 

Because the mice used in these studies are total knockouts, we cannot rule out a 
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presynaptic contribution of the GEFs in the observed functional and structural 

synaptic deficits. An additional concern is that Vav2 and Vav3 mRNA and 

protein are expressed in glial astrocyte cultures, introducing the possibility that 

Vav-dependent functions in glia may contribute to the reported phenotypes. Also, 

any developmental aberrations formed prior to the synapse plasticities studied 

here at P15 may also impinge on or underlie these events. A potential experiment 

to address these concerns is to examine whether reducing Vav in the CA1 region 

of the hippocampus is sufficient to impair LTP. Notably, the development of a 

Vav conditional knockout mouse would be an important and invaluable tool to 

resolve the questions stated here, as well as address concerns relevant to Vav’s 

roles in behavioral regulation, presented in Chapter Three. 

On a mechanistic note, it is possible Vav GEFs may effect the synaptic 

events reported here by stimulating the endocytosis of the BDNF/TrkB receptor 

complex. Neuronal activity promotes BDNF-dependent TrkB receptor 

internalization, and unlike other receptors, in which endocytosis terminates 

growth factor signaling, the internalized TrkB receptor complex forms signaling 

endosomes with molecules such as PI3-K, MAPK, and PLCγ (Bhattacharyya et 

al., 1997; Riccio et al., 1997; Senger and Campenot, 1997; Sorkin and Waters, 

1993). No evidence describing a requirement for endocytosis of BDNF/TrkB for 

TBS-LTP or dendritic spine plasticity has been reported. However, BDNF/TrkB 

endocytosis is critical for promoting forward-signaling processes necessary for 
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BDNF-dependent neuronal survival and migration of cerebellar granule cell 

precursors (Valdez et al., 2005; Zhou et al., 2007). As Vav GEFs are known to be 

required for internalization of the ephrinA1/Eph receptor complex in retinal 

ganglion cells to promote Eph receptor forward signaling during axon guidance 

(Cowan et al., 2005), this suggests that Vav GEFs may also regulate BDNF/TrkB 

endocytosis to stimulate downstream plasticity effects. 

 Findings described above link Vav GEFs with hippocampal dendritic 

spine enlargement and LTP, prompting speculation that Vav-dependent synaptic 

functions may facilitate normal behavioral responses. To investigate this 

possibility, we evaluated Vav2- and Vav3-deficient mice for performance in 

various behavioral paradigms. We hypothesized that because Vav knockouts have 

impaired hippocampal LTP, a cellular substrate of learning and memory, that they 

might exhibit deficits in hippocampal-dependent learning tasks, including 

contextual fear conditioning and Morris water maze tests. Vav2-/-3-/- knockouts 

have impaired contextual but not cued fear conditioning, but demonstrate no 

changes in spatial navigation in the Morris water maze. Associative learning 

appears to be controlled by both Vav2 and Vav3 genes, as individual Vav GEF 

knockouts each displayed deficiencies in context-dependent fear conditioning. 

Vav GEFs are also necessary for behavioral responses related to anxiety, since 

Vav2-/-3-/- knockout mice additionally exhibited an anxiolytic phenotype in 

elevated plus maze and open field tests. Vav2 specifically promotes normal 
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anxiety responses, as anxiolytic behaviors were observed only in Vav2 knockouts. 

These findings demonstrate that Vav GEFs facilitate associative fear conditioning 

and promote anxiety-like behaviors in mice. 

 Two recent studies linking Vav GEFs with proper visual and motor circuit 

formation raise concerns that the behavioral deficits arise from visual or motor 

impairments (Cowan et al., 2005; Quevedo et al., 2010). Vav3-/- mice at five 

weeks of age have impaired motor coordination in the rotarod accelerating test 

and an abnormal pattern of paw overlap (Quevedo et al., 2010). These deficits are 

a hypothesized consequence of deficient Purkinje cell dendritic arborization and 

impaired granule cell survival and migration. By four months of age, the 

approximate age in which we performed our behavioral studies, these problems 

were corrected or significantly ameliorated. Additionally, mice used in our study 

were not hyper- or hypoactive, exhibited no gross motor coordination deficits, and 

displayed normal magnitudes of speed in all tasks assessed. An additional concern 

for analyses of behavioral performance of the Vav knockout mice is the potential 

for visual impairments, as a recent study reported impaired ipsilateral axon 

projections from RGCs to the dLGN in Vav2-/-3-/- mice (Cowan et al., 2005). 

However, our studies indicate that the Vav knockouts did not possess deficient 

vision, as overall, Vav single and double mutant mice exhibited learning of the 

platform location in the Morris water maze, and also easily located the escape 

platform when made visible. 
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 The hippocampus is necessary for contextual fear conditioning and is also 

involved with anxiety and stress. Our findings suggest that Vav-dependent 

structural and functional synapse dynamics in the hippocampus may facilitate 

normal contextual fear conditioning and anxiety in mice. However, because total 

knockout mice were used in these studies, Vav-dependent functions in other brain 

regions may also be contributing to these behaviors. Additionally, there could be a 

developmental role for Vav GEFs occurring prior to the reported deficits in 

dendritic spine and synapse plasticity that underlies or promotes the behavioral 

responses. One potential experiment to investigate this concern is to examine 

whether re-expressing and restoring Vav-dependent functions in the hippocampus 

is sufficient to rescue deficits in contextual fear conditioning and anxiety. Also, 

the generation and analysis of Vav conditional knockout mice would be an 

important tool to resolve these remaining questions and identify the specific 

circuitry by which Vav GEFs facilitate normal behavioral responses. 

 An interesting finding in these studies is that Vav2, but not Vav3 promotes 

anxiety-related behaviors in mice. Specifically, we observe that Vav2-/-3-/- mice 

have reduced anxiety, and further analysis of single knockouts indicates that 

Vav2, and not Vav3, mediates the anxiolytic phenotype. In the future it will be 

interesting to investigate the mechanisms by which Vav2 specifically controls 

anxiety-related behavior. One possibility may be differences in expression levels 

of Vav2 and Vav3 in brain circuitry that underlies anxiety. To date, a detailed 
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examination of Vav2 and Vav3 expression in specific brain regions has not been 

reported. It will thus be informative to investigate patterns of Vav2 and Vav3 

expression in the brain from development through adulthood, which may have 

implications for cellular and behavioral functions for Vav proteins. 

In this study, we hypothesized that Vav GEFs might mediate BDNF/TrkB-

dependent behaviors, and therefore, that Vav knockout mice would mimic 

behavior phenotypes that result from BDNF/TrkB deficiency. Similar to BDNF or 

TrkB knockouts, Vav-deficient mice have impaired contextual fear conditioning; 

however, Vav knockouts do not present with deficits in spatial navigation in the 

Morris water maze, unlike BDNF- or TrkB-deficient mice. Functions for the 

neurotrophin in modulating anxiety has not been as extensively studied and 

results are often inconsistent. While one study reports that heterozygous BDNF 

mice have increased anxiety in open field and elevated plus maze tests (Chen et 

al., 2006), a separate study describes that forebrain deletion of BDNF in mice 

leads to reduced anxiety in female mice in elevated plus maze and open field 

tests, with no differences observed in male mice (Monteggia et al., 2007). Here, 

we found that Vav2-/-3-/- mice have reduced anxiety in elevated plus maze and 

open field tests. Together, our results illustrate that Vav GEFs support a subset of 

behaviors controlled by BDNF/TrkB function, lending evidence that they may 

regulate these behaviors downstream of BDNF/TrkB signaling, but also indicating 

that they likely modulate other behaviors independently of BDNF/TrkB.  
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Here, we investigated a role for Vav GEFs in controlling learning and 

memory, as well as anxiety-related behaviors, but did not examine their 

involvement in other behavioral paradigms. As a recent GWAS links Vav3 with 

schizophrenia, it will interesting in the future to assess whether Vav GEFs control 

schizophrenia-related behaviors, including prepulse inhibition (PPI), latent 

inhibition, and social interaction. Regulation of Rac1 activation has also been 

demonstrated to control behaviors associated with addiction to cocaine, 

suggestive that GEFs may have a role in mediating behaviors induced by use of 

illicit drugs. Finally, analyses of depression-related behaviors in Vav-deficient 

mice may describe a role for the GEFs in regulating associated behaviors since 

anxiety and depression commonly exhibit comorbidity in human patients. 

In conclusion, the data provided in this study describe a novel, essential 

role for Vav GEFs in controlling BDNF-induced dendritic spine enlargement and 

CA3-CA1 LTP. Specifically, our findings suggest that Vav GEFs promote 

BDNF-dependent structural and functional plasticity by facilitating BDNF-

stimulated Rac-GTP activation and F-actin remodeling. Behavioral analysis of 

Vav knockout mice reveals that Vav deficiency leads to impaired hippocampal-

dependent contextual fear conditioning and anxiolytic responses. These results 

support a role for Vav GEFs in controlling learning and memory, and anxiety 

behaviors in mice, and suggest that their functions in neuronal development and 

plasticity may underlie these behaviors. 
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Part Two: Pcdh17, a Common Target of MEF2 and FMRP, is Required for 

MEF2-induced Synapse Pruning 

 MEF2 transcription factors promote activity-dependent synapse 

elimination in neurons in vitro and in vivo in molecular and cellular processes that 

are poorly understood (Barbosa et al., 2008; Flavell et al., 2006; Pfeiffer et al., 

2010; Pulipparacharuvil et al., 2008; Tsai et al., 2012; Wilkerson et al., 2014). 

The RNA binding protein FMRP was recently discovered to be required for 

MEF2-induced synapse pruning (Pfeiffer et al., 2010). Fragile X syndrome (FXS), 

the most prevalent inherited form of autism, results from loss-of-function 

mutations in FMRP and is characterized by several synaptic deficits, including 

increased excitatory synapse number (Bassell and Warren, 2008). FMRP controls 

synapse plasticity through translational regulation of its targeted transcripts, likely 

acting as a translational switch to suppress or permit mRNA translation (Bassell 

and Warren, 2008). 

Studies indicate that one-third of the synaptic proteome are FMRP targets, 

and approximately 50% of identified autism gene candidates are targets of FMRP, 

supporting the hypothesis that dysfunction in FMRP-dependent translation 

increases the risk of synapse dysfunction and autism (Darnell et al., 2011). 

Molecular and behavioral studies also link MEF2 with autism and intellectual 

disability. MEF2 regulates numerous candidate autism genes, including DIA1 
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(deleted in autism-1) and PCDH10 (protocadherin 10) (Flavell et al., 2008; 

Morrow et al., 2008). Importantly, several human patients with autism, mental 

retardation, and epilepsy are reported to have deletions in the MEF2C gene 

(Novara et al., 2010; Novara et al., 2013; Paciorkowski et al., 2013; Zweier et al., 

2010; Zweier and Rauch, 2012). 

Together, these studies suggest that MEF2 and FMRP coordinate 

transcriptional and translational control of common mRNAs to confer proper 

experience-dependent synapse refinement and brain function. To test this 

hypothesis, we utilized high throughput sequencing of RNA isolated by cross-

linking immunoprecipitation (HITS-CLIP) of FMRP to identify common targets 

of MEF2 and FMRP in neurons. We find a large overlap of MEF2-induced 

transcripts and FMRP-associated mRNAs, consistent with their shared roles in 

synapse elimination. Interestingly, a majority of the δ2 subfamily of non-clustered 

protocadherins are targets of both MEF2 and FMRP. Several of the δ2 

protocadherins, including Pcdh8, 9, 10 and 19 have been linked with autism, and 

Pcdh17 is implicated in schizophrenia and language delay (Dean et al., 2007; Kim 

et al., 2011; Morrow et al., 2008; Piton et al., 2011; Prasad et al., 2012). In our 

studies, we specifically observe that Pcdh17 mRNA is upregulated by MEF2, and 

that binding of the Pcdh17 transcript to FMRP is reduced following MEF2 

activation. Using shRNA-mediated RNAi, we find that Pcdh17 is necessary for 

MEF2-dependent dendritic spine elimination of CA1 pyramidal neurons. 
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Reducing Pcdh17 in the absence of MEF2 activity does not alter structural or 

functional glutamatergic synapses, suggesting that Pcdh17 does not alter basal 

synapse numbers. 

The studies presented here suggest a potential role for Pcdh17 in MEF2-

dependent synaptic connectivity; however, several future experiments are 

necessary to support a requirement for Pcdh17 MEF2-triggered synapse pruning. 

The initial immediate step will be to confirm that shRNA-mediated Pcdh17 

knockdown, and not off-target effects of the short hairpin, is responsible for 

blocking MEF2-induced synapse elimination. This will be achieved by co-

expressing an shRNA-insensitive Pcdh17 cDNA together with the constitutively 

active MEF2 and Pcdh17 shRNA constructs. A subsequent key step is to examine 

whether Pcdh17 controls MEF2-mediated elimination of functional synapse 

number. To test this, the Pcdh17 shRNA will be co-expressed with constitutively 

active MEF2, and electrophysiology recordings will be obtained to ascertain 

effects on excitatory synapse number and function. As with the MEF2-induced 

structural dendritic spine elimination experiments, we will rescue any effects 

observed with the shRNA-insensitive Pcdh17. 

FMRP is required for MEF2-triggered elimination of synapses (Pfeiffer et 

al., 2010), suggesting that MEF2 and FMRP coordinate transcriptional and 

translational control of common mRNA targets to promote appropriate synaptic 

refinement. Consistent with this idea, data from the HITS-CLIP and RNA-seq 
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experiments illustrate that MEF2 and FMRP share a large overlap of common 

gene transcript targets. Specifically, we observe that approximately 25% of 

FMRP’s targets are induced to >1.2-fold by MEF2, supporting the hypothesis that 

MEF2 and FMRP function in the same pathway and regulate expression of 

common transcripts to produce synaptic changes. A particularly interesting 

finding in the FMRP HITS-CLIP analysis is that 90% (45/50) of mRNA targets 

that exhibited significantly changed binding to FMRP following MEF2 activation 

specifically showed reduced association with FMRP. Considering FMRP’s widely 

hypothesized role as a translational suppressor, this observation suggests that 

FMRP is disassociating from the transcripts to allow their translation. 

Additionally, this finding raises the possibility that MEF2 may stimulate the 

disassociation of FMRP from its targets to promote expression of these 

transcripts. Future experiments are necessary to explore these interesting 

questions. 

 Pcdh17 mRNA is expressed in dendrites (Cajigas et al., 2012), is 

upregulated by MEF2 activity (Chapter 4 and (Flavell et al., 2008), and is targeted 

for association with FMRP. This suggests that FMRP may regulate the local 

dendritic translation of MEF2-induced transcripts that promote synapse removal. 

Additional experiments are necessary to examine the specific regulation of 

Pcdh17 protein by MEF2 activity and FMRP. MEF2 activity increases Pcdh17 

mRNA levels by approximately 35% in neuronal total cell lysates, but whether 
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this generates an increase in Pcdh17 protein levels is not yet known. Preliminary 

experiments indicate a trend towards a slight increase (15%) in MEF2-stimulated 

total levels of Pcdh17 protein, and this effect may reach significance with the 

inclusion of more replicates, or with longer lengths of MEF2 activation. 

Additionally, an enhancement of Pcdh17 protein levels may be more readily 

discerned in synaptic compartments, where we believe it is exerting its effects on 

synapses. A well-established mechanism that stimulates FMRP-dependent 

translation is the activation of group 1 (Gp1) metabotropic glutamate receptors 

(mGluRs), mGluR1 and mGluR5 (Bassell and Warren, 2008; Dictenberg et al., 

2008). Importantly, dendritic mGluR5 activity was recently reported to be 

necessary for MEF2-induced synapse elimination. It will therefore be interesting 

to determine if dendritic Pcdh17 translation is regulated by mGluR5 and FMRP, 

and if specific dendritic expression of Pcdh17 is necessary for the removal of 

synapses triggered by MEF2. An important note is that the specific regulation of 

Pcdh17 levels by MEF2 and FMRP may not be necessary for the MEF2-induced 

synapse elimination process. Rather, MEF2 may promote synapse elimination via 

a mechanism that requires Pcdh17, but the regulation of Pcdh17 by MEF2 and 

FMRP may not be required for that function. 

Our findings suggest that Pcdh17 is required for MEF2-induced excitatory 

synapse pruning. Critical future experiments are necessary to examine key 

molecular and cellular mechanisms by which Pcdh17 mediates MEF2- and 
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FMRP-dependent synapse elimination. Previous studies report that fellow δ2 

protocadherin family members Pcdh8 and Pcdh10 are necessary for activity-

dependent synapse pruning, evoking the possibility that Pcdh17 may regulate 

MEF2-dependent synaptic connectivity through related mechanisms. Specifically, 

Pcdh8 stimulates p38MAPK-dependent endocytosis of N-cadherin in response to 

depolarization, resulting in dendritic spine loss (Yasuda et al., 2007). Pcdh10 

promotes MEF2-triggered synapse pruning by facilitating the delivery of MEF2-

induced ubiquitinated PSD-95 to the proteasome (Tsai et al., 2012). A structural 

analysis of Pcdh17 may lend insight into its mechanistic properties. For example, 

Tsai and colleagues identified a highly conserved region of approximately 100 

amino acids in Pcdh10 that mediates an interaction with the proteasome. It will be 

interesting to determine whether the proteasome interacting region is conserved 

across δ2 protocadherins, including Pcdh17. Recently, a study identified a 

conserved perptide motif, the WAVE regulatory complex (WRC) interacting 

receptor sequence (WIRS), that is possessed by all δ2 protocadherins (Chen et al., 

2014). The WIRS mediates binding to the WRC, a complex that regulates actin 

cytoskeletal dynamics by controlling activity of the Arp2/3 complex. Together, 

these studies reveal mechanisms of δ2 protocadherin-mediated synapse control 

involving N-cadherin internalization, PSD-95 degradation, and actin cytoskeletal 

dynamics, through which Pcdh17 may potentially control MEF2-induced synapse 

elimination. 
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 Together, the findings described here support coordinated functions of 

MEF2 and FMRP in the transcriptional and translational regulation of shared 

mRNA targets that mediate synapse elimination, and specifically identify one 

gene transcript, Pcdh17, that is co-regulated by MEF2 and FMRP, and is 

necessary for MEF2-triggered pruning of synapses. Ongoing studies are 

examining the molecular and cellular mechanisms by which Pcdh17 mediates 

MEF2-dependent synapse elimination. 
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