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Dendritic spines are tiny protrusions emerging from dendritic shafts of excitatory neurons 
and form synaptic contacts with the presynaptic terminals of axons. These structures have been 
thought to represent the main unitary postsynaptic compartment for excitatory input. Dendritic 
spines contain a highly organized structure, postsynaptic density (PSD), which is characterized by a 
high density of receptors and channels, associated signaling molecules and adhesion molecules. 

The morphology of spines has been classified based on their appearance as filopodia-like, 
thin, stubby and mushroom-shaped types. Filopodia-like spines are more prominent in the 
developing brain at early postnatal stages and diminish with adulthood. Hence, filopodia-like spines 
are thought to be the precursor of dendritic spine. Synaptic contacts become established when 
filopodia-like spines select the target axons and form synaptic connections. Notably, in response to 
the synaptic activation, dendritic spines undergo structural changes that rely on actin 
polymerization. In addition, long-term potentiation (LTP), an activity-dependent plasticity at 
synapse, is thought to underlie the learning and memory. Extensive studies have shown that actin 
cytoskeleton and its regulatory proteins play important roles in the dendritic spine formation, 
maturation and synaptic plasticity. However, the molecular mechanics how actin reorganization 
leads to the structural alteration of spines remains unknown. 

The alterations of the spine number and morphology are observed in many types of brain 
disorders. Intellectual disability, autism spectrum disorder (ASD), schizophrenia and Alzheimer`s 
disease are neurological disorders that are reported to have alteration in size, shape and density of 
dendritic spines. Early-onset developmental disorder, such as intellectual disability and ASD are 
associated with too few or too many of dendritic spine number, respectively. Moreover, post 
mortem studies reported that a high number of filopodia-like and thin spines in the brains of 
intellectual disability individuals, indicative of immature spines. Schizophrenia is brain disorder 
affecting thought, perception of reality, affect and cognition, which typically found in the early 
adulthood or late adolescence. A study has been found that spine density in the schizophrenia is 
decreased. Lastly, decreased in dendritic spines in the hippocampus and cortex is also found in 
Alzheimer`s disease. Based on these observations, it is believed that dendritic spines serve as a 
common substrate for neuropsychiatric disorders, particularly for those involve deficit in 
processing information. 

Shootin1a, a brain specific protein, has been known as a clutch molecule. During early 
developmental stages of neurons, shootin1a mediates the force transmission from actin 
cytoskeleton to the substrate in order to induce axon formation and guidance. In this study, I found 
the accumulation of shootin1a in dendritic spines. Here, I hypothesized that shootin1a may play a 
role in the formation and plasticity of dendritic spines. 

First, to investigate whether shootin1a is localized in dendritic spines, hippocampal neurons 
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were isolated from E18 rat and cultured on dishes or glass coverslips. Immunoblot analyses showed 
that shootin1a is detected not only on the early stages, Day In Vitro (DIV) 3, but also in the later 
stages (DIV 7, DIV 14 and DIV 28) of cultured hippocampal neurons. By contrast, shootin1b, a 
splicing variant of shootin1a, was not detected in the later stages (DIV 14 and DIV 28). 
Immunocytochemistry analyses showed that shootin1a is accumulated at the tip of filopodia-like 
spines and co-localized with stubby spines. Moreover, shootin1a was also found to co-localize with 
PSD-95, a postsynaptic marker. The localization of shootin1a in dendritic spines raises the 
possibility that shootin1a may be involved in the dendritic spine formation. To further examine 
whether shootin1a is required for dendritic spine formation, I performed shootin1 knock down 
analysis. I found that suppression of shootin1 with shootin1-RNAi decreased the number of PSD- 
95 in a low-density culture of rat hippocampal neurons. Similar data were also obtained with 
hippocampal neurons cultured from shootin1-KO mice. In vivo data also showed that shootin1-KO 
mice brain exhibited a low number of dendritic spines and interestingly, mature spines was 
significantly decreased in shootin1a-KO mice. In contrast, overexpression of shootin1a led to an 
increased number of PSD-95-positive puncta. Together, these data indicate that shootin1a mediates 
the formation and maturation of dendritic spines. 

Second, I examined whether shootin1a functions as a clutch molecule in dendritic spines. 
Shootin1a was reported to interact with actin binding protein, cortactin, and cell adhesion molecule, 
L1-CAM. These interactions transmit the force of F-actin retrograde flow to the adhesive substrate, 
thereby generating force for axon outgrowth. Moreover, our previous study reported that clutch 
coupling between F-actin and substrate reduces the speed of F-actin flow in axonal growth cone. 
Immunocytochemical analysis revealed that shootin1a is co-localized with cortactin, F-actin, and 
L1-CAM. Additionally, overexpression of shootin1a (1-125), a dominant negative mutant to disrupt 
the shootin1a-L1-CAM interaction, increased the velocity of F-actin in the filopodia-like spines. 
These data suggest that shootin1a functions as a clutch molecule in dendritic spines and that 
shootin1a (1-125) inhibits shootin1a-mediated clutch coupling. Using traction force microscopy, I 
further examined whether spines generate force. Traction forces under the spines were monitored 
by visualizing force-induced deformation of the elastic substrate, which is reflected by 
displacement of the beads from their original positions. As the results, the beads moved 
dynamically under the filopodia-like spines, indicating that force is generated at spines. 
Interestingly, inhibition of shootin1a-mediated clutch coupling by overexpression of myc-shootin1a 
(1-125) significantly reduced traction force generation in spines, which in turn resulted in a 
decreased number of dendritic spines. Together, these findings demonstrate that shootin1a 
functions as a clutch molecule and mediates the generation of force for dendritic spine formation. 

Finally, I investigated whether shootin1a is involved in the synaptic plasticity. Hippocampal 
neurons were stimulated with glutamate, a major neurotransmitter in brain. Immunoblot analysis 
showed that glutamate stimulation induced PAK1-mediated shootin1a phosphorylation. In addition, 
the results obtained from the chemical LTP technique showed that spine enlargement induced by 
NMDA receptor activation was inhibited by overexpression of shootin1a (1-125). These data 
suggest that shootin1a plays an essential role in activity-dependent spine enlargement during LTP. 

In conclusion, this study demonstrates that shootin1a, as a clutch molecule, mediates 
mechanical regulation for dendritic spine formation, maturation and spine plasticity. This work also 
provides intriguing insights about the molecular mechanics of dendritic spines alterations in 
neuropsychiatric disorders. 
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1. Introduction 
 
 

1.1 Dendritic spine is a key element for learning and memory and substrate for 

neuropsychiatric disorders 

It is nearly impossible to begin my doctoral thesis without citing a Spanish 

neuroscientist and anatomist, Sandiago Ramón y Cajal (1852-1934). His incredible 

anatomical skills and tireless working habit has contributed to the first theories about synapses, 

synaptic transmission and synaptic plasticity (Mateos-Aparicio and Rodríguez- Moreno, 

2019). Cajal first described the dendritic spines as points of contacts with excitatory axon 

terminals. The predominant idea postulated by Cajal is that nerve impulses flow from  the 

terminals of the presynaptic neuron to the dendritic tree and out through the axons of the 

postsynaptic neurons (Llinás, 2003; Sotelo, 2003). Cajal also proposed that the capacity of the 

brain could be augmented by increasing the number of connections (DeFelipe, 2006). 

Generation of neuroscientists have extended these early concepts, showing that dendritic 

spines on pyramidal neurons are highly plastic and appear to be a key element for learning 

and memory (Hammond et al., 2015; Borczyk et al., 2019). 

Learning and memory are thought to be basic functions of the brain. The mechanisms 

underlying these brain functions are assumed to involve synaptic plasticity (Frankfurt and 

Luine, 2015). Learning elicits activity in a neural network that results in modification of the 

strength of synaptic connections. Information is stored in the form of these synaptic 

alterations, and the pattern of alterations is thought to constitute the memory trace. Synaptic 

plasticity is thought to mediate the acquisition, consolidation and retention of the memory 

(Bear and Malenka, 1991; Malenka and Bear, 2004). 

Neuronal dendrites of excitatory neurons are decorated by dendritic spines, where the 

excitatory synapses are terminated. Subtle changes in the number, size and shape of the spines 

may have marked effects on synaptic function and plasticity. Notably, neuropathological 

studies reported that number of spines is decreased in Alzheimer`s disease, intellectual 

disability and schizoprenia, whereas autism spectrum disorders (ASD) seemed to be 

characterized by an increased spine number (Penzes et al., 2011) (Figure 1). The brain of 

intelectual disability individuals exhibited a high number of immature spines, filopodia-like 

and thin spines (Moyer et al., 2015; Forrest et al., 2018). In addition, it was reported that brain 

section of fragile X syndrome patient has abnormally immature and unstable spines, which 

may lead to defect in synaptic contacts (Cruz-Martín et al., 2012). Dendritic spine alteration 
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in neurological disorders can be caused by abnormality of presynaptic input, changes in 

neuron-autonomous functions, or extraneuronal factors (Herms and Dorostkar, 2016). Thus, 

dendritic spines are thought to serve as a substrate for neuropsychiatric disorders, particularly 

those involving deficit in processing information. 

1.2 Morphogenesis of dendritic spines 

The morphology of dendritic spine is classified into filopodia-like, thin, stubby, 

mushroom- and cup-shaped (Hering and Sheng, 2003) (Figure 2A). During development, 

neurons are first decorated by filopodia-like spine, extending 5 – 10 μm in length. In vitro 

studies reported that day in vitro (DIV) 7 - 11 cultured hippocampal neurons are abundant in 

filopodia-like spines. As development proceeds, filopodia-like spines are then subsequently 

decreased and replaced with mature spines, i.e. thin and mushroom-shaped. Mature spines are 

mostly found in DIV 14 - 28 cultured neurons (Korobova and Svitkina, 2010). 

Filopodia-like spine are highly dynamic and motile, and are believed to serve as early 

synapse (Portera-Cailliau et al., 2003; Nimchinsky et al., 2002). The high motility of 

filopodia-like spines may increase their probability chance encounter between axons. Mature 

spines consist of three distinct compartments: (1) a base at the junction to the dendritic shaft, 

(2) a constricted neck in the middle, and (3) a bulbous head contacting the axon (Figure 2B). 

They have a wide range of sizes and shapes, 0.2 – 2 μm in length and volume is 0.001 – 3 μm3. 

Thin spines are most common and have a long neck with a small bulbous head. Mushroom-

shaped spines are those with a large head and shorter neck. Stubby spines are devoid of neck 

(Ziv and Smith, 1996; Hering and Sheng, 2001; Hotulainen and Hoogenraad, 2010). In 

addition, a recent analysis using super resolution microscope reported that ~70% of spines 

that appeared globular or cup-shaped exhibit more complex structures with several finger-like 

extension (Chazeau et al., 2014). 

The volume of dendritic spine head was shown to correlate with the size of 

postsynaptic density (PSD), an electron-dense region attached to the postsynaptic membrane. 

PSD connects with actin cytoskeleton (Sheng and Hoogenraad, 2007; Bosch et al., 2014) and 

provides a structural framework for localizing functional molecules including 

neurotransmitter receptors and ion channels. The strengthening or weakening of synaptic 

activity is reported to associate with the volume of spine head and the size of PSD area 

(Hering and Sheng, 2001; Borczyk et al., 2019). 

Actin cytoskeleton and its regulatory proteins are the major spine components 

involved in dendritic spine formation, maturation and modification (Tada and Sheng, 2006; 
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Hotulainen and Hoogenraad, 2010; Tatavarty et al., 2012; Basu and Lamprecht, 2018). 

Dendritic morphogenesis is proposed to begin from actin patch elongating into dendritic 

filopodium, where the tip subsequently expands via actin nucleating factors, formin mDia2 

and Arp2/3 proteins. The length of spines is modulated by myosin II-dependent contractility 

(Korobova and Svitkina, 2010). In addition, actin capping protein (CP) and cortactin are also 

reported to play a key role during remodeling of actin architecture underlying spine 

morphogenesis (Hering and Sheng, 2003; Fan et al., 2011; Korobova and Svitkina, 2010; Lei 

et al., 2016; Koganezawa et al., 2016). Interestingly, a study demonstrated that Arp2/3- 

mediated branched nucleation occurs in specific nano-domains at PSD and formin-dependent 

actin polymerization drives the formation of finger-like protrusion from the side of the spine 

head (Chazeau et al., 2014). 

1.3 Activity-regulated dendritic spine plasticity 

The morphological changes in dendritic spines occur during long-term potentiation 

(LTP) and long-term depression (LTD). LTP is accompanied with the formation of spine and 

the enlargement of spine head, whereas LTD is accompanied with the shrinking and retraction 

of spines (Tada and Sheng, 2006). In vivo studies have revealed that both tetrodoxin (TTX) 

and glutamate application on brain slices could increase the number and the length of 

dendritic filopodia (Portera-Cailliau et al., 2003). In addition, study in vitro has reported that 

activated spines by the release of caged glutamate showed an increase in F-actin pool within 

the spine head (Matsuzaki et al., 2001; Fukazawa et al., 2003; Honkura et al., 2008). 

Polymerization and de-polymerization of F-actin are the critical process for the induction and 

maintenance of long-term potentiation. The increment of F-actin polymerization after LTP 

stimulation is dependent on NMDA receptor activation and inactivation of actin 

depolymerizing factor/cofilin (Fukazawa et al., 2003). 

Glutamate binds to postsynaptic glutamate receptor channels, AMPA (α-amino-3- 

hydroxy-5-methyl-4-isoxazolepropionic acid) receptor and NMDA (N-methyl-D-aspartic 

acid) receptor, which open to allow ion Na+ and Ca2+ influx, respectively, thereby triggering a 

series of signaling pathways. A predominant pathways for LTP is dependent on NMDA 

receptor activation and subsequent calcium influx (Tanaka et al., 2008; Fortin et al., 2010). 

Calcium influx promotes the activation of a serine/threonine protein kinase, Ca2+/Calmodulin- 

dependent protein kinase II (CaMKII), which in turn mediates spine expansion via a rapid 

polymerization of F-actin and induces the translocation of specific proteins to the synapse 

(Okamoto et al., 2007; Redondo and Morris, 2011; Bosch et al., 2014). The Rho family of 
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small GTPases, RhoA and Rac1/Cdc42, are also known to contribute to the dendritic spine 

growth and stability (Newey et al., 2005; Murakoshi et al., 2011). Furthermore, the main 

downstream effector of Rac1/cdc42, Pak1 (p21-activated kinase 1) kinase, regulates spine 

formation and synaptic plasticity (Hayashi et al., 2004, 2007; Asrar et al., 2009) 

1.4 Shootin1a 

Shootin1a is a brain specific protein that was identified in our laboratory (Toriyama et 

al., 2006; Higashiguchi et al., 2016). Our laboratory also reported a shootin1a splicing variant, 

shootin1b, which is expressed not only in the brain but also in the peripheral tissues 

(Higashiguchi et al., 2016; Minegishi et al., 2018). Shootin1a has 456 amino acid residues, 

whereas shootin1b has 631 amino acid residues (Figure 3). Both shootin1a and shootin1b 

consist of three coil-coiled regions and a single proline-rich region. The residues 261-377 

directly interacts with actin-binding protein, cortactin, while the residues 1-125 is essential for 

directly binding to cell adhesion molecule, L1-CAM (Kubo et al., 2015; Baba et al., 2018). 

Shootin1a is involved in axon outgrowth and guidance (Toriyama et al., 2006; 

Shimada et al., 2008; Kubo et al., 2015; Baba et al., 2018). Interaction of shootin1a and 

cortactin in axonal growth cone couples F-actin retrograde flow with extracellular adhesive 

substrates via L1-CAM to transmit force of F-actin retrograde flow to the substrate (Toriyama 

et al., 2013; Kubo et al., 2015; Baba et al., 2018) Additionally, netrin-1 induces Pak-1 

mediated shootin1a phosphorylation via activation Cdc42 and Rac1. The phosphorylation of 

shootin1a enhances shootin1a interaction with cortactin and L1-CAM, thereby producing 

traction force for axon guidance (Toriyama et al., 2013; Kubo et al., 2015; Baba et al., 2018) 

(Figure 4). However, the functions of both shootin1a and shootin1b in mature neurons are 

unknown. 

1.5 Research objectives and findings 

The objective of this doctoral thesis is to investigate the role of shootin1 in the later 

stages of developmental hippocampal neurons. I found that shootin1a is localized in dendritic 

spines. Thus, I continued this study by examine the roles of shootin1a in dendritic spines. 

Moreover, the underlying mechanism of the formation, maturation, and synaptic plasticity 

mediated by shootin1a is also studied. Here, I propose that shootin1a mediates F-actin 

adhesion coupling for the spine formation, maturation, and plasticity. I demonstrated that the 

generation of traction force in dendritic spines from F-actin retrograde flow to substrate is 

mediated by shootin1a. Finally, this study showed that shootin1a is involved in NMDA 

receptor-spine enlargement, which may underlie learning and memory. 
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Figure 1. Dendritic spine pathology in neuropsychiatric disorders, such as Alzheimer`s disease, 
Intelectual disability, Schizoprenia, and ASD 
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Figure 2. (A) Morphological classification of dendritic spines. Filopodia-like and thin spines are 

immature spines, whereas stubby, mushroom- and cup-shaped spines are mature ones. (B) Mature 

spines consist of three distinct basic compartments: Head, neck, and base. 
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Figure 3. Splicing variants of shootin1. Shootin1 contains three coil-coiled regions (CC) and a single 

proline-rich (P) region. Shootin1a and shootin1b have 3 and 178 amino acids specific at their C- 

terminal regions, respectively. 

 
 
 
 
 
 

 
 

Figure 4. Shootin1a functions as a clutch molecule to generate traction force for axon outgrowth. 

Pak1-mediated shootin1a phosphorylation by netrin-1 signaling transmits the force of F-actin 

retrograde flow (black arrow) onto the extracellular substrate (red arrow). 
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2. Materials and Methods 
 
 

2.1 Materials 
 

2.1.1 Antibodies 

Rabbit polyclonal anti-shootin1a and anti-shootin1b peptide antibodies were prepared 

as described (Higashiguchi et al., 2016; Baba et al., 2018). The rabbit polyclonal anti- 

shootin1, anti-pSer101-shootin1, and anti-pSer-249-shootin1 antibodies were prepared as 

previously described (Toriyama et al., 2006, 2013). Mouse anti-PSD-95 was obtained from 

Thermo Scientific (Cat# MA1-045). Mouse anti-actin (Cat# MAB 1501-R) and mouse anti- 

cortactin (Cat# 05-180) were obtained from EMD Millipore. Mouse anti-synaptophysin (Cat# 

Sc-5507) and goat anti-NCAM-L1 (Cat# Sc-1508) were purchased from Santa Cruz 

Biotechnology. Rabbit anti-myc (Cat# 562-5) and rabbit anti-GFP (Cat# 598) were purchased 

from MBL. The following secondary antibodies were used: rabbit anti-IgG secondary 

antibody Alexa Fluor 594 (from donkey) (Cat# 711-585-152) was obtained from Jackson 

Immuno Research Labs, whereas anti-goat Alexa Fluor 488 (from donkey) (Cat# A-11055) 

and anti-mouse IgG Alexa Fluor 488 (from donkey) (Cat# A-11029) were obtained from 

Thermo Fisher Scientific. HRP-conjugated donkey anti-rabbit IgG (Cat# NA934), HRP- 

conjugated goat anti-mouse IgG (Cat# AP308P) and HRP-conjugated donkey anti-goat IgG 

(Cat# AP180P) were obtained from GE Healthcare, Thermo Fischer Scientific and Millipore, 

respectively. 

2.1.2 Plasmids 

The shootin1a expression plasmid was prepared as described previously (Toriyama et 

al., 2006). Recombinant DNA reagent pFN21A-HaloTag-actin, pFN21A-HaloTag-cortactin 

and pFN21A-Halotag-shootin1a were previously described (Katsuno et al., 2015; Kubo et al., 

2015). To generate cDNA fragments of dominant negative of shootin1a, shootin1a deletion 

mutants were amplified by PCR and subcloned into pGEX-6P-1 (GE Healthcare, Cat# 

28954648), pCAGGS-myc, pCAGGS-EGFP, pCMV-myc (Stratagene) or pEGFP (Clontech) 

vectors (Baba et al., 2018). The generation of pCAGGS-myc-shootin1a was used to 

overexpress shootin1a protein under β-actin promoter as described previously (Toriyama et al., 

2006). The cDNAs of human β-actin was cloned into pAcGFP-C1 (Clontech Laboratories). 
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2.1.3 Animals 

Rats and C57BL/6 mice were obtained from SLC Japan and CLEA Japan, repectively. 

Shootin1 knockout mice were generated by replacing the first exon of Shootin1 with IRES- 

LacZ and PGK-neo. The linearized targeting vector was introduced into donor ES cells and 

then ES cells with positive clone were injected into C57BL/6 mice blastocyst to generate 

chimeric mice. Chimeric mice were crossed with C57BL/6 mice for at least seven generations 

before analysis to ensure the genetic background (Baba et al., 2018). 

2.2 Culture of hippocampal neurons 

Embryos were removed from the uterus and placed on ice. The whole brains were 

carefully removed by excision of the soft skull, and the whole brains were submerged in 0.4% 

glucose/PBS solution for dissection of the hippocampus. Briefly, the isolated hippocampus 

was conducted under the dissecting microscopy. After removing the meninges layer of the 

cerebrum, the hippocampus was carefully removed using sharp autoclaved forceps. 

Hippocampi were transferred into sterile filtered Solution A+ (0.5mg mL-1 papain; 6 μg mL-1 

DNase I; 1 mg mL-1 BSA; 0.01 M glucose; MilliQ water) and incubated in 37oC water bath 

for 20 minutes. Solution A+ was the removed and replaced with 10 mL Solution A- (6 μg mL-1 

DNase I; 1 mg mL-1 BSA; 0.01 M glucose; MilliQ water). Hippocampi were triturated by 

gently pipetting the solution up and down and then incubated dissociated hippocampi in 37oC 

water bath for 15 minutes. Genetic materials were removed from the cell suspension by 

swirling a glass Pasteur pipette. Cell suspension was collected by centrifugation (4oC, 1500 

RPM, 20 minutes) and Solution A- was removed and re-suspended in PBS solution. Cell was 

then counted using hemocytometer with tryphan blue staining. For the experiment, cells were 

seeded on the glass coverslip or glass bottom dish (Matsunami) coated either 100 μg mL-1 

(poly-D-lysine; sigma) and 10 μg mL-1 of laminin (Wako Pure Chemical Industries), and 

cultured in Neurobasal Medium (Thermo Fisher Scientific) containing B-27 supplement 

(Thermo Fisher Scientific) and GlutaMAXTM 100X (Thermo Fisher Scientific). Neurons were 

treated with 2.5 µM cytosine-β-D-arabinofuronaside after day in vitro (DIV) 3 and then 

cultured neurons were continued to be incubated at 37oC, 5% CO2 to DIV 7 and DIV14. 

2.3 Transfection 

For DIV 7 observation, neurons were transfected with vectors using Nucleofector 

(Lonza) before plating. Neurons were suspended in 100 µL of NucleofectorTM solution for 

every 1.0 x 106 cells. Vectors were then added into the suspension, mixed well, and 

transferred into an electroporation cuvette. Using an electroporator (Amaxa Biosystems), 



15  

neurons were electroporated to introduce the plasmid DNA into the cells. Immediately after 

electroporation, cells suspension was transferred to Neurobasal Medium supplemented with 

10% fetal bovine serum and 0.01% penicillin streptomycin. 

For DIV 14 observation, neurons were transfected at DIV 7 via lipofectamine 2000 

according to the manufacture`s protocol (Life Technologies). Briefly, a typical transfection 

mixture for one 24 well-plate well contained 50 µl Neurobasal medium, 2 µl of lipofectamine 

solution and 1 µg DNA. 

2.4 RNAi 

For RNAi experiments, Block-iT Pol II miR RNAi expression kit (Invitrogen) were 

used to facilitate the expression of microRNA (miRNA). The vectors were transfected into the 

cultured neurons with lipofectamine 2000 at DIV 4, according to the manufacture’s protocol 

(Invitrogen). Expression of shootin1 was suppressed using shootin1 miRNA#1 (5’- 

TGAAGCTGTTAAGAAACTGGA-3’) and shootin1 miRNA#2 (5’- 

GTTAGAGGAACGGCTAGAGAA-3’) corresponding to nucleotides 138-158 and 

nucleotides 867-887 in the coding region of rat shootin1, respectively. For control vector 

shootin1 pcDNA 6.2-GW/EmGFP-miR-neg encodes an mRNA not to target any known 

vertebrate genes (Toriyama et al., 2006; Toriyama et al., 2013). After 14 days culture, 

immunocytochemical analyses for PSD-95 or synaptophysin and shootin1a was conducted. 

Signal fluorescent of shootin1a was used to indicate the reduction of shootin1a expression. 

2.5 Genotyping 

Male and female shootin1 heterozygous mice were mated to obtain shootin1 KO mice. 

Genomic DNA was isolated tail biopsies of live embryos by NaOH extraction. 1M Tris- 

hydrochloric acid (Tris-HCl) (pH 8.0) was added and heated at 95oC for 10 min, then 

centrifuge for 10 min at 15000 rpm in 4oC. Supernatant was used as DNA template. Genotype 

was determined by PCR with 4 specific primers : 

 
Genotyping F1 (5`-CAGACTGCTACCCACTACCCCCTAC-3`), 

Genotyping R1 (5`-CCTAGAGCTGGACAGCGGATCTGAG-3`), 

Genotyping F2 (5`-CCCAGAAAGCGAAGGAACAAAGCTG-3`), 

Genotyping R2 (5`-ACCTTGCTCCTTCAAGCTGGTGATG-3`). 

 
The PCR was carried out with the denaturation step at 94oC for 2 min, followed by 30 

cycles of 98oC for 10 sec, 60oC for 30 sec, 68oC for 30 sec and a final extension step at 72oC 
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for 2 min. After the PCR reaction, samples were electrophoresed in 1.2% (w/v) agarose gel at 

100V for 20 min. For visualization of electrophoresed PCR products, gels were stained with 

0.5 µg/mg of Ethidium bromide for 15 min, washed with milliQ and digital images were 

captured in a GelDoc-It® Imaging System (UVP). 

2.6 Immunocytochemistry and microscopy 

Cultured neurons were fixed with 3.7% formaldehyde dissolved in Krebs buffer for 10 

min at room temperature, followed by treatment with 0.05% triton X-100 in PBS for 15 min 

on ice and blocked 10 % fetal bovine serum in PBS for 1h at room temperature. They were 

then incubated using the following primary antibodies diluted with blocking serum: rabbit 

anti-shootin1a (1:2000), rabbit anti-shootin1b (1:20000), mouse anti-cortactin (1:500) 

(Millipore), goat anti-NCAM-L1 (1:500) (Santa Cruz Biotech), mouse anti-PSD-95 (1:500) 

(Thermo-scientific), mouse anti-synaptophysin (1:500) (Santa Cruz Biotech), mouse anti-myc 

(1:500) (MBL) or rabbit anti-GFP (1:500) (MBL) overnight at 4oC. Neurons were then 

washed in PBS and incubated with secondary antibodies conjugated with Alexa Fluor 488 

(1:1,000) (Invitrogen). Alexa Fluor 594 (1:1,000) (Invitrogen) for 1 h at room temperature 

and Alexa Fluor 350-conjugated phalloidin (1:50) (Invitrogen) for 30 min at room 

temperature. Immunostained cells were mounted with 50% (v/v) glycerol (Nacalai Tesque) in 

PBS. Fluorescence images were acquired using either a fluorescence microscope (Axioplan2; 

Carl Zeiss Inc.) equipped with a plan-Apochromat 63× oil, 1.40 NA objective (Carl Zeiss, 

Inc.), a charge-coupled device camera (CCD, AxioCam MRm, Carl Zeiss) and imaging 

software (Axiovision3, Carl Zeiss), or a TIRF microscope (IX81, Olympus) and imaging 

software (MetaMorph, molecular devices). 

2.7 Immunoblotting 

Lysates of 1 x 106 hippocampal neurons from various developmental stages were 

loaded onto 10% (w/v) SDS-polyacrylamide gel, transferred to PVDF membrane (Shimada et 

al., 2008; Toriyama et al., 2006). The protein expression was detected using the following 

antibodies: rabbit anti-shootin1a (Baba et al., 2018) (1:10000), rabbit anti-shootin1b 

(Higashiguchi et al., 2016) (1:20000), rabbit anti-pSer249-shootin1 and rabbit anti-pSer101- 

shootin1 (Toriyama et al., 2006; Toriyama et al., 2013) (1:5000 and 1:1000, respectively), 

mouse anti-actin (1:10000, Millipore). The following secondary antibodies were used in 

immunoblotting: HRP-conjugated donkey anti-rabbit IgG (1:2000, GE Healthcare) and HRP- 

conjugated goat anti-mouse IgG (1:5000, Thermo Fisher Scientific). Immunodetection was 

performed by using the enhance chemiluminescence system (ECL, Amersham, Bioscience). 
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Chemiluminescent signals were projected on X-ray film and digitalized, and the signals were 

quantified by using ImageJ. 

2.8 DiI staining 

Prior to surgery, postnatal (P12) wildtype or shootin1-KO mice were anesthetized with 

pentobarbital sodium mixture via intraperitoneal (IP) injection. Mice then were perfused with 

cold PBS buffer and 4% paraformaldehyde (PFA). After perfusion was succeeded, mice head 

was removed by scissor. Brain was removed gently and immersed in the 4% 

paraformaldehyde as fixative solution, 4oC for overnight. After 24 hours, serial coronal 

section (200 μm) of agarose-embedded brains were cut with on a vibrotome (Leica) and 

collected in PBS. Under dissecting microscope, 1,1`-dioctadecyl-3,3,3`,3`-tetramethyl- 

indocarbocyanine dye (DiI; Invitrogen) crystals were placed in using a borosilicate glass 

micropipette with sharp and elongated tip. DiI crystals adhered on the surface of pipette tip 

were gently delivered to the surrounding hippocampus part of slice section. Section were then 

preincubated in 1.5% PFA at room temperature for 4-12 hours to allow DiI crystals to fully 

diffuse along the neuronal membrane of CA1 pyramidal neurons. Slices were then fixed with 

4% PFA at room temperature for 30 minutes and mounted in 30% sucrose. Fluorescence 

images were acquired using confocal microcope (LSM 710; Carl Zeiss) equipped with a plan 

Apochromat x100, 0.45 NA (Carl Zeiss). 

2.9 Fluorescent speckle imaging 

For fluorescent speckle imaging experiment, neurons were transfected with HaloTag- 

actin, HaloTag-shootin1a or HaloTag-cortactin vectors and cultured until DIV 7 on glass 

bottom dish coated with PDL and laminin. Prior to observation, neurons were treated with 

HaloTag TMR ligand (Promega) at 1:2000 dilution in the culture medium and incubated for 1 

h at 37oC. The ligand was then washed out with PBS and the cells were incubated in L-15 

medium containing 2% B27 supplement and GlutaMAX 100X. The fluorescent speckles of 

HaloTag proteins (actin, shootin1a, or cortactin) were observed using fluorescence 

microscope (AxioObserver Z1, Carl Zeiss) equipped with a complementary metal oxide 

semiconductor camera (CMOS, ORCA Flash4.0 V2, Hamamatsu), a Plan-Apochromat 100x, 

1.40 NA (Carl Zeiss) and imaging software (ZEN 2012, Carl Zeiss). Fluorescence images 

were acquired every 2 sec for 100 sec. 
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2.10 Traction force microscopy 

Polyacrylamide gels with embedded fluorescent microsphere (100 nm diameter; 

Invitrogen) were prepared as described (Toriyama et al., 2013; Abe et al., 2018). Neurons 

were cultured on PDL-laminin-coated acrylamide gel and incubated at 5%CO2, 37oC 

incubator for 7 days. Time lapse imaging of fluorescent beads and filopodia-like spines was 

performed at 37oC using confocal microscope (LSM710; Carl Zeiss) equipped with a C- 

Apochromat 63x/1.2 W Corr objective. The transfected neurons were determined by EGFP 

fluorescence or from DIC images. Traction forces under the filopodia-like spines were 

monitored by visualizing force-induced deformation of the elastic substrate, which is reflected 

by displacement of the beads from their original positions. The force vectors detected by the 

beads under individual filopodia-like spines were then averaged. To compare the force under 

different conditions, the length of beads displacement (μm) and angle (θ) of the force vectors 

of the individual filopodia-like spines were statistically analyzed and expressed as means ± 

SEM, separately (Toriyama et al., 2013; Abe et al., 2018). 

2.11 Chemical LTP 

NMDAR-dependent chemical LTP was induced by 200 μM glycine application in 

Mg2+ -free extracellular solution according to Hruska et al., (2018). DIV 14 hippocampal 

neurons transfected with pEGFP were incubated in artificial cerebrospinal fluid (ACSF, 143 

mM NaCl, 5 mM KCl, 2 mM CaCl2, 1mM MgCl2, 30 mM glucose and 10 mM HEPES, pH 

7.4) containing 0.5 μM TTX, 1 μM strychnine and 20 μM bicuculline. After 15-30 min of 

imaging, cultures of neurons were stimulated with glycine (143 mM NaCl, 5 mM KCl, 2 mM 

CaCl2, 0 mM MgCl2, 30 mM glucose and 10 mM HEPES, pH 7.4, 0.5 μM TTX, 1 μM 

strychnine, 20 μM bicuculline and 200 μM) for 4 min. Cells were then incubated in 0 mM 

MgCl2 containing ACSF. To block cLTP, 50 μM D-AP5 (D-2-amino-5-phosphonovalerate) 

and 10 μM of MK-801 were included in the solution described above. Time lapse imaging 

was conducted every 5 min for 1 h at 37oC in confocal microscope (LSM 710; Carl Zeiss). 

Spines were classified as enlarged only if their size increased at least 10% immediately 

following the application of glycine and remained elevated (≥ 10% over baseline) for the 

entire imaging period. 

2.12 Analyses of dendritic spine morphology 

Images were acquired using a confocal microscope (LSM710; Carl Zeiss) with 

consistent laser intensity or camera exposure levels for each fluorophore in each experiment. 

Dendritic segments of interest in hippocampal neurons were first taken as three-dimensional 
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image stacks and then projected to two-dimensional images using the maximal intensity-z 

projection function of ImageJ (National Institute of Health). Morphological analysis was 

performed with ImageJ to measure spine density and size. For each dendritic spines, the 

length, the neck and head width were measured, which was to classify spines into categories 

(Filopodia-like, thin, stubby and mushroom-shaped) (Harris et al., 1992; Risher et al., 2014). 

"Filopodia-like spines" were defined if the length value is ≥ 2 μm and diameter of the head is 

similar with the neck diameter; "Thin" spine with ≤ 5 μm in length, and diameter head ≤ 0.6 

μm; "Stubby" spine with ≤ 2 μm in length, without a well-defined neck; "Mushroom-shaped" 

spine is ≤ 5 μm in length and head diameter much bigger than neck diameter with value ≥ 0.6 

μm. 

2.13 Statistical analysis 

All statistical significance was determined by Microsoft Excel and GraphPad Prism7 (RRID : 

SCR_002798). For the most cases, significance was determined by two-tailed unpaired 

Student’s t-test. 
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3. Results 
 

3.1 Shootin1a is localized in dendritic spines 

Previous studies reported that shootin1a is expressed at early stages of developmental 

hippocampal neurons and have shown that shootin1a is predominantly accumulated at the 

axonal growth cone (Toriyama et al., 2006). Shootin1a is involved in the process of neuronal 

polarity formation and axon guidance (Toriyama et al., 2010; Kubo et al., 2015; Baba et al., 

2018). To address whether shootin1a is expressed in the later stages of developmental 

hippocampal neurons, cell lysates from rat cultured hippocampal neurons on day in vitro 

(DIV) 3, DIV 7, DIV 14, and DIV 28 were analyzed by immunoblotting. In addition, I also 

examined the expression level of another splicing isoform of shootin1a, shootin1b 

(Higashiguchi et al., 2016). Immunoblot was conducted by using specific antibodies against 

shootin1a and shootin1b. The level of actin served as a loading control. The results showed 

that the expression level of shootin1a increased remarkably on DIV 7. Thereafter, it decreased 

but still was detected on DIV 14 and DIV 28 (Figure 5A). On the other hand, shootin1b was 

detected on DIV 3, thereafter decreased on DIV 7 and became undetectable on DIV 14 and 

DIV 28 (Figure 5A). These data suggest that shootin1a, but not shootin1b, is expressed at 

later stages of developmental hippocampal neuron and raised the possibility that shootin1a 

may function at the later stages of developmental hippocampal neurons. 

The peak of dendritic growth and synapse formation of cultured hippocampal neurons 

occurs during the second and third weeks in vitro (Kaech and Banker, 2006). To examine 

whether shootin1a is localized in dendritic spines, I performed immunocytochemical analysis 

of DIV 14 hippocampal neurons. Neurons were double-stained by anti-shootin1a or anti- 

shootin1b antibodies with a dendritic spine marker, anti-PSD-95 antibody. As shown in 

Figure 5B, shootin1a was detected and was co-localized with PSD-95 positive puncta. In 

addition, consistent with immunoblot data, shootin1b was not detected in the spines. The 

immature forms of dendritic spines, filopodia-like and thin spines, are observed at the  

younger neurons, DIV 9-12 (Ziv and Smith, 1996). Thus, I examined the subcellular 

localization of shootin1a in the immature spines at DIV 12 cultured hippocampal neurons. To 

outline the morphology of dendritic spines, neurons were transfected with AcGFP-actin using 

Lipofectamine 2000 and then labeled with anti-shootin1a antibody. As shown in Figure 5C, 

endogenous shootin1a localized at the tips of filopodia-like spines (arrowheads) and stubby 

spines (arrows). Previous study reported that elongated morphology of filopodia-like spines 
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serve as precursors of dendritic spine (Ziv and Smith, 1996). Together, these data demonstrate 

that shootin1a is detected in dendritic spine sand localized at the tips of filopodia-like spines. 

3.2 Shootin1a is involved in dendritic spine formation 

To elucidate the role of shootin1a in dendritic spines, I analyzed the neuron of 

shootin1 knock out mice (Baba et al., 2018) in vitro and in vivo. First, Hippocampal neurons 

were isolated from E16.5 wild-type (WT) and shootin1-KO mice at E16.5 and then cultured at 

low-density. On DIV 14, neurons were double-stained with anti-shootin1a antibody and anti- 

PSD-95 antibody (Figure 6A). As the result, shootin1-KO neurons exhibited a significantly 

low number of PSD-95-positive puncta compared with those in WT neurons (Figure 6B; WT, 

2.61 ± 0.19 puncta/10 μm, n = 37 cells; KO, 1.51 ± 0.12 puncta/10 μm, n = 38 cells). 

Additionally, shootin1-KO neurons showed a decreased number of synaptophysin-positive 

puncta (Figure 6C), a presynaptic protein marker (Figure D; WT = 3.13 puncta/10μm, n = 30 

cells; shootin1-KO = 1.46 puncta/10μm, n= 43 cells). The graph depicts the averaged result 

from more than 3 experiments. 

Shootin1a plays an important role for axon outgrowth and guidance (Toriyama et al., 

2006; Abe et al., 2018; Baba et al., 2018). Thus, reduction of the dendritic spine number in 

shootin1-KO neurons might be induced as an indirect effect of axon outgrowth inhibition. 

Therefore, I transfected DIV 4 low-density cultured E18 rat hippocampal neurons using 

miRNA against shootin1 that specifically knockdowns rat shootin1a. Transfection efficiency 

was around 1.6% - 2% on DIV 14 hippocampal neurons (Figure 7B), suggesting that axon 

outgrowth of 98% neurons are not affected. Neurons were then stained with anti-PSD-95.  

The fluorescence of GFP indicated transfected neurons (Figure 7A). The result showed that 

transfected GFP-positive neurons silenced for shootin1a presented a significant reduction of 

PSD-95-positive puncta compared with control (Figure 7C; control shootin1a-RNAi, 2.20 ± 

0.09 puncta/10 μm, n = 22 cells; shootin1a RNAi #1, 1.65 ± 0.09 puncta/10 μm, n = 18 cells; 

shootin1a RNAi #2, 1.78 ± 0.08 puncta/10 μm, n = 10). 

To further examine the role of shootin1a, I over expressed myc-shootin1a in cultured 

hippocampal neurons under strong β-actin promotor (Figure 8A). Overexpression of 

shootin1a in cultured hippocampal neurons increased the density of PSD-95 immunoreactivty 

(Figure 8B; control = 2.28 ± 0.09 puncta/10μm, n = 21 cells; shootin1a overexpressing 

neurons = 2.85 ± 0.11 puncta/10μm, n = 21 cells). Together, these results demonstrate that 

shootin1a plays an important role for dendritic spine formation. 
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Figure 5. Expression and localization of shootin1a in dendritic spines. (A) Immunoblot analysis of 

shootin1a and shootin1b on DIV 3, 7, 14 and 28 of E18 rat hippocampal neurons. The anti-shootin1a 

(~60 kDa) and anti-shootin1b (~80 kDa) antibodies recognized specifically shootin1a and shootin1b, 

respectively. Anti-actin antibody served as loading controls. (B) DIV 14 primary hippocampal neurons 

were immunostained for endogenous shootin1a or shootin1b (green) and PSD-95 (red). PSD-95 is a 

marker for dendritic spines. Arrowheads indicate shootin1a co-localized with PSD-95. Bars, 5 μm. (C) 

DIV 10 neurons transfected with AcGFP-actin were immunostained with shootin1a (red). Arrowheads 

indicate shootin1a localized at the tips of filopodia-like spines, while arrows indicate shootin1a 

localized in a stubby spines. Bars, 10 μm; 2 μm. 
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Figure 6. Loss of shootin1a inhibits dendritic spine formation. (A) Immunocytochemical analyses 

of PSD-95-positive puncta in E16.5 WT and shootin1-KO mouse hippocampal neurons cultured for 14 

days. (B) Quantitative analyses of PSD-9-positive puncta number. Density of PSD-95-positive puncta: 

wt = 2.61 puncta ± 0.19/10μm, n = 37 cells; shootin1-KO = 1.52 ± 0.12 puncta/10μm, n = 38 cells. (C) 

Immunocytochemical analysis of synaptophysin-positive puncta in E16.5 WT and shootin1-KO mice 

neurons cultured for 14 days. (D) Quantification analyses of synaptophysin-positive puncta. Density of 

Synaptophysin-positive puncta: wt = 3.13 puncta/10μm, n = 30 cells; shootin1-KO = 1.46 puncta/10μm, 

n= 43 cells. Two-tailed unpaired Student’s t-test. *p < 0.05; **p < 0.02; ***p < 0.01. Scale bars, 5 μm 
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Figure 7. Shootin1a-knockdown neurons show a low number of dendritic spines. (A) 

Immunocytochemical analyses of PSD-95-positive puncta in E18 Rat hippocampal neurons 

expressing control miRNA and shootin1-RNAi #1 and #2. (B) Transfection efficiency of Lipofectamine 

2000 in DIV 14 hippocampal neurons. Neurons were transfected on DIV 4 and then on DIV 14 

observation was performed. (C) Quantification of the spine number in shootin1-knockdown neurons. 

Density of PSD-95-positive puncta: control shootin1a-RNAi = 2.20 puncta ± 0.09/10μm, n = 22 cells; 

shootin1-RNAi #1 = 1.65 ± 0.09 puncta/10μm, n = 18 cells; shootin1-RNAi #2 = 1.78 puncta ± 

0.08/10μm, n = 10 cells. Two-tailed unpaired Student’s t-test. *p < 0.05; **p < 0.02; ***p < 0.01. Scale 
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Figure 8. Overexpression of shootin1a increases PSD-95-positive puncta. (A) Overexpression of 

shootin1a in DIV 14 hippocampal neurons. Hippocampal neurons overexpressing myc-GST or myc- 

shootin1a were immunostained with anti-myc (green) and anti-PSD-95 (red) antibodies. (B) 

Quantification of the spine number in P12 WT and shootin1-KO mice brain. Density of PSD-95- 

positive puncta: myc-GST neurons= 2.28 puncta ± 0.09/10μm, n = 21 cells; myc-shootin1 neurons  = 

2.85 ± 0.11 puncta/10μm, n = 21 cells. Two-tailed unpaired Student’s test; ***p < 0.01. Bars, 5 μm. 

Anti-myc Anti-myc 

PSD-95 PSD-95 

Anti-myc 
PSD95 

Anti-myc 
PSD-95 

myc-Shootin1a myc-GST 

*** 

N
um

be
r o

f P
SD

-9
5-

po
si

tiv
e 

pu
nc

ta
/ 1

0 
µm

 

A 



26  

 

3.3 Shootin1a is involved in the maturation of dendritic spines 

To further examine the role of shootin1a in vivo, the carbocyanine dye DiI was 

delivered to the hippocampus of P12 WT and shootin1-KO mice brain. During P10-P12, 

immature filopodia-like spines are replaced with mature spines (Cruz-Martin et al., 2010). 

Distinctive morphologies such as dendritic branches and dendritic spine protrusions could be 

visualized under confocal microscope (Figure 9A). Consistent with the number of PSD-95- 

positive puncta in shootin1-KO neurons in culture, dendritic spine number of pyramidal 

hippocampal neurons in shootin1-KO mice brain was significantly decreased compared with 

WT (Figure 9B; WT, 4.50 ± 0.37 protrusions/10 μm, n = 10 cells; KO, 3.51 ± 0.22 

protrusions/10 μm, n = 11 cells). 

To address whether shootin1a is involved in spine maturation, DiI staining images 

were also used for discriminating the spine morphology. Spine morphology was categorized 

as previously described with some modifications (Harris et al., 1992; Risher et al., 2014) : 

"filopodia-like spines" if the length value is ≥ 2 μm and diameter of the head is similar with 

the neck diameter; "Thin" spine is ≤ 5 μm in length, and diameter head is ≤ 0.6 μm; "Stubby" 

spine is ≤ 2 μm in length, without a well-defined neck; "Mushroom-shaped" spine is ≤ 5 μm 

in length and head diameter much bigger than neck diameter with value ≥ 0.6 μm. As shown 

in Figure 9C, in shootin1-KO mice brain, the density of filopodia-like spines increased 

(Filopodia-like spines: WT, 6.18 ± 0.79 %, n = 10 cells; KO, 13.73 ± 2.42 %, n = 11 cells), 

while mushroom-shaped spines number decreased compared with WT (WT, 38 ± 3.59 %, n = 

10 cells; KO, 28.55 ± 2.53 %, n = 11 cells). The numbers of thin and stubby spines were not 

significantly different between shootin1-KO and WT. These data demonstrate that shootin1a 

is involved in the maturation of dendritic spines. 
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Figure 9. Shootin1a is required for the maturation of dendritic spines. (A) Representative images 

of DiI-stained dendritic shaft in P12 WT and shootin1-KO mice brain. (B) Quantification of the spine 

number in P12 WT and shootin1-KO mice brain. Number of spines: WT, 4.50 ± 0.37/10 μm, n = 10 

cells; KO, 3.51 ± 0.22/10 μm, n = 11 cells. Two-tailed unpaired Student’s test; *p < 0.05.  (C) 

Proportion of filopodia-like, thin, stubby and mushroom-shaped spines in P12 WT and shootin1-KO 

mice brain. Filopodia-like: WT, 06.18 ± 0.79 %; KO, 13.73 ± 2.42 %; thin spines: WT, 35.21 ± 3.55 %; 

KO, 39.50 ± 3.19 %; stubby spines: 20.59 ± 2.67 %; KO, 18.66 ± 2.23 %; mushroom-shaped: 38.01 ± 

3.59 %; KO, 28.55 ± 2.53 %; n WT = 10 cells, n KO = 11 cells). Two-tailed unpaired Student’s test; *p 

< 0.05; ns, non significant. Bars, 20 μm; 5 μm. 
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3.4 Shootin1a mediates clutch coupling at dendritic spines 

Previously, our laboratory reported that shootin1a functions as a clutch molecule for 

axon outgrowth and guidance (Shimada et al., 2008; Kubo et al., 2015; Baba et al., 2018). At 

axonal growth cones, shootin1a interacts with F-actin retrograde flow, through its interaction 

with cortactin (Kubo et al., 2015) and L1-CAM (Baba et al., 2018). Therefore, to investigate 

whether shootin1a functions as a clutch molecule for spine formation, I first analyzed 

localization of F-actin, shootin1a, and L1-CAM in filopodia-like spines of DIV 7 

hippocampal neurons. I found that shootin1a was accumulated at the tips of filopodia-like 

spines and it was co-localized with F-actin, cortactin and L1-CAM (Figure 10). 

To further investigate whether shootin1a functions as a clutch molecule in dendritic 

spines, I carried out single speckle imaging of HaloTag-actin, HaloTag-shootin1a and 

HaloTag cortactin. The protein tag (HaloTag) system allows to select the type of ligand for 

multiple analytical methods including analysis of subcellular localization (Los et al., 2008).  

In this study, F-actin, cortactin, or shootin1a were fused to HaloTag and were labeled by 

tetramethylrhodamine (TMR) to visualize the dynamics of those proteins. The flow velocity 

was monitored by a kymograph analysis. A previous study reported that retrograde flow 

movement of F-actin in filopodia-like spine of DIV 7-9 cultured hippocampal neurons 

(Tatavarty et al., 2012). Consistently, I found that fluorescent speckles of F-actin moved 

retrogradely in filopodia-like spines of DIV 7 hippocampal neurons (Figure 11A). Similarly, 

fluorescent speckles of shootin1a and cortactin also showed retrograde movement (Figure 

11B and C). These data raise a possibility that shootin1a mechanically couples F-actin and 

adhesive substrate in dendritic spines. Previous studies reported that disruption of the 

shootin1a-mediated clutch coupling between retrograde flow of F-actin and substrate 

increases the speed of F-actin retrograde flow (Toriyama et al., 2013; Kubo et al., 2015; Baba 

et al., 2018). Interestingly, the flow speed of HaloTag-actin speckles was significantly 

increased in shootin1-KO neurons (Figure 12; shootin1-WT, 1.96 ± 0.12 μm min-1, n = 66 

speckles; shootin1-KO, 3.274 ± 0.23 μm min-1, n = 68 speckles), suggesting that shootin1-KO 

increased slippage of F-actin-adhesion coupling, namely, shootin1-KO disrupted clutch 

coupling in dendritic spines. Taken together, these results demonstrate that shootin1a 

mediates F-actin-adhesion clutch coupling at dendritic spine. 
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Figure 10. Shootin1a co-localizes with F-actin, Cortactin and L1-CAM. (A-C) DIV 7 primary 

hippocampal neurons co-stained with anti-shootin1a (green) (A-C) phalloidin for F-actin (A), anti- 

cortactin antibody (B), and anti-L1-CAM antibody (C). Scale bars, 5 μm. 
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Figure 11. Shootin1a flows retrogradely in filopodia-like spines. (A) Fluorescent speckle images 

of halotag-actin at filopodia-like spine in DIV 7 hippocampal neurons. Kymograph of the indicated 

rectangular region at 2-sec intervals is shown to the right. Yellow dashed lines indicate the retrograde 

flow of halotag-actin. Scale bars, 2 μm ;1 μm. (B) Fluorescent speckle images of Halotag-shootin1a at 

filopodia-like spine in DIV 7 rat hippocampal neurons. Kymograph of the indicated rectangular region 

at 2-sec intervals is shown to the right. Yellow dashed lines indicate the retrograde flow of halotag- 

shootin1a. Scale bars, 2 μm ;1 μm. (C) Fluorescent speckle images of halotag-cortactin at filopodia- 

like spine in DIV 7 rat hippocampal neurons. Kymograph of the indicated rectangular region at 2-sec 

intervals is shown to the right. Yellow dashed lines indicate the retrograde flow of halotag-cortactin. 

Scale bars, 2 μm ;1 μm 
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Figure 12. F-actin retrograde flow speeds in filopodia-like spines of WT and shootin1-KO 
neurons. (A and B) Fluorescent speckle images of halotag-actin in filopodia-like spines of WT and 

shootin1-KO DIV 7 mice hippocampal neurons. Kymograph of the indicated rectangular region at 2- 

sec intervals is shown to the right. Yellow dashed lines indicate the retrograde flow of halotag-actin. 

Scale bars, 2 μm ;1 μm. (C) Quantification of F-actin retrograde flow rate from the kymograph analysis 

(WT, 1.96 ± 0.12 μm min-1, n = 66 speckles; shootin1-KO, 3.274 ± 0.23 μm min-1, n = 68 speckles). 

Two-tailed unpaired Student’s t-test ***p < 0.01. 
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3.5 Shootin1a-mediated F-actin-adhesion clutch is involved in dendritic spine formation 

To further investigate the roles of shootin1a-mediated F-actin-adhesion clutch for 

dendritic spines, I overexpressed a shootin1a-dominant negative mutant shootin1a (1-125) in 

DIV 7 hippocampal neurons. The shootin1a (1-125) is a truncated mutant of shootin1a with 

residues 1 to 125, which contains the L1-CAM-binding domain but lacks the cortactin- 

binding domain (Baba et al., 2018). Therefore, the competitive binding of shootin1a-DN to 

the L1 intracellular domain reduces the binding of endogenous shootin1 to L1-CAM. 

Consistently with the data of shootin1-KO neurons (Figure 12), the speed of F-actin flow in 

filopodia-like spines of neurons expressing shootin1a-DN (Figure 13 A and B) was 

significantly increased compared with control-GST (Figure 13 C; control, 1.89 ± 0.15 μm 

min-1, n = 40 speckles; shootin1-DN (1-125), 2.59 ± 0.18 μm min-1, n = 55 speckles). These 

data confirm that interaction of shootin1a and L1-CAM is essential for the clutch coupling of 

F-actin and adhesive substrate in spines. 

The maturation and formation of dendritic spine is primarily driven by the actin 

network beneath the cell membrane (Honkura et al., 2008; Hotulainen and Hoogenraad, 2010). 

To examine whether force is generated in dendritic spine, I measured the force by traction 

force microscopy. Hippocampal neurons were cultured on PDL-laminin-coated acrylamide 

gel and incubated for 7 days. Traction forces under the spines were monitored by visualizing 

force-induced deformation of the elastic substrate, which is reflected by displacement of the 

beads from their original positions. As shown in Figure 14A, the beads moved dynamically 

under the filopodia-like spines, indicating that force is generated at spines. Importantly, the 

bead displacement in the neurons expressing shootin1a-DN was significantly decreased in 

comparison to control neurons (Figure 14B; control, 0.33 ± 0.05 μm, n = 25 spines; 

shootin1a-DN (1-125), 0.17 ± 0.17 μm, n = 27 spines). The direction of the bead movement 

was oriented toward the shaft (Figure 14C). These data indicate that disruption of shootin1a-

mediated F-actin-adhesion clutch coupling by overexpressing of shootin1a-DN significantly 

reduce traction force in spines. 

I further examined the formation of dendritic spines in neurons expressing shootin1a- 

DN mutant. DIV 7 hippocampal neurons were transfected with myc-GST or myc-shootin1a 

(1-125). On DIV 14, neurons were double stained with anti-myc and anti-PSD-95 antibodies 

to label transfected neurons and dendritic spines, respectively (Figure 15A). As the results, 

DIV 14 hippocampal neurons transfected with shootin1a-DN (1-125) mutant beared a 

significantly low number of dendritic spines compared with control (Figure 15B; control, 2.80 
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± 0.24/10 μm, n = 7 cells; shootin1-DN (1-125), 1.46 ± 0.16/10 μm, n = 12 cells). Together, 

these results suggest that shootin1a-mediated F-actin adhesion clutch is involved in the 

generation of traction force for dendritic spine formation. 

 
 

3.6 Glutamate stimulation elicits Pak1-mediated shootin1 phosphorylation 
 

Glutamate, a major excitatory neurotransmitter, activates postsynaptic glutamate 

NMDA receptors which in turn induces long-term potentiation (LTP) (Lisman et al., 2012). 

As a paradigm of learning and memory, a stable enlargement of potentiated spines is 

associated with LTP (Fortin et al., 2010) and protein phosphorylation is thought to trigger 

synaptic changes underlying LTP (Racaniello et al., 2010). Therefore, to address whether 

shootin1a phosphorylation is mediated by glutamate stimulation, I performed immunoblotting 

for shootin1a phosphorylation at Ser249. As shown in Figure 16, upon stimulation with 10 

μM glutamate for 30 min, phosphorylation level of shootin1a at Ser249 was increased 

significantly (Figure 16). 

Previous study reported that netrin-1 induces Pak1-mediated phosphorylation of 

shootin1a at Ser101 and Ser249 (Toriyama et al., 2013). To determine whether shootin1 

phosphorylation is mediated by Pak1 under glutamate stimulation, neurons were treated with 

a Pak1 inhibitor, NVS-PAK1-1, and stimulated by glutamate. NVS-PAK1-1 is an allosteric 

inhibitor that binds outside of ATP-binding cleft (non-ATP-competitive Pak1 inhibitor), 

which selectively inhibits Pak1 kinase activity (Karpov et al., 2015; Semenova and Chernoff, 

2017). As the results, under glutamate stimulation, phosphorylation of shootin1a Ser249 was 

inhibited by NVS-PAK-1-1. These results suggest that glutamate stimulation elicits Pak1- 

mediated shootin1a phosphorylation. 
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Figure 13. Shootin1a-L1-CAM interaction mediates the clutch coupling of F-actin and adhesive 
substrates in dendritic spines. (A and B) Fluorescent speckle images of halotag-actin at filopodia- 

like spines of DIV 7 hippocampal neurons expressing GST (control) (A) and shootin1a (1-125) (B). 

Kymograph of the indicated rectangular region at 2-sec intervals is shown to the right. Dashed lines 

indicate the retrograde flow of halotag-actin. (C) Quantification of F-actin retrograde flow rate from the 

kymograph analysis (control-GST n = 40 Speckles; Shootin1a (1-125) n = 55 Speckles). Two-tailed 

unpaired Student’s t-test ***p < 0.01. Scale bars, 2 μm ;1 μm. 
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Figure 14. Disruption of shootin1a-mediated F-actin-adhesion clutch inhibits force generation 
in spines. (A) Analysis of DIC (Upper panel) and fluorescence images (bottom panel) showing 

filopodia-like spines of DIV 7 neurons overexpressing myc-GST (control) or myc-shootin1a (1-125). 

Images were acquired every 5 sec. The original and displaced positions of the beads in the gel are 

indicated by green and red colors, respectively. Dashed line indicates the boundarys of the dendritic 

shaft with filopodia-like spines. The kymographs (bottom panel) along axis of bead displacement 

(white dashed arrows) at indicated areas 1 and 2 of the filopodia-like spines show movement of beads 

recorded every 5 s. The bead in area 2 is reference beads. (B) Quantification of the bead 

displacement under the filopodia-like spines overexpressing myc-GST (control) (n= 25 beads, 22 

spines), myc-shootin1a (1-125) (n= 27 beads, 27 filopodia). (C) Statistical analysis of angle (θ) (myc- 

GST = 4.221 ± 17.77o ; myc-shootin1a (1-125) = 5.176 ± 16.38o ). Two-tailed unpaired Student’s t-test. 

***p < 0.01; ns P = non significant. Scale bars, 5 μm. 
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Figure 15. Disruption of shootin1a-mediated F-actin-adhesion clutch inhibits formation of 
dendritic spines. (A) DIV 14 primary hippocampal neurons were transfected with a control vector 

(pCAG-EGFP) or shootin1 dominant-negative (DN) (pCAG-GFP-shootin1 (1-125)) mutant. (B) 

Quantification of the protrusion number in control and DN-shootin1 neurons. Data represent n (control) 
= 7 neurons, n (shootin1 (1-125)) mutant = 12 neurons. Two-tailed unpaired Student’s t-test ***p < 

0.01. Scale Bar, 5 μm. 
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3.7 Shootin1a-mediated F-actin adhesion clutch is required for NMDA receptor- 

dependent spine plasticity 

The formation of new spines, expansion of spine head, and shortening of spine neck 

have been observed under stimulation for long term potentiation (LTP) (Cornell-Bell et al., 

1990; Bosch et al., 2014). Moreover, the spine head enlargement during LTP depends on the 

dynamics of actin filaments and is mediated by NMDA glutamate receptor activation 

(Krucker et al., 2000; Matsuzaki et al., 2001; Tanaka et al., 2008). Finally, I examined 

whether shootin1a-mediated clutch coupling plays a key role in synaptic plasticity. I used 

chemical LTP (cLTP) approach with glycine, a glutamate co-agonist, to induce structural 

plasticity (Hruska et al., 2018). Glycine induces LTP through the activation of NMDA 

receptors, which initiates by the entry of Ca2+ and that in turn triggers the activation of 

CaMKII (Lu et al., 2001). 

The of NMDA receptor channels are blocked by Mg2+ ion, thereby preventing ions 

influx to flow through the cell membrane (Nowak et al., 1984; Zhu et al., 2016). Therefore, 

the induction of LTP was performed by addition of glycine in Mg2+-free solution in DIV 14 

cultured hippocampal neurons. Live imaging of neurons expressing GST or shootin1a-DN 

using confocal microscope was performed to monitor the changes in spine size. The addition 

of glycine induced the spine enlargement in DIV 14 neurons expressing GST (Figure 17). As 

reported previously (Hruska et al., 2018), addition of glycine induced sustained enlargement 

of 42% of dendritic spines. The spine enlargement was blocked by addition of AP5 and MK- 

801, indicating that the spine enlargement depends on NMDA receptor activation. 

Importantly, I found that disruption of shootin1a-mediated F-actin-adhesion coupling by 

shootin1-DN inhibited this NMDA receptor-dependent spine enlargement (Figure 17). Taken 

together, these data indicate that F-actin-clutch adhesion mediated by shootin1a plays an 

essential role in NMDA receptor-dependent spine plasticity. 
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Figure 16. Glutamate stimulation induces PAK1-mediated shootin1a phosphorylation. (A) DIV 

14 hippocampal neurons were treated without or with 10 μM glutamate (control). To inhibit Pak1 

kinase upon glutamate stimulation, 10 μM glutamate was applied to DIV 14 neurons after 30 min 

incubation with 0.25 μM Inhibitor PAK-1 (NVS-PAK1-1). Cell lysate were then examined with 

immunoblotting with anti-pSer249 and anti-shootin1a antibodies. (B) Quantitative analysis of pSer249 

after treated with 10 μM glutamate for 60 min and 0.25 μM Inhibitor PAK-1 (NVS-PAK1-1). Data 

represent means ± SEM; ***p < 0.01; **p < 0.02; *p < 0.05; ns, non significant. 
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Figure 17. Disruption of shootin1a-mediated F-actin-adhesion clutch inhibits NMDR-dependent 
spine enlargement. (A) Representative images of time lapse of DIV 14 hippocampal neurons 

transfected with EGFP-GST and EGFP-shootin1a (1-125) before and after chemical LTP (cLTP). LTP 

were induced by glycine at 4 min before acquisition. Spine enlargement was blocked by treatment with 

50μM AP5 and 10μM MK-801. (B) Increase in volume of dendritic spines before and after cLTP. 

Control-GST (orange line), n = 11 spines; EGFP-shootin1a (green line) (1-125), n = 14 spines; 50μM 

AP5 + 10μM MK-801 (black line), n = 6 spines. Bars, 1 μm. 
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4. Discussion 
 
 

Shootin1a is reported to be expressed in early stages of developmental hippocampal 

neurons. Shootin1a functions as a clutch molecule in axonal growth cones (Toriyama et al., 

2006; Kubo et al., 2015; Baba et al., 2018). Here, I found that shootin1a is also expressed at 

later stages of cultured hippocampal neurons and localized in dendritic spines. Shootin1a 

mediated F-actin-adhesion clutch generates traction force on adhesion substrate for the 

formation and maturation of dendritic spines. Furthermore, shootin1a-mediated F-actin- 

adhesion clutch is necessary for NMDA receptor-dependent spine enlargement. This study 

demonstrates that mechanical regulation of F-actin-adhesion coupling mediated by shootin1a 

is necessary for the formation and plasticity of dendritic spines. 

4.1 Shootin1a is required for the formation and maturation of dendritic spines 

In this study, I showed that shootin1a is localized at the tip of filopodia-like and 

stubby spines. Filopodia-like spines are the precursors of dendritic spines (Ziv and Smith, 

1996). On the other hand, stubby spine is proposed (by the Miller/Peters Model (1981)) as an 

early stage in the process of spine protrusion which in turn to form mushroom-shaped spines. 

Thus, here I hypothesized that shootin1a may play a role in spine formation. The formation of 

spines is thought to be originated from patches of actin filament on dendritic shafts and it has 

network-like cytoskeleton organization without any bundling protein (Korobova and Svitkina, 

2010). A number of actin regulatory proteins have been known to play important roles in 

regulating the actin dynamic during spine formation. The Arp2/3 complex is the most well- 

known protein in the process of actin filaments elongation (Hotulainen and Hoogenraad, 

2010). The Arp2/3 complex produces a dense branched of actin network to expand of spine 

head (Korobova and Svitkina, 2010; Chazeau et al., 2014). The mDia2/formin protein is 

required for proper spine formation by promoting the polymerization of actin filament at tip 

of filopodia-like spines (Hotulainen et al., 2009). Moreover, It has been shown that neuronal 

activity regulates the initiation of dendritic filopodia but not in the growth cone (Portera- 

Cailliau et al., 2003). The present study demonstrated that overexpression and loss of 

shootin1a resulted in an increase and reduction the number of PSD-95-positive puncta, 

respectively, suggesting that shootin1a is required for spine formation. 

PSD-95, a best-known scaffolding protein in dendritic spines, binds with NMDA 

receptors and stabilizes dendritic spine plasticity (Chen et al., 2011; Zhu et al., 2016a; Won et 

al., 2016). PSD-95 is partially anchored by F-actin at the spines from 13 days culture of 



41  

neurons (Zhang and Benson, 2001). The transition of filopodia-like spines into mature spines 

is regulated by several regulators of actin polymerization such as Arp2/3, cortactin, myosin II, 

cofilin and profilin (Fukazawa et al., 2003; Ackermann and Matus, 2003; Gu et al., 2010; 

Hodges et al., 2011; Catarino et al., 2013; Spence et al., 2016). Interestingly, I found that 

shootin1-KO mice brain exhibits a decreased number of mushroom-shaped spines and an 

increment number of filopodia-like spines. Therefore, these results suggest that shootin1a is 

involved in the maturation of dendritic spines. 

4.2 Shootin1a mediates F-actin-adhesion clutch for dendritic spine formation 

The polymerization and de-polymerization of actin cytoskeleton plays a pivotal role in 

both structure and dynamic of dendritic spines. The growth of new actin network at the 

leading edge is considered to be essential for pushing the cell membrane forward 

(Ananthakrishnan and Ehrlicher, 2007). Myosin II activity in filopodia spines induces 

retrograde flow of F-actin (Portera-Cailliau et al., 2003; Medeiros et al., 2006; Korobova and 

Svitkina, 2010). In dendritic spines, retrograde flow of F-actin was observed in filopodia-like 

and at the edge of expanding spine head (Honkura et al., 2008; Tatavarty et al., 2009, 2012). 

Consistently in this study, I found that F-actin flows retrogradely in filopodia-like spines 

(Figure 11). 

Shootin1a is a clutch molecule that plays an important role in axon outgrowth and 

guidance (Toriyama et al., 2006, 2013; Kubo et al., 2015; Abe et al., 2018; Baba et al., 2018). 

Previously, it is reported that shootin1a-cortactin interaction couples retrograde flow of F- 

actin with extracellular substrate via L1-CAM in axonal growth cone (Kubo et al., 2015; Baba 

et al., 2018). Co-localization of shootin1a, cortactin, and L1-CAM in dendritic spines  

suggests that similar interactions may occur during morphogenesis of dendritic spines. 

Moreover, I found that shootin1a and cortactin speckles moved retrogradely in filopodia-like 

spines as well as F-actin speckles, suggesting that shootin1a may link F-actin retrograde flow 

with adhesive substrates. Several cell adhesion molecules (CAM) are reported to have 

important contributions in synapse formation and regulation of spine morphology, such as N- 

CAM and neuroligin 1. These regulations occur through signaling cascades or secondary 

protein-protein interactions (Dalva et al., 2007; Liu et al., 2016). In addition, it is reported that 

extracellular cell molecules accumulate at the edges of pre- and post-synaptic appositions of 

the neurons and astrocytes, including dendritic spines (Tian et al., 1997; Levy et al., 2014; 

Omar et al., 2017), suggesting that cell adhesion molecules may mediate physical interactions 



42  

with dendritic spine membrane to modulate synapse formation, maturation and synaptic 

plasticity. 

The present study demonstrates that disruption shootin1-L1-CAM interaction 

increased F-actin retrograde flow in the filopodia-like spines (Figure 11), indicating that 

inhibition of shootin1a-mediated F-actin-adhesion clutch in dendritic spines. Importantly, the 

inhibition of shootin1a-mediated F-actin-adhesion clutch in spines also reduced significantly 

the generation of traction force in spines (Figure 14), which in turn resulted in reduction in a 

number of dendritic spines (Figure 15). Based on this notion, I consider that shootin1a 

mechanically couples F-actin retrograde flow and cell adhesion, through its interaction with 

cortactin and L1-CAM, thereby generating force for the formation dendritic spines. 

4.3 Glutamate induces Pak1-mediated shootin1a phosphorylation in dendritic spines 

Glutamate is one of the major of excitatory neurotransmitter in the mammalian 

nervous system. Activation of NMDA receptor by glutamate allows ion Na+ and Ca+ influx, 

thereby triggers a series of signaling pathway (Tanaka et al., 2008; Fortin et al., 2010). 

Calcium influx promotes the activation of a serine/threonine protein kinase, Ca2+/Calmodulin- 

dependent protein kinase II (CaMKII) in dendritic spines (Inagaki et al., 2000; Okamoto et al., 

2007; Redondo and Morris, 2011; Bosch et al., 2014). This in turn stimulates the activation of 

cdc42 and Rac1, and βpix (Asrar et al., 2009; Bosch et al., 2014; Shin et al., 2019). In 

response to glutamate uncaging stimulation, spines can undergo structural plasticity by 

enlarging their size (Matsuzaki et al., 2001; Murakoshi et al., 2011; Bosch et al., 2014). 

Interestingly, my study showed that glutamate induces Pak1-mediated shootin1a 

phosphorylation at Ser249 (Figure 16). Our previous study showed that Pak1-mediated 

shootin1a phosphorylation at Ser101 and Ser249 enhances the coupling between F-actin 

retrograde flow and L1-CAM at growth cone (Toriyama et al., 2013). Together, these results 

suggest that glutamate-induced phosphorylation of shootin1a may enhance the F-actin 

adhesion clutch to enlarge the head of dendritic spines. 

The proposed signaling pathway of shootin1a-mediated F-actin-adhesion clutch 

coupling for the generation of traction force in spine expansion is described in Figure 18. 

Induction of actin polymerization and signal-force conversion of F-actin may work 

coordinately to efectively regulate the formation and expansion of dendritic spines under 

glutamate stimulation. 
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4.4 Shootin1a-L1-CAM interaction mediates NMDA receptor-dependent spine plasticity 

During LTP, actin filaments undergo dynamic rearrangement, which in turn induces 

structural expansion of dendritic spine head (sLTP). Regulatory proteins that is involved in 

activity-induced spine enlargement have been extensively studied. Spine enlargement is 

associated with an increase in AMPA-receptor-mediated current and is dependent on NMDA 

receptors, calmodulin and actin polymerization (Krucker et al., 2000; Matsuzaki et al., 2001). 

In addition, it is reported that the speed of actin flow is faster in large spine than in small 

spines, suggesting a higher rate of actin polymerization in larger spines (Honkura et al., 

2008). The present study indicates that inhibition of shootin1a-mediated F-actin-adhesion 

clutch coupling by dominant-negative of shootin1a also inhibits the spine enlargement after 

LTP induction. This finding suggest that the coupling of F-actin flow and adhesive substrate 

regulates the expansion of spines. 

The dynamic nanoscale of F-actin nucleation and elongation determines the shape of 

dendritic spines. Nucleation of F-actin networks occurs close to PSD, while elongations of F- 

actin barbed end (+) is located at the tips of protrusion emerging from the spine head (Spacek, 

2004; Chazeau et al., 2014). In addition, plasticity of dendritic spines is dynamically and 

mechanically regulated by dynamic, stable and enlargement pool of F-actin (Honkura et al., 

2008). Therefore, it is speculated that the spine enlargement of dendritic spine must be 

induced by mechanical force generated by F-actin pool in spines. Although, this present study 

did not demonstrate the generation traction force in mature spines, the involvement of 

shootin1a in spine enlargement could explains that the mechanical clutch is required to 

produce force during synaptic plasticity. 

Moreover, activity-dependent modification or degradation of extracellular matrix 

(ECM) proteins affects the growth and morphology of dendritic spines (Dityatev et al., 2010). 

Laminin was first identified as an important molecule in developing synapse structure and 

function at the neuromuscular junction (NMJ). Mice lacking laminin α4 or β2 have 

misaligned NMJs and altered synaptic functions (Noakes et al., 1995; Patton et al., 2001). 

Laminin provides structural support to neuron by incorporating into insoluble matrix 

surrounding. It was found that laminin interacts with L1-CAM and increased the generation of 

traction force of axonal growth cone (Abe et al., 2018). This notion raises the possibility that 

L1-CAM and laminin may interact and regulate the F-actin-adhesion clutch in dendritic 

spines. 
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The abnormality in spine morphology is associated with neurological disorders and 

alteration in actin cytoskeleton. Neurons from individual with intellectual disability have a 

low number of dendritic spines with immature morphology (Forrest et al., 2018). Mutation in 

transcription factor, CCNT2, in intellectual disability patients leads to the down-regulation of 

genes that is related with actin cytoskeleton, axonogenesis and protein kinase. And, recent 

study reported that shootin1 gene is one of the most significantly down-regulated genes in the 

patients (InanlooRahatloo et al., 2019). The present findings about the role of shootin1a in 

dendritic spine will enhance our understanding of the molecular mechanics that underlie the 

spine abnormality in neurological disorders. 
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4.5 Conclusion 

The present work demonstrated that shootin1a is expressed in the later developmental 

stages and is localized in dendritic spines. Figure 18 shows a proposed model of molecular 

mechanics mediated by shootin1a of spine formation, maturation and plasticity (Figure 19A, 

dashed line box). Shootin1a-L1-CAM interaction mediates the physical linkage between F- 

actin retrograde flow and extracellular substrate. This mechanical machinery generates the 

traction force against the substrate, which helps in the formation and plasticity of dendritic 

spines (Figure 19B). A recent study reports that whole-transcriptome analysis from blood 

samples of intellectual disability patients showed a down-regulation of shootin1 gene 

(InanlooRahatloo et al., 2019). I hope the present roles of shootin1a in spine formation and 

synaptic plasticity provide a better understanding mechanobiological mechanism in 

neurological disorders. 
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Figure 18. A proposed signaling pathway shootin1a-mediated F-actin-adhesion clutch coupling for the 

generation of traction force in spine formation and synaptic plasticity 
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Figure 19. (A) A proposed model of molecular clutch mechanism in the dendritic spine formation and 

synaptic plasticity (dashed box). The traction force is generated by F-actin-adhesion coupling in the 

filopodia-like spines and in the head expansion of mature spine (blue arrows). (B) Shootin1a-L1-CAM 

interaction mediates the physical linkage between F-actin retrograde flow and extracellular substrates. 

This mechanical machinery generates the traction force against the substrate, which helps in the spine 

formation and synaptic plasticity. 
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