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1. Abstract 

 Dendritic filopodia (DF) are thin, highly dynamic structures that project from neuronal 

dendrites. Once a DF finds and latches onto an axon from another neuron, the DF develops into 

the postsynaptic portion of a mature synapse. Synapses and their development from DF form the 

foundation of learning and memory and are implicated in many neurological diseases. The 

dynamics, morphology, and development of DF are heavily dependent on the actin reorganization 

within them. Because DF are composed of branched actin filaments, DF are distinct from 

conventional filopodia, which are composed of parallel, straight actin filaments. Thus, the actin 

regulation of DF is unique. This thesis will consider some of the proteins reported in the literature 

to be involved in actin regulation in DF, such as profilin, formins, the enabled (Ena)/vasodilator-

stimulated phosphoprotein (VASP) homology proteins, the actin-related protein 2/3 (Arp2/3) 

complex, metastasis suppressor 1 (MTSS1)/missing-in-metastasis (MIM), and actin-

depolymerizing factor (ADF)/cofilin, and synthesize the information to propose a comprehensive 

model of DF development. A deeper understanding of the regulation of DF can open the door for 

future research into the mechanisms of many diseases and new interventions and therapeutics for 

them. 

2. Introduction 

The brain is a complex and mysterious 

organ with different sections that has distinct 

functions. The cerebral cortex is the outer gray 

matter layer of the cerebrum that controls higher 

order function, such as reasoning, speech, and 

visual processing (Constable & Robinson & 

Figure 1 Dendritic filopodia (DF) are thin protrusions from 

a dendrite that scan their environment to look for an axon.  
Once it finds an axon, it develops into a synapse. Figure 

taken from (Ozcan, 2017). 
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Britannica, 2008). The hippocampus proper is important for learning and memory and contains 

three subdivisions: cornu ammonis (CA) 1, CA2, and CA3 (Amaral & Lavenex, 2006; Constable 

& Robinson & Britannica, 2008). The hippocampus consists of pyramidal neurons (Sprutson & 

McBain, 2006). Purkinje neurons are γ-aminobutyric acid (GABA)-ergic inhibitory neurons found 

in the cerebellum, which is the region of the brain that receives sensory input from the peripheral 

nervous system and coordinates muscle movement (Constable & Robinson & Britannica, 2008; 

Komuro et al., 2013). Neurons communicate with each other through synapses, which form the 

foundation of these neural functions. Before synapses form, precursor structures called dendritic 

filipodia (DF) branch off from the dendrites of the postsynaptic neuron to scan their surroundings 

for an axon of a presynaptic neuron (Figure 1) (Hotulainen & Hoogenraad, 2010; Ozcan, 2017). 

Once a DF finds an axon, the DF latches on, and signals from presynaptic neuron induce the DF 

to develop into a mature synapse (Figure 1) (Hotulainen & Hoogenraad, 2010; Ozcan, 2017). 

Aberrant synaptic connectivity forms the basis for many neurological diseases, including 

schizophrenia, autism spectrum disorder (ASD), fragile X syndrome, and intellectual disability 

(Cruz-Martín et al., 2010; Fromer et al., 2014; Gilman et al., 2011; Hori et al., 2020; Jia et al., 

2014; Law et al., 2014). An abnormal number of DF has been implicated in many diseases. For 

example, the DF in fragile X syndrome are longer, thinner, and more plentiful than normal and 

show a delay in the development of mature synapses (Comery et al., 1997; Cruz-Martín et al., 

2010). On the other hand, the spine density was significantly decreased in schizophrenia patients 

(Garey et al., 1998). These two differing pathologies show that a precise regulation of DF is 

essential for normal brain development and function. Thus, a deeper understanding of the 

regulation of DF can give a better insight into the mechanisms behind many diseases and may lead 

to new interventions and therapeutics for them. 
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While both DF and conventional filopodia 

from fibroblasts are comprised of actin, they differ 

in many aspects. DF consist of loosely aligned, 

branched actin, while conventional filopodia are 

comprised of tightly packed, straight actin bundles 

(Figure 2A) (Hotulainen & Hoogenraad, 2010; 

Korobova & Svitkina, 2010). The unique branched 

actin architecture of DF allows the thin spine head 

to fan out into a bulb shape as the DF matures into 

a synapse. This structure resembles lamellipodia, 

fan-like structures made of branched actin 

generally used for cell migration (Figure 2B) (T.D. 

Pollard & Borisy, 2003). However, the function 

and static nature of synaptic bulbs differ from dynamic lamellipodia. Because DF differ from both 

conventional filopodia and lamellipodia while sharing some morphological similarities, it is 

expected that DF will have different mechanisms and players of actin regulation from either 

conventional filopodia or lamellipodia while sharing some similarities. 

 This thesis will touch on the actin regulators in DF of neurons from higher order vertebrates, 

such as profilin, formins, the enabled (Ena)/vasodilator-stimulated phosphoprotein (VASP) 

homology proteins, the actin-related protein 2/3 (Arp2/3) complex, metastasis suppressor 1 

(MTSS1)/missing-in-metastasis (MIM), and actin-depolymerizing factor (ADF)/cofilin, while 

drawing comparisons to the actin regulation in conventional filopodia and lamellipodia. Finally, 

this thesis will seek to draw all the previously listed actin regulators into a cohesive model of actin 

Figure 2 (A) Contrast of actin architecture in a conventional 

filopodium vs DF. (B) Similarity of actin architecture in a 

lamellipodium vs mature dendritic spine. Figure taken from 
(Hotulainen & Hoogenraad, 2010). 



Ly 8 

regulation in DF of neurons from higher order vertebrates. 

3. Actin Regulators in Dendritic Filopodia 

3.1 Profilin 

 While profilin does not play a direct role in actin 

polymerization, it has an important role in priming actin 

to be polymerized by other actin polymerization factors, 

such as formins and the Ena/VASP proteins (Ferron et al., 

2007; Paul & Pollard, 2008). Actin has two forms: F-actin 

and G-actin (Goldschmidt-Clermont et al., 1992). G-actin 

is the globular, monomeric form and has two states: 

inactive ADP-bound G-actin and active ATP-bound G-

actin. Profilin is responsible for binding inactive ADP-bound G-actin and exchanging the ADP to 

ATP, thus facilitating a conversion to active ATP-bound G-actin (Figure 3A) (Goldschmidt-

Clermont et al., 1992). The active ATP-bound G-actin can bind an actin polymerization factor and 

get incorporated into the barbed ends of F-actin, which is the filamentous, polymeric form of actin 

(Thomas D. Pollard, 1986). 

 Profilin can also facilitate actin polymerization in a number of other ways as well. Because 

profilin can bind the barbed ends of F-actin, profilin can bind and recruit ATP-bound G-actin to 

the barbed ends of actin (Courtemanche & Pollard, 2013; Pernier et al., 2016). While this may 

increase the proximity of ATP-bound G-actin to the polymerization site, these studies also 

contradictorily indicate that profilin can compete with the actin polymerization factors and the 

WASP-Arp2/3 complex for the barbed ends of actin and inhibit actin polymerization and 

branching, respectively. Additionally, profilin also promotes actin polymerization by binding with 

Figure 3 Actin polymerization and 

depolymerization cycle. (A) Profilin functions to 

prime actin monomers for actin polymerization by 
facilitating exchange of ADP to ATP. (B) Cofilin 

functions to depolymerization actin filaments. 

Figure taken from (Goldschmidt-Clermont et al., 

1992). 
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the proline-rich regions of the Ena/VASP proteins and formins and delivering G-actin to them 

(Ferron et al., 2007; Paul & Pollard, 2008). Thus, profilin can act as a double-edged sword in actin 

polymerization with some amount necessary for actin polymerization, but a concentration that is 

too high may inhibit actin polymerization. 

 Profilin consists of four paralogs: profilin (PFN) 1, PFN2, PFN3, and PFN4, with 

alternative splicing of PFN2 yielding two isoforms: PFN2a and PFN2b (Murk et al., 2021). In 

mice, PFN1 is ubiquitously expressed throughout the whole body, including the brain, while 

PFN2a is only expressed in the brain (Witke et al., 1998). Knockdown of PFN1 using RNAi led 

to a reduction in the spine density in murine CA1 and CA3 hippocampal neurons (Michaelsen-

Preusse et al., 2016). Knockdown of PFN2a using RNAi also led to a decreased spine density in 

murine CA1 hippocampal neurons as well as decreased dendritic complexity (Michaelsen et al., 

2010). The same study shows that overexpression of PFN1 in PFN2a-deficient neurons restored 

the spine density but not the dendritic complexity. These results indicate that while the function of 

PFN2a is specific to dendrites, both PFN1 and PFN2a play a role in DF, even though one can 

compensate for the other. Compared to PFN2a, PFN1 has a higher binding affinity for 

phosphatidylinositol 4,5-bisphosphate (PIP2), which blocks profilin from binding to actin (Anja 

Lambrechts et al., 1997). PFN2a has been shown to have a higher binding affinity to formins, 

specifically DIAPH3, than PFN1 in brain lysates (Michaelsen et al., 2010). The Ena/VASP 

proteins have also been found to preferentially bind to PFN2a over PFN1 (Anja Lambrechts et al., 

1997; Witke et al., 1998), and the binding affinity increases even more so when profilin is already 

bound to actin (Ferron et al., 2007). These results show that PFN2a may act to deliver actin to the 

actin polymerization factors, formins and the Ena/VASP proteins, to assist with actin 

polymerization in DF. 
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3.2 Formins 

 Formins are a class of 

actin polymerizing and 

nucleatin g proteins that consist 

of a total of 15 mammalian 

paralogs divided into seven 

subfamilies: diaphanous 

(DIAPH1, DIAPH2, DIAPH3), 

dishevelled associated activator 

of morphogenesis (DAAM1, 

DAAM2), formin-like 

(FMNL1, FMNL2, FMNL3), 

formin homology 1/2 domain 

containing (FHOD1, FHOD3), inverted (INF2, formin homology 2 domain containing (FHDC1)), 

formin (FMN1, FMN2), and Grid2 interacting protein (GRID2IP) (Figure 4A) (Kawabata 

Galbraith & Kengaku, 2019). All 15 formin paralogs share formin homology domain 1 (FH1), 

which binds profilin with its proline-rich domain, and formin homology domain 2 (FH2), which 

plays a role in actin polymerization and formin dimerization (Figure 4A and 4C) (Kawabata 

Galbraith & Kengaku, 2019; Paul & Pollard, 2008). Besides FH1 and FH2, the different formin 

paralogs have different domains that hint at different functions and mechanisms of regulation that 

will be discussed later. 

In addition to regulating actin, formins can also regulate microtubules, another component 

of the cytoskeleton. Formins can directly bind with microtubules and regulate them via bundling 

Figure 4 Structure of formins. (A) All formins share the FH1 and FH2 domains. 

Different formins contain different domains, hinting at variability in actin regulation. 

(B) DID and DAD domains interact, resulting in intramolecular autoinhibition. (C)  
Model of formin dimerization and mechanism of actin polymerization. Figure taken 

from (Kawabata Galbraith & Kengaku, 2019). 
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and acetylation (Gaillard et al., 2011; Thurston et al., 2012). Experiments in which point mutations 

blocked the ability of formins to nucleate actin have shown that formins were still able to stabilize 

microtubule formation, suggesting that formins can regulate actin and microtubules independently 

(F. Bartolini & Gundersen, 2010; Francesca Bartolini et al., 2008). Formins can also mediate 

crosstalk between actin and microtubules. Constitutively active DIAPH1, created by truncating the 

N-terminus, induced HeLa cell elongation and actin-bundling, and microtubules also formed 

parallel to the actin bundles (Ishizaki et al., 2001). The same study also found that actin and 

microtubules both end at DIAPH1-enriched processes. Ishizaki et al., using point mutations to 

change three lysines in the FH2 region to alanine, also found that the actin bundles became 

disorganized, and there were no parallel microtubules. These results suggest DIAPH1 that 

regulates both actin and microtubules. Another study generated constitutively active FHOD1 by 

removing the C-terminal DAD domain, and they found that this constitutively active FHOD1 also 

led to the formation of actin and parallel alignment of microtubules in HeLa cells, similar to the 

results found by Ishizaki et al. (Gasteier et al., 2005). Thus, formins may act as an important link 

between the actin and microtubule cytoskeleton, given that they can regulate actin and 

microtubules independently or together. 

All fifteen mammalian formin paralogs have been found throughout the developing brain, 

and the expression of them vary throughout different regions of the brain and different periods of 

development (Dutta & Maiti, 2015; Human Protein Atlas, n.d.; Kawabata Galbraith & Kengaku, 

2019; Krainer et al., 2013; Uhlén et al., 2015). The following formin paralogs have been examined 

specifically in the context of DF development: DIAPH1, DIAPH3, DAAM1, FMNL2, FMN2, and 

GRID2IP. 

DIAPH1 and DIAPH3 belong to the diaphanous subfamily of formins. Formins in this 



Ly 12 

subfamily contain a GTPase-binding domain (GBD) and a diaphanous inhibitory domain (DID) 

on the N-terminus. DID binds to the diaphanous autoregulatory domain (DAD) on the C-terminus, 

resulting in autoinhibition (Kawabata Galbraith & Kengaku, 2019; Kühn & Geyer, 2014). This 

intramolecular autoinhibition can be released by the binding of a Rho family GTPase to the 

GTPase-Binding Domain (GBD) that disrupts the DID-DAD interaction (Figure 4A and 4B) 

(Goode & Eck, 2007; Higashi et al., 2008). Knockdown of DIAPH1 using shRNA led to an 

increase in the spine density in rat hippocampal neurons (Qu et al., 2017). On the other hand, 

knockdown of DIAPH3 using siRNA led to a decrease in the overall protrusion density with fewer 

lengthy DF and more stubby protrusions in mice hippocampal neurons (Hotulainen et al., 2009). 

The same study found that constitutively active DIAPH3 led to an increase in DF and that DIAPH3 

localizes to DF tips. DIAPH3 has been shown to bind to the profilin paralog PFN2a with higher 

binding affinity than PFN1 (Michaelsen et al., 2010). There is strong evidence to suspect that 

DIAPH3 may play a direct role in the actin regulation of DF, while DIAPH1 may regulate DF 

through other mechanisms. 

 DAAM1 belongs to the formin subfamily called the dishevelled associated activator of 

morphogenesis and exhibits similar autoregulation to the diaphanous subfamily of  formins (Goode 

& Eck, 2007; Higashi et al., 2008; Kawabata Galbraith & Kengaku, 2019; Kühn & Geyer, 2014). 

Unlike the DIAPHs, DAAMs can also be activated by Dishevelled (DVL), a member of the Wnt 

signaling pathway. In the noncanonical Wnt pathway, DVL2 activates DAAM1 by disrupting the 

DID-DAD interaction by binding to the DAD domain of DAAM1 (Liu et al., 2008). Additionally, 

DVL1, DVL2, and DVL3 can also activate Rho GTPase through their interaction with DAAM1 

to further  regulate the actin cytoskeleton (Habas et al., 2001; Tsuji et al., 2010). DAAM1 may 

also represent an interesting intersection between the Wnt signaling pathway and the Ephrin 
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signaling pathway. It has been shown that DAAM1, DVL2, and EphB receptors can form a ternary 

complex to mediate EphB endocytosis, which has also previously been shown to be linked to DF 

regulation (Kayser et al., 2008; Kida et al., 2007). In the context of DF, DAAM1 has been found 

in some, but not all, DF; instead, DAAM1 was mostly expressed in the dendritic shaft of mice 

Purkinje neurons and mice CA1 hippocampal neurons (Kawabata Galbraith et al., 2018; Salomon 

et al., 2008). These studies also found that overexpression of DAAM1 led to decreased DF density 

and increased length. DAAM1 also binds to the C-terminus of metastasis suppressor 1 (MTSS1, 

also known as MIM), a member of the inverse-Bin/Amphiphysin/Rvs domain (I-BAR) protein 

family responsible for binding and inducing an outward protrusion of the plasma membrane 

(Kawabata Galbraith et al., 2018). Kawabata Galbraith et al. also found that coexpression of 

DAAM1 and MTSS1 in mice Purkinje neurons resulted in a slowing of the actin polymeriztion 

activity and decreased distance travelled by DF, suggesting that MTSS1 may inhibit DAAM1. 

Unlike in DF, DAAM1 plays a role in bundling parallel actin filaments in conventional filopodia. 

Fascin, an actin-bundling protein found in conventional filopodia, recruits DAAM1 to the 

filopodia shaft to bundle actin filaments (Jaiswal et al., 2013). These results suggest that DAAM1 

may play a distinctive role in DF. 

 FMNL2 is a member of the formin-like subfamily, which has similar autoregulation to the 

DIAPHs and DAAMs (Block et al., 2012; Goode & Eck, 2007; Kawabata Galbraith & Kengaku, 

2019; Kühn & Geyer, 2014). Using mEOS-tagged FMNL2, Chazeau et al. found that FMNL2 

localized to the tips of DF in rat hippocampal neurons, where it is proposed that FMNL2 elongates 

F-actin tips (Chazeau et al., 2014). This suggests that FMNL2 may play a role in DF length, but 

further studies of FMNL2 in the context of DF have been limited. 

 FMN2 belongs to the formin subfamily of the general, overarching formins. Besides the 
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FH1 and FH2 domains, FMN2 lacks sequence similarity to the DIAPHs, DAAMs, and FMNLs, 

and FMN2 does not possess the DID-DAD autoregulation domains (Figure 4A) (Higgs & Peterson, 

2005; Kawabata Galbraith & Kengaku, 2019). An insufficient amount of functional FMN2 results 

in intellectual disability (Almuqbil et al., 2013; Law et al., 2014; Perrone et al., 2012). Furthermore, 

FMN2 has been linked to the regulation of DF. Knockout of FMN2 reduced DF density in mice 

CA2 hippocampal neurons (Law et al., 2014). DF length and velocity were not examined in this 

study. Law et al. also found reduced synaptic density in human IPSC-derived neural cells from 

patients with intellectual disability, suggesting that FMN2 may reduce DF density, which may lead 

to reduced synaptic density, which may lead to intellectual disability. 

 Finally, GRID2IP, also commonly known as Delphilin, is the sole member of its subfamily. 

Unlike all other formins, GRID2IP possesses a PDZ domain that allows GRID2IP to interact with 

the C-terminus of the glutamate receptor δ2 (GluRδ2) subunit (Figure 4A) (Matsuda et al., 2006; 

Miyagi et al., 2002; Yamashita et al., 2005). GluRδ2 is selectively expressed in cerebellar Purkinje 

neurons (Araki et al., 1993). Coincidentally, GRID2IP is most strongly expressed in the cerebellum, 

especially in Purkinje cells, although GRID2IP shows weak expression in other regions of the 

brain such as the cerebrum, brainstem, thalamus, the olfactory granular layer, and the lateral septal 

nuclei (Miyagi et al., 2002). There have been three splicing isoforms studied for GRID2IP: 

Delphilin α (also known as S-Delphilin), Delphilin β, and L-Delphilin. Delphilin α is palmitoylated 

at the N-terminus and localizes preferentially at dendritic spines of mice Purkinje and hippocampal 

neurons (Matsuda et al., 2006; Yamashita et al., 2005). Unlike Delphilin α, Delphilin β is not 

palmitoylated at the N-terminus and shows expression in dendritic spines as well as throughout 

the dendritic shaft in mice Purkinje neurons (Yamashita et al., 2005). This indicates that 

palmitoylation of the N-terminus may be responsible for concentrating Delphilin α at the dendritic 
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spines. L-Delphilin is not palmitoylated at the N-terminus and contains two PDZ domains at the 

N-terminus, unlike Delphilin α and Delphilin β, which only have one (Matsuda et al., 2006). 

Matsuda et al. found that L-Delphilin forms concentrated clusters throughout the dendritic shaft of 

mice hippocampal cells. These observations may be attributed to L-Delphilin’s second PDZ 

domain. While Matsuda et al. showed that palmitoylated Delphilin α enhances GluRδ2 localization 

at the cellular surface when both Delphilin α and GluRδ2 are exogenously expressed in HEK293T 

cells, there has been countering evidence that this may not be Delphilin α’s primary function in 

mice Purkinje neurons. Overexpression of Delphilin α or Delphilin β in mice Purkinje neurons did 

not appear to result in a significant effect on GluRδ2 distribution (Yamashita et al., 2005). 

Additionally, Delphilin knockout in Purkinje neurons did not result in a significant effect on 

GluRδ2 localization but did result in the facilitation of long-term depression (LTD) in mice 

Purkinje neurons (Takeuchi et al., 2008). Regarding actin, GRID2IP primarily acts as an actin 

nucleator, and GRID2IP binds to the barbed end of actin of filaments and inhibits elongation, 

similar to capping proteins (Dutta et al., 2017; Silkworth et al., 2018). Additionally, because 

GRID2IP lacks the DID-DAD autoregulation domains, it is unknown how GRID2IP is regulated 

in vivo (Higgs & Peterson, 2005; Silkworth et al., 2018). Although GRID2IP may play a role in 

modulating a postsynaptic response, it is also unknown how GRID2IP blocks GluRδ2’s 

downstream response of LTD. 

 Thus far, DIAPH1, DIAPH3, DAAM1, FMNL2, FMN2, and GRID2IP have been studied 

in the context of DF. Even so, some of these formin paralogs have not been well characterized in 

DF. Moreover, due to the diversity of the broad formin family, the subcellular localization and 

function of the formin paralogs have not been well characterized in neurons in general. Much work 

remains to be done to clarify the role of formins in DF. 
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3.3 Ena/VASP Homology Proteins 

The Ena/VASP protein family is 

comprised of Mammalian enabled 

(Mena), vasodilator-stimulated 

phosphoprotein (VASP), and Ena-Vasp-

like (EVL) in mammals. All Ena/VASP 

proteins share Ena/VASP Homology Domain 1 (EVH1), which is responsible for localizing the 

Ena/VASP proteins to focal adhesions through the (D/E)-FPPPP-X(D/E)(D/E) consensus 

sequence; a proline-rich region (PRR), which is responsible for binding profilin; and Ena/VASP 

Homology Domain 2 (EVH2), which is responsible for binding G- and F-actin and is involved in 

Ena/VASP tetramerization (Figure 5) (Bachmann et al., 1999; Ball et al., 2000; Ferron et al., 2007; 

Hüttelmaier et al., 1999; Niebuhr et al., 1997; Reinhard et al., 1995; Sechi & Wehland, 2004). 

Similar to formins, the Ena/VASP proteins show actin polymerization, nucleation, and bundling 

(Bachmann et al., 1999; Hüttelmaier et al., 1999; Kwiatkowski et al., 2003; A. Lambrechts et al., 

2000; Walders-Harbeck et al., 2002). As discussed earlier, the Ena/VASP proteins preferentially 

bind to PFN2a over PFN1, which may assist in actin polymerization by delivering ATP-actin to 

the Ena/VASP proteins (Anja Lambrechts et al., 1997; Witke et al., 1998). Similar to formins, the 

Ena/VASP proteins are another class of actin-polymerizing proteins that may play a role in DF 

development. 

 VASP has been the most well-characterized paralog of the ENA/VASP proteins in the 

context of DF development. VASP has been found in DF and mature spines in rat hippocampal 

neurons (Chazeau et al., 2014; W. H. Lin et al., 2010). Additionally, VASP has been shown to 

play an important role in DF elongation, maturation, and modulation. VASP knockdown by siRNA 

Figure 5 Structure of the mammalian Ena/VASP proteins. All Ena/VASP 

proteins contain EVH1, PRR, and EVH2. Mena contains a unique region 

of LERER repeats. Figure taken from (Sechi & Wehland, 2004). 
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decreased the density of spines and synapses in rat hippocampal neurons, and the phenotypes were 

restored with the expression of human VASP that is resistant to rat VASP siRNA due to several 

oligonucleotide mismatches (W. H. Lin et al., 2010). The same study shows that VASP is 

responsible for increasing the surface density of AMPA receptors in mature spines, suggesting that 

VASP can modulate synaptic strength. VASP localization in rat and mice hippocampal dendritic 

spines was found to be dependent on both the EVH1 and EVH2 domains, and an increase in F-

actin content in the spines followed VASP localization (Iwasaki et al., 2020; W. H. Lin et al., 

2010). VASP binding to G-actin through the EVH2 domain could recruit VASP to the spines as a 

response to presynaptic signals that promote actin polymerization. It was found that G-actin 

enriches in the spines by binding to profilin, which binds to phosphatidylinositol (3,4,5)-

triphosphate (PIP3), which is increased by synaptic activity through phosphatidylinositide 3-

kinase (PI3K) (Lei et al., 2017). Another possible mechanism through which VASP could be 

recruited to DF is through myosin X (myo10), which has two isoforms: full-length (FL)-myo10 

and headless (Hdl)-myo10 (W. H. Lin et al., 2013). FL-myo10 localizes in developing DF and 

traffics VASP to DF tips to promote actin elongation in rat hippocampal neurons (W. H. Lin et al., 

2013). This same study notes that Hdl-myo10, on the other hand, localizes in mature spines and 

binds more tightly to VASP than FL-myo10, suggesting that Hdl-myo10 may play a role in 

retaining VASP in mature spines to enhance synapse formation and spine head formation. Once 

VASP is in the spines, it can be activated by nitric oxide (NO) signaling through the cGMP-PKG 

cascade, which leads to VASP phosphorylation at Ser157 and Ser239 (Nikonenko et al., 2013). 

The actin polymerization function of VASP in dendritic spines may be important for the formation 

of long-term fear memory in the lateral amygdala (Basu et al., 2016). Interestingly, other studies 

show that VASP expression in the brain is very low compared to Mena and EVL expression 
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(Human Protein Atlas, n.d.; Parker et al., 2021; Sjöstedt et al., 2020; Uhlén et al., 2015). Whether 

this disparity is due to different model species used in the experiments above or other experimental 

aspects remain to be determined. 

 Mena is structurally unique compared to the other two Ena/VASP proteins. Mena contains 

an amino acid region of LERER repeats after the EVH1 domain (Figure 5) (Gertler et al., 1996). 

Neuron-specific isoforms of Mena all contain an additional exon (+ exon), and sometimes an 

additional exon is also included (++ exon or +++ exon) (Gertler et al., 1996). It has been shown 

that Ena, the Drosophila Melanogaster ortholog of Mena, can interact with the diaphanous formins 

to recruit one another to new locations in Drosophila leading edge cells (Homem & Peifer, 2009). 

Homem and Peifer also show that expression of one or the other result in filopodia structures, 

whereas expression of both yields lamellipodia structures, indicating that one cannot study the 

effects of one without considering the effects of the other. In support of this observation, Parker et 

al. showed that in cortical neurons from mice, high overexpression of Mena resulted in fan-like 

structures protruding from the dendritic branches. On the other hand, moderate overexpression of 

Mena resulted in no significant change in length but more dynamic DF, indicating a concentration-

dependent response to the expression level of Mena (Parker et al., 2021). Parker et al. also showed 

that Mena localizes to DF tips and that Mena knockdown results in longer and more dynamic DF. 

In dorsal dendritic arborization A (ddaA) sensory neurons from Drosophila, loss of Ena lead to a 

reduction in the spine density (W. Li et al., 2005). These results show that Mena may play a role 

in nucleation and lamellipodia formation but not in the thin spine-like structures in DF. 

 The final protein in the Ena/VASP family is EVL, which has been the least characterized 

of the three. EVL enriches at DF tips, and EVL knockdown in mice cortical neurons results in 

shorter and less dynamic DF, whereas overexpression leads to more dynamic DF with no 
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significant change in length, similar to Mena overexpression (Parker et al., 2021). Using co-

immunoprecipitation, Parker et al. also determined that EVL interacts with MTSS1 through the 

EVH1 domain. Parker et al. propose that EVL is the main actin polymerizing protein in DF. More 

future studies will need to be conducted to support these results. 

 The Ena/VASP proteins seem to be a major player in DF, but more research needs to be 

performed to clarify the roles of the Ena/VASP proteins in DF actin regulation. It should be noted 

that formins should be considered when one studies the Ena/VASP proteins, since formins and the 

Ena/VASP proteins interact with each other (Grosse et al., 2003; Homem & Peifer, 2009). Higher 

order regulation of the Ena/VASP proteins should also be considered. Upon netrin-1 signaling, 

protein kinase A (PKA) phosphorylates and activates the Ena/VASP proteins (Lebrand et al., 2004). 

Many factors need to be considered when studying the Ena/VASP proteins. 

3.4 The Arp 2/3 Complex 

 The actin-related protein 2/3 (Arp2/3) complex is made of 

seven subunits, consisting of Arp2, Arp3, ARPC1 p40, ARPC2 

p34, ARPC3 p21, ARPC4 p20, and ARPC5 p16 (Figure 6) 

(Robinson R.C. et al., 2001). Arp2 and Arp3 resemble the structure 

of actin monomers and are the site of actin nucleation and 

branching of a new daughter filament from an existing mother 

filament. The other five subunits are accessory subunits that 

provide structure to the Arp2/3 complex and bind to the mother filament (Goley & Welch, 2006). 

Arp2/3 is activated by nucleation-promoting factors (NPFs), a large class of proteins that include 

but is not limited to Wiskott—Aldrich syndrome protein (WASP), neural WASP (N-WASP), and 

WASP-family verprolin-homologous protein (WAVE) (Goley & Welch, 2006). 

Figure 6 Space-filling model of 

structure of Arp2/3. Figure taken from 

(Robinson R.C. et al., 2001). 
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 Since Arp2/3 is responsible for actin branching, DF contains Arp2/3 as an important actin 

regulator, while conventional filopodia does not because DF is comprised of branching actin and 

conventional filopodia is made of straight actin bundles (Hotulainen & Hoogenraad, 2010). Arp2/3 

is important for lamellipodia formation and localizes near the leading edge of lamellipodia (Goley 

& Welch, 2006; Hotulainen & Lappalainen, 2006; Machesky et al., 1997; Welch et al., 1997). 

Because the bulbous spine head in mature DF resembles lamellipodia, Arp2/3 may facilitate the 

enlargement of the spine head during DF maturation (Hotulainen et al., 2009; Hotulainen & 

Hoogenraad, 2010). Experiments using rat hippocampal neurons have confirmed that Arp2/3, N-

WASP, and WAVE localize in the postsynaptic densities (PSD), intracellular sites of enriched 

protein localization in mature spine heads that contact a presynaptic neuron (Chazeau et al., 2014; 

Rácz & Weinberg, 2008; Wegner et al., 2008). Silencing Arp2/3 by silencing the ARPC2 p34 

subunit by siRNA led to fewer mature spines with bulbous spine heads in mice hippocampal 

neurons (Hotulainen et al., 2009). These results indicate that Arp2/3 is essential for spine head 

expansion. 

 Additionally, Arp2/3 is important for controlling the length, dynamics, and density of 

immature DF. Silencing Arp2/3 led to a decrease in the density of DF but resulted in longer DF in 

mice hippocampal neurons (Hotulainen et al., 2009). Pharmacological inhibition of Arp2/3 using 

CK-666 also led to an increase in the length and dynamics of DF but with no change in the density 

in mice cortical neurons (Parker et al., 2021). Inhibiting upstream activators of Arp2/3 yields 

similar results. Knockdown of N-WASP using RNAi or pharmacological inhibition of N-WASP 

using wiskostatin similarly resulted in a decrease in the density of DF in rat hippocampal neurons 

(Wegner et al., 2008). These observations may be the result of less nucleation sites and fewer 

barbed ends for actin polymerization, so free actin monomers must go to preexisting sites, leading 
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to longer and more dynamic DF. 

The role of Arp2/3 in DF is mainly to control the morphology of maturing spines 

(Hotulainen et al., 2009; Hotulainen & Hoogenraad, 2010). Arp2/3 also indirectly controls the 

length, dynamics, and density of immature DF through the control of new actin nucleation sites 

(Hotulainen et al., 2009; Parker et al., 2021; Wegner et al., 2008). This may be significant for the 

importance of Arp2/3 in the formation of long-term fear memory in the lateral amygdala (Basu et 

al., 2016). Due to the unique actin architecture, plasticity, and morphology of DF, Arp2/3 is an 

important actin regulator in DF but not in conventional filopodia. 

3.5 MTSS1/MIM 

Metastasis suppressor 

1 (MTSS1, also known as 

missing-in-metastasis (MIM)) 

is part of the inverse Bin-

Amphiphysin-Rvs167 (I-

BAR) domain-containing 

protein group, which is 

responsible for binding to and 

inducing an outward 

protrusion of the cell 

membrane preceding filopodia 

or lamellipodia formation (Figure 7) (Mattila et al., 2007; Millard et al., 2005; Saarikangas et al., 

2009; Scita et al., 2008; Suetsugu et al., 2006, 2010). MTSS1 contains a C-terminal WH2 domain, 

which binds to actin monomers, and MTSS1 promotes dissolution of actin stress fibers in favor of 

Figure 7 (A) Model of MIM binding to membrane and inducing an outward protrusion. 

(B and C) Model of MIM lining a filopodium. (A and B) taken from (Saarikangas et 

al., 2009). (C) taken from (Mattila et al., 2007). 
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long actin filament strands (Mattila et al., 2003; Woodings et al., 2003). This shows that in addition 

to being an I-BAR protein, MTSS1 is also an important regulator of actin dynamics within cells. 

In the context of neurodevelopment, MTSS1 has been found in the brain with the strongest 

expression in developing neurons of the central nervous system and adult Purkinje cells of the 

cerebellum (Mattila et al., 2003; Saarikangas et al., 2015; Sistig et al., 2017). MTSS1 showed 

localization at the tips of most dendritic protrusions of mice Purkinje neurons as well as mice 

cortical neurons (Kawabata Galbraith et al., 2018; Parker et al., 2021; Saarikangas et al., 2015). 

Kawabata Galbraith et al. found that dendritic protrusion length increased upon MTSS1 knockout 

in mice Purkinje neurons. Similarly, using MTSS1 shRNA knockdown in mice cortical neurons, 

Parker et al. found that DF length increases with no change in dynamics, while MTSS1 

overexpression led to a decrease in DF length. Another study using mice Purkinje neurons found 

that MTSS1 knockout also led to a decrease in the spine density, an increase in width, and 

contradictorily, no change in length, while MTSS1 overexpression increased spine density 

(Saarikangas et al., 2015). These observations parallel those seen with Arp2/3 manipulation. This 

could mean that MTSS1 plays a role in DF initiation, similar to Arp2/3. Indeed, MTSS1 

enrichment precedes DF initiation (Parker et al., 2021; Saarikangas et al., 2015). 

It should be cautioned that MTSS1 does not function independently of Arp2/3. MTSS1 

indirectly upregulates Arp2/3 through the mediation of NPFs (Kawabata Galbraith et al., 2018; J. 

Lin et al., 2005; Saarikangas et al., 2015). Whereas MTSS1 activates Arp2/3, the C-terminus of 

MTSS1 also binds to and inhibits DAAM1 as discussed earlier in the formins section (Kawabata 

Galbraith et al., 2018). MTSS1 also binds to the EVH1 domain of EVL, where it is proposed that 

they cooperate to stimulate DF initiation and motility (Parker et al., 2021). MTSS1 cannot be 

studied independently; one must consider the effects of other proteins. 
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MTSS1 seems to play a role in the initial outward membrane protrusion during DF 

initiation and seems to be highly concentrated at the tip throughout DF elongation to retain the 

high degree of curvature at the tip. 

3.6 ADF/Cofilin 

Actin-depolymerizing factor (ADF)/cofilin are a family of proteins that bind actin 

filaments and induce depolymerization from the pointed end of actin filaments, which is important 

for maintaining the pool of actin monomers (Figure 3B) (Bamburg, 1999). This can, in turn, be 

recycled by profilin for further actin polymerization (Figure 3B). ADF/cofilin is found in many 

cell types (Human Protein Atlas, n.d.; Sjöstedt et al., 2020; Uhlén et al., 2015). Cofilin also has 

two isoforms: cofilin-1, expressed primarily in non-muscle cells, and cofilin-2, expressed 

primarily in muscle cells; hereby, together referred to as cofilin (Menon & Gupton, 2016). Thus, 

ADF/cofilin is a ubiquitous and central regulator of actin dynamics, important for the 

reorganization of the actin architecture. 

In the context of DF and spines, cofilin has been found to localize at the spine tip and PSD 

and near the plasma membrane throughout the DF length in mice and rat hippocampal neurons 

(Hotulainen et al., 2009; Noguchi et al., 2016; Racz & Weinberg, 2006). siRNA knockdown of 

cofilin-1 in mice hippocampal neurons led to generally longer dendritic protrusions, increased 

number of branching spines, and an overall decrease in the protrusion density, while the number 

of synapses remained the same (Hotulainen et al., 2009). Another study used shRNA knockdown 

of both ADF and cofilin in rat hippocampal neurons and found a similar decrease in the density 

but a contradicting decrease in the length and width of mature spines when compared to Hotulainen 

et al., 2009. (Calabrese et al., 2014). Similarly, inhibition of cofilin with AlCl3 led to a decrease in 

the spine density in rat hippocampal neurons (X. Yang et al., 2018). Calabrese et al. also 
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overexpressed cofilin and found an increase in the density with no change in length and width, but 

the decrease in spine density and spine shrinkage during LTD was attenuated. However, another 

conflicting study found that active cofilin is required for head shrinkage during LTD in rat 

hippocampal neurons (Q. Zhou et al., 2004). In mice hippocampal neurons, expression of an 

inactive cofilin, cofilinS3D, led to less thin DF and more mushroom-shaped DF, which indicates 

more mature spines (On et al., 2017). On the other hand, expression of a constitutively active 

mutant of cofilin, cofilinS3A, led to decreased DF length, more thin DF, and less mushroom-

shaped DF, which indicates more immature DF (On et al., 2017). Interestingly and contradictorily, 

cofilinS3A overexpression was able to rescue the phenotypes seen in fragile X syndrome, which 

is marked by a greater DF density of immature spines (Pyronneau et al., 2017). These apparent 

contradictions will be addressed later. ADF/cofilin seems to be important for the modulation of 

mature spine heads. 

ADF/cofilin is regulated by other proteins. LIM kinase (LIMK)-1 or LIMK-2 

phosphorylation of ADF/cofilin on serine 3 (Ser-3) results in inhibition of ADF/cofilin (Arber et 

al., 1998; Sumi et al., 1999; N. Yang et al., 1998). Using hippocampal neurons from LIMK-1 

knockout mice, Meng et al. found that while the spine length and density were normal, the spines 

of LIMK-1 knockout neurons had thin heads and large necks compared to wildtype neurons, which 

is implicated in enhanced long-term potentiation (LTP) (Meng et al., 2002). On the other hand, 

LIMK overexpression in rat hippocampal neurons increased spine length and width, and the spine 

shrinkage during LTD was attenuated (Calabrese et al., 2014). This contradicted with their results 

using shRNA knockdown, which found that ADF/cofilin shRNA knockdown led to decreased 

length and width. They proposed that phosphorylated cofilin might stimulate phospholipase D-1 

(PLD1), which stimulates F-actin assembly. This alternative action of phosphorylated cofilin 
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should be considered in future experiments and might explain the apparently conflicting results 

discussed earlier. Ser-3 phosphorylation of ADF/cofilin is reversed by chronophin (CIN) or 

slingshot (SSH) (Gohla et al., 2005; Niwa et al., 2002). CIN and SSH overexpression had no effect 

on the spine density, length, and width, but the spine density decrease and shrinkage during LTD 

were attenuated (Calabrese et al., 2014). Phosphorylation or dephosphorylation of cofilin is 

important for its regulation and subsequent regulation of actin in DF and mature spines. 

Other studies individually looked at the phosphorylated and dephosphorylated forms of 

cofilin. During spine head enlargement, phosphorylated cofilin is localized to the spine in rat 

hippocampal neurons (Noguchi et al., 2016). Noguchi et al. also found that a competitive assay 

that used a dephosphorylated cofilin peptide to block phosphorylation of endogenous cofilin 

inhibited spine enlargement. On the other hand, a competitive assay that used a phosphorylated 

cofilin peptide to block dephosphorylation of endogenous cofilin blocked spine shrinkage 

(Hayama et al., 2013). The phosphorylation and dephosphorylation of cofilin are vital for its 

regulation of actin and its subsequent modulation of spines. 

4. Discussion 

The dynamics and morphology of 

DF and their development is controlled by 

many different actin regulators, including 

profilin, formins, the Ena/VASP proteins, 

the Arp2/3 complex, MTSS1/MIM, and 

ADF/cofilin. Preceding the formation of the 

DF, MTSS1 is responsible for creating the 

initial outward protrusion of the membrane Figure 8 Model of DF development. (A) DF initiation requires 

MTSS1, NPFs, and Arp2/3. (B and C) DF elongation requires formins 

and the Ena/VASP proteins. (D) DF maturation requires Arp2/3. 
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at the DF initiation site. Through upregulation of NPFs, MTSS1 also upregulates Arp2/3 for actin 

nucleation at the site (Figure 8A). Then, actin-polymerizing proteins, such as formins and the 

Ena/VASP proteins, are responsible for actin polymerization and elongation of the DF (Figure 8B 

and 8C). Throughout this elongation process, MTSS1 and Arp2/3 remain concentrated at the tip, 

as Arp2/3 and MTSS1 are found at DF tips (Chazeau et al., 2014; Kawabata Galbraith et al., 2018; 

Parker et al., 2021; Rácz & Weinberg, 2008; Saarikangas et al., 2015; Wegner et al., 2008). As the 

DF contacts the axon of a presynaptic neuron, signals from the presynaptic neuron activates the 

glutamate receptor, which has been shown to interact with the formin GRID2IP (Matsuda et al., 

2006; Miyagi et al., 2002; Yamashita et al., 2005). To develop into a mature spine, a combination 

of GRID2IP and Arp2/3 could be responsible for the fanning out of the spine head from a thin 

shape into a bulbous shape (Figure 8D). Throughout this process, ADF/cofilin is responsible for 

maintaining the actin monomer pool, and profilin is responsible for priming the actin monomers 

for polymerization by formins or the Ena/VASP proteins. ADF/cofilin is also responsible for 

modulating the spine head during LTD and LTP. While this is an oversimplified model, this is a 

novel model that I propose as a basic framework for how actin is regulated within DF development. 

There have been previous models that attempt to lay out how actin is regulated in DF 

development. One model proposes that VASP is important in the initiation phase of DF 

(Hotulainen & Hoogenraad, 2010). However, other studies show that VASP expression in the brain 

is very low compared to Mena and EVL expression, meaning that the significance of VASP in DF 

should be re-evaluated in relation to Mena and EVL (Human Protein Atlas, n.d.; Parker et al., 2021; 

Sjöstedt et al., 2020; Uhlén et al., 2015). Indeed, a study claims that EVL is the main actin 

polymerizing protein in DF (Parker et al., 2021). While Hotulainen & Hoogenraad and I agree that 

DIAPH3 is an important formin in DF elongation, I propose that other formins, such as DAAM1, 
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FMNL2, and FMN2, may act in combination with DIAPH3 to fine-tune actin polymerization 

during DF elongation. To test this hypothesis, it might be useful to first individually confirm the 

effects of knockdown and overexpression of DIAPH3 and one of the other formins in DF. Then, 

knockdown DIAPH3 and overexpress the other formin together. If overexpression of the other 

formin can rescue the phenotypes in DIAPH3 knockdown, this will suggest that the formins can 

compensate each other. If not or if there is a unique phenotype, this will suggest they have different 

roles. Another novelty of my model is the possible role of GRID2IP in spine head formation, as 

very little is known about the role of GRID2IP in DF development. To test this hypothesis, one 

can knockdown or overexpress GRID2IP, and then classify and quantify the morphology of 

synapses into mushroom, thin, or stubby. I hypothesize that knockdown or overexpression of 

GRID2IP should influence this ratio and the number of proper mature synapses. 

It should be noted that these proteins do not act independently, complicating this model. 

Profilin binds with the proline-rich regions of the Ena/VASP proteins and formins to deliver G-

actin to them to assist in actin polymerization (Ferron et al., 2007; Anja Lambrechts et al., 1997; 

Michaelsen et al., 2010; Paul & Pollard, 2008; Witke et al., 1998). Complicating this even more is 

that the Ena/VASP seems to bind more greatly to profilin when profilin is already bound to actin 

(Ferron et al., 2007). There has also been evidence that Ena, the Drosophila Melanogaster ortholog 

of Mena, can interact with the diaphanous formins to recruit one another to new locations in 

Drosophila leading edge cells, suggesting that the Ena/VASP proteins and formins could work 

cooperatively (Homem & Peifer, 2009). The C-terminus of MTSS1 also binds to and inhibits the 

formin DAAM1 (Kawabata Galbraith et al., 2018). MTSS1 also binds to the EVH1 domain of 

EVL, where it is proposed that they cooperate to stimulate DF initiation and motility (Parker et al., 

2021). Additionally, MTSS1 indirectly upregulates Arp2/3 through the mediation of NPFs 
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(Kawabata Galbraith et al., 2018; J. Lin et al., 2005; Saarikangas et al., 2015). Thus, these proteins 

cannot be studied in isolation. One must consider the intricacies and the effects that they have on 

one another to facilitate the proper order of proteins in DF actin regulation. 

Another important factor to consider is that there are different isoforms of actin. β- and γ-

actin are expressed in neurons and are also found in spines (Cheever & Ervasti, 2013; Kaech et al., 

1997; Micheva et al., 1998). While γ-actin expression was constant throughout neuronal 

development, β-actin expression was found to decrease as a neuron matures (Micheva et al., 1998; 

Weinberger et al., 1996). Likewise, while γ-actin expression was ubiquitous throughout the cell, 

β-actin was concentrated to actively growing structures, such as DF, spines, and growth cones 

(Micheva et al., 1998). These findings suggest that β-actin is important for dynamic structures. It 

is possible that as a DF matures into a spine, the ratio of β-actin to γ-actin changes to reflect a less 

dynamic structure, requiring a multitude of different formins and Ena/VASP proteins to regulate. 

This can be studied by using a saturation binding assay to determine the binding affinity of the 

different formins and Ena/VASP proteins to the different isoforms of actin, which could offer a 

glimpse into the different roles of the various formins and Ena/VASP proteins. 

Another reason why DF may require multiple formins and Ena/VASP proteins may lie in 

their multimerization property. It is well known that formins can homodimerize, but not much is 

known about their ability to heterodimerize (Kovar, 2006; Xu et al., 2004). There has been very 

recent evidence of heterodimerization of yeast formins (Kollárová et al., 2020). On the other hand, 

it has been more well established that the Ena/VASP proteins can homotetramerize and 

heterotetramerize (Bachmann et al., 1999; Gertler et al., 1996; Haffner et al., 1995; Riquelme et 

al., 2015). It is possible that formin heterodimerization and Ena/VASP heterotetramerization can 

provide a mechanism to further fine-tune actin regulation in DF. It may be interesting to study the 
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heteromultimerization property of these proteins in the future by determining if different formins 

or different Ena/VASP proteins interact using a co-immunoprecipitation experiment or a yeast 

two-hybrid assay. 

This thesis only touches on the core actin regulators. There are many more proteins that 

play a role in DF that were not discussed, including drebrin, an actin bundling protein only in 

neurons (Z. Li et al., 2019); srGAP3, another BAR protein in spine initiation (Chatzi & Westbrook, 

2021; Khanal & Hotulainen, 2021); and myosin X, discussed briefly in the VASP section (W. H. 

Lin et al., 2013). There are also proteins of higher order regulation that were not discussed, 

including ephrin signaling (Kayser et al., 2008; L. Zhou et al., 2012), syndecan-2 (Y. L. Lin et al., 

2007), ROCK2 (Z. Zhou et al., 2009), IRSp53 and 14-3-3 (Kast & Dominguez, 2019), and Homer 

(Inoue et al., 2009; Z. Li et al., 2019; Sala et al., 2003; Shiraishi-Yamaguchi & Furuichi, 2007; 

Tadokoro et al., 1999). There are many more proteins that it would be impossible to touch on them 

all. These are all possible confounding variables that one should consider when studying actin 

regulation in DF. 

5. Future Direction 

There remain many questions about formins and the Ena/VASP proteins to be clarified. 

Formins are a large and diverse family of actin regulators. The subcellular localization and function 

of the different formin paralogs have not been well characterized in neurons in general. Even with 

the formins that have been studied specifically in the context of DF, DIAPH1, DIAPH3, DAAM1, 

FMNL2, FMN2, and GRID2IP, it is unknown how their function differs. Some formins, such as 

FMNL2, for example, have almost no studies done on them in the context of DF. The Ena/VASP 

proteins are another group of actin-polymerizing proteins that may play a role in DF. The 

significance of VASP in DF is in contention, as some studies found very low VASP expression in 
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the brain compared to Mena and EVL expression (Human Protein Atlas, n.d.; Parker et al., 2021; 

Sjöstedt et al., 2020; Uhlén et al., 2015). Another important area for future studies is the role of 

EVL in DF. As Parker et al. found that EVL is the main actin polymerizing protein in DF and very 

little is known about EVL, more studies will need to be done in the future to support these results. 

Much work needs to be done to clarify the regulation of actin in DF. 

The starting point might be to study the formins and Ena/VASP proteins individually. One 

can study the endogenous expression level of each of these proteins throughout neuronal 

development by quantitative reverse transcription polymerase chain reaction (RT-PCR) or western 

blotting. Then, one can study the subcellular localization of these proteins by tagging them with a 

fluorescent protein and observing with a microscope where they localize to. Then, one can 

knockdown or overexpress them and observe the effects they have on DF dynamics, morphology, 

and development. This experimental outline can be used to test the proposed function of GRID2IP 

in the model, for example. This will give a comprehensive evaluation of all the different formins 

and Ena/VASP proteins involved in DF regulation. 

After determining which formins and Ena/VASP proteins are involved in DF regulation, 

one can study them together, two at a time, to determine how they cooperate to fine-tune actin 

regulation in DF. To determine if they interact with each other, one can use a co-

immunoprecipitation experiment or a yeast two-hybrid assay. An interesting question this can 

address is whether formins and the Ena/VASP proteins can heteromultimerize. Using a 

combination of knockdown and overexpression, one can determine how they act together. As 

suggested earlier, knockdown DIAPH3 and overexpress another formin together. If 

overexpression of the other formin can rescue the phenotypes in DIAPH3 knockdown, this will 

suggest that the formins can compensate each other. If not or if there is a unique phenotype, this 
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will suggest they have different roles. This experimental outline can be used to determine the 

cooperative nature of formins and the Ena/VASP proteins to fine-tune DF actin regulation. 

A clearer understanding of how actin is regulated in DF can improve the understanding of 

the mechanisms behind many diseases, which can lead to future research into new interventions 

and therapeutics for them. For example, since DF in fragile X syndrome are longer, thinner, and 

more plentiful than normal and show a delay in the development of mature synapses (Comery et 

al., 1997; Cruz-Martín et al., 2010), a possible therapeutic would be to overexpress a constitutively 

active mutant of cofilin, cofilinS3A, which has been shown to decrease DF length and density (On 

et al., 2017; Pyronneau et al., 2017) On the other hand, since the spine density was significantly 

decreased in schizophrenia patients (Garey et al., 1998), a possible therapeutic would be to 

overexpress MTSS1, since MTSS1 overexpression increased spine density (Saarikangas et al., 

2015). While practical therapeutics for these diseases are still a far way off, this possibility 

provides an exciting opportunity for far future research in these diseases. 

6. Conclusion 

In this thesis, I propose a novel model of actin regulation in DF. Utilizing a complex and 

interconnected orchestration of proteins, neurons can fine-tune the control of the DF development, 

dynamics, and morphology. This has implications for synaptogenesis, which has repercussions in 

learning, memory, and many neurological diseases, including schizophrenia, ASD, fragile X 

syndrome, and intellectual disability (Basu et al., 2016; Cruz-Martín et al., 2010; Fromer et al., 

2014; Gilman et al., 2011; Hori et al., 2020; Jia et al., 2014; Law et al., 2014; Meng et al., 2002; 

Pyronneau et al., 2017). A deeper understanding of the regulation of DF can open the door to a 

richer understanding of the mechanisms behind many diseases for future research into new 

interventions and therapeutics for them. 
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