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Abstract  

Brain development requires synergy in the various genetic, biochemical and physiological factors 

to maintain the energy homeostasis of this process, and imbalance in these factors adversely affects the 

brain development. Importantly, neurotransmitter system is one of the crucial biochemical machineries 

which fuel the growth of neurons, synaptogenesis and circuit formation in the brain. Among them, 

malfunctioning in the monoaminergic neurotransmitter systems such as serotonin (5-

hydroxytryptamine, 5-HT) causes structural and functional impairment. The appearance of 5-HT during 

early embryonic development signifies its importance in the brain development. Altered 5-HT levels in 

the embryonic brain during critical periods of development has long-lasting effects on brain function, 

particularly on anxiety/depression-related behaviors in adulthood. In the emotional stress during 

postnatal life, 5-HT controls the remodeling of neural circuits via neurogenesis, which lends the idea 

about the developmental role of 5-HT in adult brain. Actions of 5-HT are mediated by its receptors, 

which are classified into 7 classes with 14 different subtypes. Each receptor exhibits a distinctive 

pharmacology, distribution and function in the brain. Among them, 5-HT4 receptor (5-HT4R) has 

become one of the foci of the recent research due to its pharmacological importance and distribution in 

the central nervous system. Additionally, emerging data suggest that 5-HT4R is abundant in certain 

brain areas and plays an important role in emotion and cognition. In continuation, it has been reported 

that activation of 5-HT4R increases the expression of neurotrophic factors such as brain derived 

neurotrophic factor (BDNF), which are known to promote the growth of neurons via TRK/Akt pathway. 

However, the specific role of 5-HT4R in the development of hippocampal neurons is still not well 

studied.  

 

In the present in vitro study, I examined the roles of 5-HT4R in the growth of hippocampal 

neurons during the development of mouse brain. Hippocampal neurons of embryonic day 18 mouse 

(C57BL/6) were dissociated and cultured for 4 days. First, the role of 5-HT4R in the growth of 

hippocampal neurons were assessed using a 5-HT4R agonist RS67333. Further, immunohistochemistry 

using antibodies against microtubule associated protein 2 (MAP2) and SMI-31 as well as scanning 

electron microscopy were performed to investigate the effect of RS67333 on the formation of axons 

and dendrites in the culture of hippocampal neurons. I found that treatment with RS67333 increased 

axonal length, diameter and branching along with total dendritic length, number of primary dendrites 

and their branching. Additionally, I compared the effect of another 5-HT4R agonist BIMU8 and 5-HT 

to that of RS67333 on the growth promotion of neurites. Results confirmed that treatment with 5-HT4R 

agonists promoted the growth of axon and dendrites. Next, I examined the specificity of the effect of 5-

HT4R agonist using 5-HT4R antagonist GR125487. The effects of RS67333 on growth of axons and 

dendrites were neutralized by the concomitant treatment of GR125487, which confirmed the specific 

role of the 5-HT4R. To investigate the molecular cascades underlying the 5-HT4R promoted growth of 
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neurites; link between 5-HT4R activation and mRNA expression of BDNF, nerve growth factor (NGF), 

neurotrophin-3 (NT-3), tyrosine receptor kinase (TRK) and collapsin response mediator protein-2 

(CRMP2) were investigated. CRMP2 is expressed in early embryonic stage and facilitate the growth of 

axon and dendrite formation. Neurotrophic factors bind to specific TRK receptors (TRK-A, TRK-B, 

TRK-C) and induce their autophosphorylation, which initiates TRK/protein kinase B (Akt) pathway 

and dephosphorylates the CRMP2 which promotes the growth of neurites. RT-qPCR analysis showed 

that the treatment of RS67333 upregulated the mRNA expression of neurotrophic factors (BDNF, NGF, 

NT-3) and TRK-A together with CRMP2. Further, colocalization study using immunohistochemistry 

showed that 5-HT4R and CRMP2 both were colocalized in the dentate gyrus, CA1, CA2 and CA3 area 

of hippocampus at embryonic day 18. In addition, 5-HT4R and CRMP2 both were colocalized in cell 

bodies, dendrites from base to tip and axons from base to terminal in the primary culture of hippocampal 

neurons. It has been reported that dephosphorylation of CRMP2 promotes the growth of neurites. Based 

on this colocalization, I investigated the effect of 5-HT4R activation on the 

phosphorylation/dephosphorylation of CRMP2 using western blot technique. 

Phosphorylation/dephosphorylation of CRMP2 modulates the dynamics of cytoskeletal proteins such 

as tubulin and control the growth of neurons. Result from western blot suggested that the RS67333 

treatment upregulated the expression of dephosphorylated CRMP2 in comparison to the control group. 

Furthermore, to investigate the effect of 5-HT4R mediated increase of CRMP2 expression on the neurite 

growth, I performed knockdown study of the expression of CRMP2 mRNA in the presence of 5-HT4R 

agonist. It was shown that transfection of hippocampal neurons with CRMP2 siRNA inhibited the 

RS67333-induced growth of axons and dendrites, which suggests that CRMP2 is required for the 5-

HT4R-mediated neurite growth. In conclusion, the current findings provide a new layer of 

understanding of the developmental role of 5-HT4R in the brain via modulating the expression of 

CRMP2 to promote the growth of hippocampal neurons in the developing brain. 
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Abbreviations  
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APP: amyloid precursor protein  
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Erk: extracellular-signal-regulated kinase 
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Introduction 

1. Brain development and factors affecting the process  

Developing brain is subject to endless modifications due to the continual changes in the genetic 

profile due to the stimulation provided by external environment. The elucidation of the different stages 

of embryonic brain development gives insights to understand the deficits that can arise due to lack of 

growth factors, genetic mutation and malfunctioning in neurotransmitter system such as serotonin (5-

HT). Brain development is influenced by both endogenous genetic and exogenous environmental 

factors. Coordination of these factors is essential to lead the proper development of the brain. 

Endogenous factors involve genetic or molecular and neurotransmitter system in the brain. In 

continuation, the most important exogeneous environmental factors are temperature, gravity, stress, and 

mother-infant interaction (Mrozek et al., 2012; Rydze et al., 2017; Wagenführ et al., 2015; Wakayama 

et al., 2009). The importance of endogenous factors in the brain development is being explained in the 

following points.  

1.1.  Genetic factors which regulate brain development 

Brain development is one of the most complex biological processes, orchestrated by the precisely 

timed and coordinated expression of thousands of genes (Douet et al., 2014; Lenroot and Giedd, 2008; 

Liscovitch and Chechik, 2013). Initial stages of brain development are strongly affected by genetic 

factors. As the brain develops, specialization of brain regions occurs, and their structure and function 

reflect unique sets of expressed genes (Douet et al., 2014). Genetic factors act in synergy with 

environmental factors to produce the distinct neuronal and molecular environment at different locations 

in the brain (Lenroot and Giedd, 2008). Additionally, some reports suggested the role of inherited 

genetics in the brain development, which changes over the course of development in a regionally 

specific fashion in the brain. For example, distinct biochemical nature and morphology of neurons are 

anatomically regionalized and specialized in function (Liscovitch and Chechik, 2013). Genetic factors 

also play important roles in brain development even after birth. In the initial postnatal 3 years significant 

development happens in the human brain. In the first year, brain becomes double in size due to extensive 

synapse formation (Douet et al., 2014; Leung and Jia, 2016). Till the end of third year, brain attains 80 

percent volume of an adult brain. Thus, previous findings suggest that genetic factors play a vital role 

in shaping the brain architecture.  
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1.1.1. Role of neurotrophic factors and phosphoinositide-3 kinase pathway in the brain 

development 

Neurotrophins such as NGF, BDNF, and NT-3/4 are essential for neural differentiation, growth 

and survival (Henderson, 1996; Tsai, 2017). Thus, neurotrophins play important roles to regulate the 

development and function of central and peripheral nervous systems. Neurotrophins promote the growth 

of neurons by activating two different classes of receptors, the receptor tyrosine kinases family (TRK-

A, TRK-B and TRK-C) and p75 neurotrophin receptor (p75NTR, a member of the TNF receptor 

superfamily); through them neurotrophins regulate many signaling pathways (Stewart et al., 2008). 

These pathways can be activated, including those mediated by Ras and members of cdc-42/rac/rho like 

small signaling G-proteins, mitogen-activated protein kinase (MAPK), phosphoinositide-3 (PI-3) 

kinase, and jun kinase cascades (Huang and Reichardt, 2001). Early embryonic expression of TRK-C, 

a receptor for NT-3, in neural plate and neural tube suggests the significance of neurotrophins in the 

brain development (Averbuch et al., 1994). In contrast, TRK-B and TRK-A are expressed later than 

TRK-C (Bernd, 2008). However, both NT-3 and BDNF affect early brain development via promoting 

neuroblast survival, proliferation, and differentiation (Cohen et al., 2010; Zhou and Rush, 1996). This 

leads to the idea for the investigation of the role of neurotrophins in neuronal and glial development, 

neuroprotection, and modulation of synaptic interactions (Huang et al., 2007; Huang et al., 2012; 

Kowiański et al., 2018). In continuation, the secretion of neurotrophins in hippocampal neurons is 

evoked by long-term-potentiation-inducing electrical stimulation, which facilitates the increased 

plasticity via promotion of growth and arborization of neurites (Gartner and Staiger, 2002). 

Additionally, neurotrophins do not only control and ensure the proper development of the brain but also 

regulate the energy storage and expenditure in the brain, to maintain the biochemical synthesis and 

secretion of neurotransmitters (Fargali et al., 2012; Pedersen et al., 2009; Waterson and Horvath, 2015). 

Limited expression of neurotrophins is required locally in the brain for the coordinated growth and 

biochemical synthesis of neurotransmitters. BDNF and its receptor TRK-B are widely expressed in the 

brain (Waterson and Horvath, 2015) and control the energy balance via CNS innervation to autonomic 

nervous system and control the biosynthesis and release of neurotransmitters (Fargali et al., 2012). 

Additionally, NGF, NT-3, together with BDNF modulate the development of CNS via downstream 

signaling products such as VGF (non-acronymic), that plays a significant role in the controlled growth 

of neurons (Pedersen et al., 2009; Yang et al., 2018).  

It has been well established that BDNF, NT-3 and NGF induce the increased plasticity, and 

facilitate the learning and memory by regulating the neurite outgrowth and branching  by Akt pathway, 

as shown in Figure 1 (Cohen et al., 2010; Foltran and Diaz, 2016; Habtemariam, 2018; Henderson, 

1996). Recently, our group reported that increased expression of BDNF and stimulation of TRK-B 

receptor promote the growth of dendrites in hippocampal neurons (Kozono et al., 2017). Further, 

growing body of evidences suggests that BDNF, NT-3 and NGF dephosphorylate CRMP2 via Akt/ 
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extracellular-signal-regulated kinase (Erk) /Sema-3A cascades (Niisato et al., 2013; Yamashita et al., 

2012; Yoshimura et al., 2005; Zhang et al., 2018) and promote the neurite outgrowth (Figure 1). 

Overexpression of these neurotrophins increases the phosphorylation of Akt at Ser-473 and GSK-3 at 

Ser-9, which results in the decrease of the phosphorylation level of CRMP2 at Thr-514. Resultant 

increase in dephosphorylated active CRMP2 promotes the formation of neurites (Yoshimura et al., 

2005). Therefore, CRMP2 is an important target in studies which focus on the molecular mechanism of 

the brain development. 

 

 

Figure 1. Schematic representation of PI-3/Akt pathway. Activation of TRK receptors (TRKA, B, and C) by 

neurotrophins, activate the PI-3 kinase which further inhibits the phosphorylation of CRMP2 and controls the 

availability of active CRMP2 (dephosphorylated), and promotes the growth of neurites. 

 

1.1.2. Role of CRMP2 in the brain development   

CRMP family of proteins were discovered to be one of the first proteins expressed in newly 

born neurons in the developing brain (Minturn et al., 1995), and CRMP2 expression has been shown to 

be induced by factors that promote neuronal differentiation such as noggin, chordin, glial cell line-
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derived neurotrophic factor (GDNF), and fibroblast growth factor (FGF) (Schmidt and Strittmatter, 

2007). CRMP family consists of five intracellular phosphoproteins (CRMP1, CRMP2, CRMP3, 

CRMP4, CRMP5) of similar molecular size (60–66 kDa) and high (50–70%) amino acid sequence 

identity. CRMPs are predominantly expressed in the nervous system during development and play 

important roles in neurites formation, guidance and collapse of growth cones through their interactions 

with microtubules (Arimura et al., 2004; Liu and Strittmatter, 2001). Cleaved forms of CRMPs have 

also been linked to neuron degeneration after trauma induced injury (Taghian et al., 2011). Among five 

members of the CRMP family, CRMP2 is highly expressed in the adult brain, especially in post-

mitotic neurons of the olfactory system, cerebellum, and hippocampus (Kadoyama et al., 

2015). CRMP2 is widely expressed in the embryonic brain and plays important role in neurite formation 

and synaptic plasticity through the interactions with cytoskeletal proteins (Yoneda et al., 2012). CRMP2 

may form the hetero-oligomeric configuration due to interactions between its’ dimeric and tetrameric 

form; Ca2+ and Mg2+ stabilizes its tetrameric form (Stenmark et al., 2007; Sumi et al., 2018). The C-

terminus of CRMP2 consists of 80 amino acids and is the site of phosphorylation for various kinases 

(Schmidt and Strittmatter, 2007). CRMP2 expression is induced by neuronal growth promoting and 

differentiation factors such as noggin, chordin, GDNF, FGF, BDNF, NT-3 and NGF (Schmidt and 

Strittmatter, 2007). CRMP2 has been reported to control the growth of neurites via TRK/Akt pathway 

as shown in Figure 1 (Niisato et al., 2013; Yamashita et al., 2012; Yoshimura et al., 2005; Zhang et al., 

2018). In continuation, CRMP2 regulates neuronal polarity by controlling microtubule dynamics and 

promotes the axon formation. In addition, CRMP2 plays important roles in growth cone guidance and 

collapse through interactions with microtubules (Inagaki et al., 2001; Yoshimura et al., 2005). CRMP2 

expression is highest when neurons and synaptic connections mature actively during the first postnatal 

week in the mouse cerebellar granule neurons, suggesting the role of CRMP2 in neuronal network 

formation (Charrier et al., 2003).  

In the adult brain, CRMP2 expression is significantly downregulated and limited in areas associated 

with brain plasticity, neurogenesis, or regeneration. Due to its high expression in adult hippocampus, 

CRMP2 is supposed to play an important role in the adult neurogenesis, learning and memory. In 

addition, CRMP2 has been proved an important therapeutic target in various psychiatric and 

neurodegenerative diseases such as Alzheimer disease (Charrier et al., 2003; Ryan and Pimplikar, 

2005). Relation between BDNF, NT-3 and NGF with CRMP2 has been reported via Akt/Erk/Sema-3A 

cascades (Niisato et al., 2013; Yamashita et al., 2012; Yoshimura et al., 2005; Zhang et al., 2018). 

Overexpression of these neurotrophic factors increases the phosphorylation of Akt at Ser-473 and GSK-

3 at Ser-9, which results in the decrease of the phosphorylation level of CRMP2 at Thr-514. Increase 

in non-phosphorylated active CRMP2 induces the formation of neurites (Yoshimura et al., 2005). 

Additionally, CRMP2 has been reported to promote axon formation (Inagaki et al., 2001) and 

arborization of dendrites in CA1 region of the hippocampus (Niisato et al., 2013). 
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Phosphorylation/dephosphorylation of CRMP2 undergoes small conformational changes at the C-

terminal tail with shifting the surface charge, which not only alters the interactions within the CRMP2 

tetramer but also alters the interactions with GTP-tubulin (Sumi et al., 2018). Therefore, based on above 

findings, in the present study, I examined the effect of 5-HT on the levels of CRMP2 mRNA and 

phosphorylated and non-phosphorylated CRMP2 (Martinowich and Lu, 2007; Mattson et al., 2004). 

1.2.  Role of neurotransmitter systems in the brain development 

Several neurotransmitters such as 5-HT, dopamine, glutamate and acetylcholine have been reported 

to promote or inhibit neurite outgrowth, depending on the neuronal group and the neurotransmitter 

involved (Torra and Britto, 2002). Pharmacological blocking and stimulation of neurotransmitter 

systems are one major tool to study the roles of neurotransmitters in the development. Some 

neurotransmitters change their effects during development, e.g. gamma-aminobutyric acid (GABA) is 

excitatory in the embryo, but inhibitory after birth due to a switch from a high to low chloride content 

in neurons (Herlenius and Lagercrantz, 2001; Levitt et al., 1997). It is possible that this is important for 

the wiring of neuronal network in early life. At birth, there is a surge of neurotransmitters such as 

monoamines, which may be of importance for the neonatal adaptation, differentiation and neuronal 

growth. Monoamines including 5-HT, dopamine, and norepinephrine are the principal 

neurotransmitters that mediate a variety of the CNS functions, such as motor control, cognition and 

emotion (Kobayashi, 2001). In this regard, dysfunction of monoamines and their metabolites as well as 

the maladaptive alternations of their receptors during the development may cause some neurologic and 

neuropsychiatric disorders (Huang et al., 2012; Zhang et al., 2012). Amongst them, 5-HT has been 

reported to play significant roles in the neuronal growth, synaptogenesis, brain’s circuitry formation 

and plasticity. Therefore, in the present study, my focus was to explore the role of 5-HT system in the 

brain development. 

2.  Role of 5-HT and its receptors in the brain development 

5-HT is a monoamine (Figure 2) which is known to play important roles during development 

(Daubert and Condron, 2010). The development of 5-HT starts early at embryonic days 11-12 in the rat 

(Lauder, 1990). The ontogeny of the axonal projections of 5-HT neurons may be divided into following 

overlapping four periods in rats: initial axon elongation (E12-E16), development of selective pathways 

(E15-E19), terminal field formation (E19-E21), and entrance into well-defined fiber tracts such as the 

fasciculus retroflexus, stria medullaris, external capsule, fornix, and supra-callosal stria. Axons from 

these tracts form terminal arborizations in the thalamus, hypothalamus, basal and limbic forebrain, and 

cerebral cortex (Lidov and Molliver, 1982). 
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Figure 2. Molecular structure and chemical synthesis of 5-HT. Molecular structure of 5-HT (A), and 

endogenous synthesis route of 5-HT from tryptophan (B). 

 

Early appearance of 5-HT neurons in the embryonic brain prior to synaptogenesis and the 

stabilization of neurotransmission systems suggests that 5-HT has crucial roles in neural development 

(Foote and Morrison, 1987; Gaspar et al., 2003; Hayashi et al., 2010; Lauder, 1990). New genetic 

models that target the 5-HT system show that alterations in 5-HT homeostasis modify the fine wiring 

of brain connections and cause permanent changes in adult behavior (Gaspar et al., 2003). In addition, 

evidence from molecular, pharmacological, and clinical studies also demonstrate the huge importance 

of 5-HT system for normal development and functioning of CNS (Gaspar et al., 2003; Lv and Liu, 2017; 

Sodhi and Sanders, 2004). 5-HT acts as a growth factor during development, and activity of 5-HT 

receptors (5-HTRs) forms a crucial part of the cascade of events leading to changes in brain structure. 

The 5-HT system interacts with BDNF, S100beta, and other neurotransmitter systems such as 

GABAergic, glutamatergic, and dopaminergic systems, which facilitate the initiation of various 

molecular cascades for the development of the brain circuitry (Barnes and Sharp, 1999; Sodhi and 

Sanders, 2004). Somehow, disruption in these cascades may contribute to the pathophysiology of CNS 

disorders that are associated with the impaired brain development. Clinically, many psychiatric drugs 

alter 5-HT activity and have been shown to lead changes in brain structure such as the hippocampus, 

which suggest the specific role of 5-HT in the development and functioning of the hippocampus (B. 

Mitchell et al., 1990; Berumen et al., 2012; Dale et al., 2015).   

 

2.1.  5-HT receptor subtypes, expression and their functions  

Activity of 5-HT is controlled by its receptors and transporters. 5-HTRs are classified into 14 

subtypes with 7 families from 5-HT1R to 5-HT7R (Table 1) and are expressed in the brain and gut 

(Figure 3). Other than the 5-HT3R which is a ligand-gated ion channel, all the 5-HTRs are G-protein-

coupled metabotropic receptors. The 5-HT4R is coupled with Gs protein and facilitates adenylate 

cyclase, leading to increase in intracellular cAMP concentration (Bockaert et al., 2006b; Pascual et al., 

2012; Pilar et al., 2013). 
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Table 1. Classification of 5-HTRs. 7 classes of 5-HTRs, their coupled G protein working mechanism and 

further classification in sub types of each class have been shown. 

Family Type Mechanism Postsynaptic 

Potential 

Subtypes  

5-HT1 Gi/Go-protein coupled. Decreasing cellular levels 

of cAMP. 

Inhibitory 5-HT1A, 5-HT1B, 

5-HT1D, 5-HT1E, 

5-HT1F, 

5-HT2 Gq/G11-protein coupled. Increasing cellular levels 

of IP3 and DAG. 

Excitatory 5-HT2A, 5-HT2B, 

5-HT2C, 

5-HT3 Ligand-

gated Na+ and K+ cation 

channel. 

Depolarizing plasma membrane. Excitatory - 

5-HT4 Gs-protein coupled. Increasing cellular levels 

of cAMP. 

Excitatory - 

5-HT5 Gi/Go-protein coupled.  Decreasing cellular levels 

of cAMP. 

Inhibitory 5-HT5A, 5-HT5B 

5-HT6 Gs-protein coupled. Increasing cellular levels 

of cAMP. 

Excitatory - 

5-HT7 Gs-protein coupled. Increasing cellular levels 

of cAMP. 

Excitatory - 
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Figure 3. Circular tree representation of various 5-HTRs in CNS and gut 

 

 

During the development inadequate functioning and distribution of 5-HTRs result in severe 

potential threats for the neural, behavioral and psychological health (Table 2) (Barnes and Sharp, 1999; 

Hurley and Tizabi, 2013; Marazziti, 2017; Sikander et al., 2009). Among 5-HTRs, 5-HT4R has become 

an important therapeutic target for the treatment of depression and Alzheimer’s disease, due to their 

broad spectrum of expression and functioning (Bockaert et al., 2004; 2008; Bureau et al., 2010; Cho 

and Hu, 2007).  
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Table 2. Classification, expression and function of 5-HTR subtypes. Table shows the expression of all 14 

subtypes of 5-HTR in the CNS, and their functions. 

Type of 5-HTR Expression in 

CNS 

Function References 

5-HT1A yes Addiction, Autoreceptor, Aggression, 

Anxiety, Sleep, Appetite, Sexual 

behavior, Mood, Memory, Nausea, 

Nociception, Sociability, 

Thermoregulation,Vasocontraction 

 

Garcia et al., 2014; Meneses, 

2014a 

5-HT1B yes Addiction, Autoreceptor, Aggression, 

Anxiety, Sexual Behavior, Mood, 

Memory, Learning, Locomotion, 

Penile erection 

 

Clark and Neumaier, 2001; 

Meneses, 2014b 

5-HT1D yes Anxiety, Autoreceptor, Locomotion De Vries et al., 1999; Pullar et 

al., 2004; Skingle et al., 1996 

5-HT1E yes Memory Klein and Teitler, 2012; 

Meneses, 2014c 

5-HT1F yes Migraine Meneses, 2014c; Ramadan et 

al., 2003 

5-HT2A yes Addiction, Anxiety, Appetite, 

Cognition, Imagination, Learning, 

Memory, Perception, Sleep, 

Thermoregulation, Sexual behavior 

Guiard and Giovanni, 2015; 

Meneses, 2014d; Raote et al., 

2007 

5-HT2B yes Anxiety, Appetite, Cardiovascular 

function, Sleep, Vasodilation, GI 

motility 

Diaz et al., 2012; Meneses, 

2014d 

5-HT2C yes Anxiety, Appetite, cardiovascular 

function, Sleep, Vasocontraction, GI 

motility, Thermoregulation, Sexual 

behavior, Mood, Locomotion, Penile 

erection, Locomotion  

Canal and Murnane, 2017; 

Meneses, 2014d 

5-HT3 

yes Addiction, Anxiety, Appetite, 

Learning, Memory, GI motility, 

Nausea 

Lummis, 2012; Meneses, 

2014e; Thompson and 

Lummis, 2007 

5-HT4 

yes Anxiety, Appetite, Learning, Memory, 

GI motility, Mood, Respiration 

Bockaert et al., 2004; Bureau 

et al., 2010; Hagena and 

Manahan, 2017; Kozono et 

al., 2017; Meneses, 2014f 

5-HT5A 

yes Autoreceptor, Locomotion, Sleep Gonzalez et al., 2013; 

Meneses, 2014g; Thomas, 

2006 

5-HT5B 

No Functions in rodents, Pseudogenes in 

humans  

Grailhe et al., 2001; Meneses, 

2014g 

5-HT6 

yes Anxiety, Cognition, Learning, 

Memory, Mood 

Geng et al., 2018; Meneses, 

2014h; Ramírez, 2013; 

Woods et al., 2012 

5-HT7 

yes Anxiety, Auto receptor, Respiration, 

Memory, Mood, Sleep, 

Thermoregulation 

Ciranna and Catania, 2014; 

Hedlund, 2009; Meneses, 

2014i; Nikiforuk, 2015 
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2.2.  5-HT4 receptor expression profile, structure and function 

2.2.1. Early expression of 5-HT4R in the brain 

It has been reported in the adult mouse that various regions of CNS such as olfactory system, 

basal ganglia, amygdala, septal regions, hippocampus, hypothalamus, thalamus, cerebral cortex, 

midbrain, pons, medulla, cerebellum, and spinal cord have abundant expression of 5-HT4R (Figure 4). 

However, early embryonic expression of 5-HT4R is limited in the limbic regions such as hippocampus 

and amygdala (Berthouze et al., 2005; Bockaert et al., 2004; 2008; Wang et al., 2017). Recently, it has 

been reported that 5-HT4R promotes the growth of dendrites in the hippocampus of rat embryos 

(Kozono et al., 2017; Trakhtenberg and Goldberg, 2012). Additionally, in early embryonic stage, 5-

HT4R innervation is also important for the information processing in the hippocampus and cognitive 

functioning in brain (Hagena and Manahan, 2017). These findings suggest that the early expression of 

5-HT4R is very essential for the proper development and functioning of the hippocampus. 

2.2.2. Structure of 5-HT4R 

5-HT4R is a Gs-protein-coupled receptor (GPCR). This membrane bound receptor has 3 

extracellular loops (ECLs), 7 trans-membrane helices (TMHs), and 4 intracellular loops (ICLs), 

including C-terminal helix (Figure 5). The ECLs contain the N-terminal, ligand-binding domain and 

allosteric regulator sides. TMHs contain 3 important peptide domains at TM2, TM4 and TM7 helices, 

which control the signal transduction after binding of the ligand to the extracellular ligand-binding 

domain (Padayatti et al., 2013). Ligand binding to the binding pocket decreases oxidation rates at the 

peptide domains in TM helices. Resultant increase in the oxidation rates at C-terminal domain is 

observed, which facilitates the interaction between C-terminal domains to various proteins like CRMP2, 

SNX-27, MAGI-2, and NHERF-1 and controls trafficking, targeting and remodeling of neuronal 

cytoarchitecture (Bockaert et al., 2008; Castriconi et al., 2018; Padayatti et al., 2013). Hence, C-

terminus of 5-HT4R may be important for the anatomical and functional characteristics of the brain. 

Therefore, these modifications in the oxidation of peptide domains in TM helices, ECLs, and ICLs are 

critical for ligand recognition and signal transduction. Human htr4 gene encompassing 38 exons 

spanning over 700 kb, therefore, multiple C-terminal isoforms are expressed in specific tissues 

(Bockaert et al., 2004; Coupar et al., 2007; Rebholz et al., 2018).  
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Figure 4. Expression of 5-HT4R. 5-HT4R is expressed in the various regions of CNS (olfactory system, basal 

ganglia, amygdala, septal regions, hippocampus, hypothalamus, thalamus, cortex, mid brain, pons, medulla, 

cerebellum, and spinal cord), and GI-tract.   

There are 11 human 5-HT4R splice variant. Among them C-terminus of human 5-HT4R has 10 

splice variants, a, b, c, long c, d, e, f, g, i and n (Table 3), which differ in their C-termini after a single 

position (L358) (Blondel et al., 1998; Bockaert et al., 2004; Brattelid et al., 2004; Coupar et al., 2007; 

Ray et al., 2009). 5-HT4R is widely expressed both in CNS and gut (Bockaert and Dumuis, 1998; 

Reynolds et al., 1995; S. Hegde, 1998). 5-HT4R isoforms (a–i and n) are highly expressed in the CNS 

except isoform (d) (Blondel et al., 1998; Bockaert et al., 2004; Vilaró et al., 2002). Among them, 
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isoform (a) and (b) is highly expressed in the amygdala, hippocampus, nucleus accumbens, caudate 

nucleus and pituitary gland. In continuation, isoform (c) is highly expressed in the pituitary gland and 

to a lesser degree in the caudate nucleus, hippocampus, and putamen. Further, isoform (g) seems to be 

highly expressed in the hypothalamus and cortex (Claeysen et al., 1998) and isoform (n), which lacks 

the alternatively spliced C-terminal exon is abundantly expressed in human brain regions involved in 

mood disorders such as frontal cortex and hippocampus (Vilaró et al., 2002). While isoform (d) is not 

present in the CNS, it is found in the small intestine together with isoform (a). Hence, selective 

therapeutic intervention of particular variant of 5-HT4R in the specific brain regions might be a very 

helpful to increase the specificity and effectiveness of the treatments, caused by the abnormality in the 

specific brain or gut regions.   

 

 

Figure 5. 3D structure of 5-HT4R. Homologous 3D model of 5-HT4R protein of Mus musculus generated 

using I-TASSER (A). Outer membrane (OM), trans membrane (TM) and inner membrane (IM) regions (B). 

Top-view of 5-HT4R showing the tunnel of the channel protein (C). Figure representing probability of the 

protein regions falling in OM, TM and IM regions, predicted using TMHMM server (D). 
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Table 3. C-terminal splice variants of human 5-HT4R. Table represents all 10 splice variants of human 5-

HT4R, a, b, c, long c, d, e, f, g, i and n, which differ in their C-termini after a single position (L358). 

5–HT4R Splice 

Variant 

Variance in the C-terminal sequence 

a STTTINGSTHVLRYTVLHRGHHQELEKLPIHNDPESLESCF 

b STTTINGSTHVLRDAVECGGQWESQCHPPATSPLVAAQPSDT 

c STTTINGSTHVLSSGTETDRRNFGIRKRRLTKPS 

long c STTTINGSTHVLSSGTETDRKKLWNKEEKIDQTIQMPKRKRKKKASLSYEDLI

LLGRKSCFREGK 

d STTTINGSTHVLRF 

e STTTINGSTHVLSFPLLFCNRPVPV 

f STTTINGSTHVLSPVPV 

g STTTINGSTHVLSGCSPVSSFLLLFCNRPVPV 

i STTTINGSTHVLRTDFLFDRDILARYWTKPARAGPFSGTLSIRCLTARKPVLG

DAVECGGQWESQCHPPATSPLVAAQPSDT 

n STTTINGSTHVLR 

 

2.2.3. Functional roles of 5-HT4R in the brain  

5-HT4R plays vital roles both in developing and adult brain (Figure 6). During development, 

5-HT4R is highly expressed in the limbic region of the brain and plays an important role in the neuronal 

development. Recently, our group reported that 5-HT4R agonist BIMU8 promoted the growth of 

dendrite in the culture of hippocampal neurons from the rat embryo (Kozono et al., 2017), which 

suggests the importance of 5-HT4R in the hippocampal development. 

In the adult brain 5-HT4R is involve in the pathophysiology of neurodegenerative diseases. 

Previous studies reported that 5-HT4R has complex variant C-terminus due to alternative splicing of 

the mRNA. It was reported that SNPs in C-terminus of 5-HT4R at IVS1+15T/C, IVS3+6G/A, IVS3–

63C/T, IVS4−36T/C, g.83097C/T, g.83159G/A, g.83164(T)9–10, and g.83198A/G, were observed in 

schizophrenia and in depressive disorders in a Japanese population (Ohtsuki et al., 2002). In addition, 

several studies have found that depressed violent suicide victims have differential patterns of 5-HT4R 

binding and cAMP concentration levels in different brain regions (Rosel et al., 2004). Moreover, in 

major depressive disorder lower expression of 5-HT4R in the striatal region has been observed, which 

suggests the potential role of the 5-HT4R in mood disorders (Amigo et al., 2016; Madsen et al., 2014). 

Furthermore, roles of 5-HT4R in the inducing mechanism of Alzheimer's disease have been shown 

(Geldenhuys and Van der Schyf, 2011). A recent study reported that deposition of neurofibrillary 

tangles and amyloid precursor protein (APP) are cleared and patients showed significant improvements 

in motor activities when treated with the 5-HT4R based therapeutics (Coskuner and Uversky, 2018). 5-

HT4R drives APP processing towards the beneficial non-amyloidogenic pathway via direct interaction 

with α-secretase, a disintegrin and metalloproteinase domain-containing protein 10 (ADAM10) or β-

secretase (BACE1), which leads to the breakdown of APP into soluble APP without any toxic effect 

(Baranger et al., 2017; Cochet et al., 2013; Giannoni et al., 2013; Lalut et al., 2017). Through this 
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mechanism 5-HT4R also controls tau pathology by modulating the activity of GSK-3 via G12/13 proteins. 

Additionally, recent studies have shown that 5-HT4R also controls the expression of myelin genes, 

which are involved in the synthesis of myelin sheet surrounding axons to facilitate the conduction of 

nerve impulses (Bockaert et al., 2008; Coskuner and Uversky, 2018; Geldenhuys and Van der Schyf, 

2011). Thus, based on these studies it may be hypothesized that impaired expression and function of 5-

HT4R induce serious threat for the neuronal, psychological and behavioral health, which further leads 

to severe form of neuronal disorder.  

Figure 6. Schematic representation of roles of 5-HT4R in developing and adult brain. 

 

3. Defining the problem and hypothesis of the current study 

During development 5-HT4R is highly expressed in the emotional center of limbic forebrain but 

its’ specific role in the hippocampus development is not well studied. Therefore, in the present study I 

hypothesized that “5-HT4R during development promotes the growth of axons and dendrites of 

hippocampal neurons via modulating the expression of neurotrophic factors and CRMP2”. I defined the 

following objectives to validate my hypothesis: 

• What is the role of 5-HT4R in the growth of axons and dendrites in hippocampal neurons? 

• Does 5-HT4R function affect the expression of BDNF, NT-3 and NGF, which promote the 

growth of neurons? 

• Does 5-HT4R function affect the expression of TRK receptors, which control the 

neurotrophins- mediated growth of neurons? 

• Do 5-HT4R and CRMP2 both are co-expressed and colocalized in embryonic hippocampus? 
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• Does 5-HT4R affect the expression and phosphorylation of CRMP2 which promote the 

neurite growth and synapse formation in the embryonic brain? 

4. Thesis outline 

The present study aimed to explore and elucidate the developmental role of 5-HT4R in the mouse 

brain (Figure 7). I particularly focused on the hippocampus which is very important in the information 

processing, learning, memory and cognition. I measured the growth of hippocampal neurons in terms 

of axonal length, diameter and branching along with dendritic length and branching. Previous studies 

have reported that the neurotrophins (BDNF, NT-3, and NGF) phosphorylate the tyrosine receptor 

kinases (TRK-A, TRK-B, and TRK-C), which inhibit the phosphorylation of CRMP2 (Haddad et al., 

2017; Jeanneteau et al., 2008; Rahajeng et al., 2010; Stewart et al., 2008; Usuki et al., 2018) and promote 

the growth of neurites. Based on these studies, to explore the downstream signaling, I investigated the 

association between the activation of 5-HT4R to the mRNA expression of neurotrophic factors (BDNF, 

NT-3, and NGF) and CRMP2 altogether with the dephosphorylation of CRMP2, which are involved in 

the development and growth of neurites. 

 

Figure 7. Pictorial representation of the study plan for role of 5-HT4R in the growth of neurites. 5-HT4R 

agonist RS67333 and antagonist GR125487 were used to activate and inhibit the function of the receptor in axon 

and dendritic formation. 
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Materials and methods 

1. Materials  

1.1. Animals  

 C57BL/6 mice (Nihon SLC, Hamamatsu, Japan) were used in the present study. The use of animals 

followed the guide for the Care and Use of Laboratory Animals described by the National Institutes of 

Health (U.S.A.) and were approved by the Animal Experiment Committee of University of Tsukuba 

(Japan). 

1.2. Chemicals and reagents 

To culture embryonic hippocampal neurons, I used trypsin-EDTA (Life Technologies, Carlsbad, 

CA, U.S.A.), polyethyleneimine (Sigma Aldrich, St. Louis, MO, U.S.A.), minimal essential medium 

(Life Technologies), L-glutamine (Life Technologies), glutamate (Wako, Osaka, Japan), 

penicillin/streptomycin (Sigma Aldrich), heat-inactivated fetal bovine serum (FBS, Life Technologies), 

neurobasal medium (Life Technologies), and B-27 supplement (Life Technologies). As 5-HT related 

reagents, I used 5-HT4R agonists; RS67333 (Tocris Biosciences, Bristol, UK) and BIMU8 (Sigma 

Aldrich), 5-HT4R antagonist; GR125487 (Tocris Bioscience), and 5-HT (Sigma Aldrich). For 

histological examination, I used paraformaldehyde (Sigma Aldrich), glutaraldehyde (Sigma Aldrich), 

osmium tetroxide (OsO4, Sigma Aldrich), OCT compound (Fisher Scientific, Pittsburgh, PA), normal 

goat serum (NGS, Invitrogen), Triton X-100 (Sigma Aldrich), rabbit anti-5HT4R polyclonal IgG (Bioss 

Inc, bs-12054R), chicken anti-microtubule-associated protein 2, polyclonal IgG (Chemicon, AB5543), 

mouse anti-SMI-31 IgG (Bio Legend, #801601), mouse anti-GAD65/67 IgG (Millipore, AB1511), 

rabbit anti-CRMP2 polyclonal IgG (Gene Tex, GTX113420), mouse anti-CRMP2 polyclonal IgG (Sant 

Cruz Biotech Inc, sc-376739), rabbit anti-pCRMP2 polyclonal IgG (Abcam, ab62478), anti-rabbit 

Alexa Fluor-488 (Life Technologies, Inc), anti-mouse Alexa flour 488 (Invitrogen), anti-mouse Alexa 

Fluor-594 (Life Technologies, Inc), anti-chick Alexa Fluor-594 (Life Technologies, Inc). For western 

blot analysis, 1x RIPA buffer (Santa Cruz Biotechnology, Inc.), Bradford reagent (Sigma Aldrich), 

ECLTM western blotting detection reagents (GE Healthcare), Amersham ECL anti-rabbit IgG, HRP 

linked secondary antibody (GE Healthcare), rabbit anti--actin polyclonal IgG (Cell Signaling 

Technologies, #4967S), Amersham ECL anti-mouse IgG, and HRP linked secondary antibody (GE 

Healthcare) were used. QuantiTect Reverse Transcription Kit (Qiagen) and SYBR Premix Ex Taq™ II 

(Takara Perfect Real Time) were used for quantitative RT-PCR. CRMP2 siRNA transfection kit (Santa 

Cruz Biotechnology, Inc.) was used for knockdown study for CRMP2. 
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2. Methods 

2.1. Dissociated culture of mouse hippocampal neurons 

        The day of the vaginal plug was considered the embryonic day (E) 0. Embryos at E18 were removed 

from pregnant mice under the deep anesthesia by isoflurane (Mylan, Tokyo, Japan). As shown in Figure 

8, embryos were then quickly decapitated, and the brain was dissected. After the careful removal of 

meninges, the hippocampus was excised and incubated in 0.05% trypsin-EDTA for 5 min at 37˚C and 

cells were dissociated by trituration with a Pasteur pipette. After filtration with 70 µm nylon cell strainer 

(BD Falcon, San Jose, CA, U.S.A.), dissociated cells were plated at a density of 4 x 104 cells/well on 8-

well chamber slides (NUNK, Rochester, NY, U.S.A.) which were coated with 0.2% polyethyleneimine. 

The cells were cultured in minimal essential medium, 0.5 mM L-glutamine, 25 µM glutamate and 

25 µg/ml penicillin/streptomycin and 10% heat-inactivated fetal bovine serum in a humidified 

atmosphere of 95% air and 5% CO2 at 37˚C. Later, 8 hours after plating, the serum medium was 

replaced by neurobasal medium with 2% B-27 supplement, 0.5mM L-glutamine and 25 µg/ml 

penicillin/streptomycin to remove proliferating glial and neuronal progenitors.  

 

Figure 8. Flow chart representing the dissociation culture of mouse hippocampal neurons at E18. 

Hippocampi were dissected, and dissociation culture was performed. Further, drug treatment and 

immunohistochemistry were performed to analyze the role of 5-HT4R in the growth of axon and dendrites. 

2.2. Immunohistochemistry of cultured neurons 

   Hippocampal neurons were cultured for 4 days as described above and fixed with 4% 

paraformaldehyde in 0.1 M phosphate buffer (PB) for 30 min at room temperature. Nonspecific 

antibody binding was blocked by incubation with 2% normal goat serum and 0.1% Triton X-100 in 0.1 

M PB for 30 min. To examine the expression of 5-HT4R, CRMP2 and pCRMP2 in dendrites and axons, 

the cultured neurons were incubated overnight at 4˚C with the anti-5-HT4R, CRMP2, pCRMP2, MAP2, 

and SMI-31 primary antibodies (Table 4). I confirmed the specificity of the antibodies by 

immunostaining without the primary antibodies (negative staining), which yielded actually no staining. 

After the incubation with the primary antibodies, the cultured neurons were incubated with the 



 

25 
 

secondary antibodies for 1 h at room temperature. DAPI staining was performed to label the cell nuclei. 

X–Y plane or Z-stack images of the stained neurons were taken respectively at 40× or 63× with a 

confocal laser scanning microscope (LSM 510META ver.3.2, Carl Zeiss, Oberkochen, Germany).  

 

Table 4. Primary antibodies and corresponding secondary antibodies used in the present study. IHC: 

immunohistochemistry. 
 

Primary Antibody Targeted 

Antigen 

Secondary Antibody Purpose 

Rabbit anti-5HT4R poly 

clonal IgG (1:500, Bioss 

Inc, bs-12054R) 

5HT4R Anti-rabbit Alexa Fluor-594 and Alexa 

Fluor-488 (1:500, Life Technologies, Inc) 

IHC 

Chicken anti-MAP2 

polyclonal IgG (1:400, 

Chemicon, AB5543) 

MAP2 (Dendrite 

specific) 

Anti-chick Alexa Fluor-594 (1:500, Life 

Technologies, Inc) 

IHC 

Mouse anti-SMI-31 IgG 

(1:500, Bio Legend, 

#801601) 

Neurofilament-H 

(Axon specific) 

Anti-mouse Alexa flour 488 (1:500, 

Invitrogen) 

IHC 

Rabbit anti-CRMP2 

polyclonal IgG (IHC: 

1:500; Western blot: 

1:1000, Gene Tex, 

GTX113420) 

and Mouse anti-CRMP2 

polyclonal IgG (IHC: 

1:500; Western blot: 

1:1000, Sant Cruz Biotech 

Inc, sc-376739) 

 

 

CRMP2 Anti-mouse Alexa Fluor-488 and 594 

(1:500, Life Technologies, Inc) and; Anti-

rabbit Alexa Fluor-488 and 594 (1:500, Life 

Technologies, Inc) and, Amersham ECL 

anti-rabbit IgG, HRP linked secondary 

antibody (1:10,000, GE Healthcare) and; 

Amersham ECL anti-mouse IgG, HRP 

linked secondary antibody (1:10,000, GE 

Healthcare) 

IHC, 

Western 

blot 

Rabbit anti-pCRMP2 

polyclonal IgG (IHC: 

1:500; Western blot: 

1:1000, Abcam, ab62478) 

 

pCRMP2 (specific 

for 

phosphorylation at 

Thr-514) 

Anti-mouse Alexa Fluor-488 and Alexa 

Fluor-405 (1:500, Life Technologies, Inc) 

& Amersham ECL anti-rabbit IgG, HRP 

linked secondary antibody (1:10,000, GE 

Healthcare) 

IHC, 

Western 

blot 

Rabbit anti- -actin 

polyclonal IgG 

(IHC: 1:500; Western blot: 

1:1000, Cell signaling 

Technologies, # 

4967S) 

 

-actin Amersham ECL anti-rabbit IgG, HRP 

linked secondary antibody (1:10,000, GE 

Healthcare) 

IHC, 

Western 

blot 

Mouse anti-GAD65/67 

(1:400, Millipore, AB1511) 

Glutamic acid 

decarboxylase 

(GAD) 

Anti-mouse Alexa Fluor-594 (1:500, Life 

Technologies, Inc) s 

 

IHC 

 

 

 

2.3. Paradigm for the measurement of axon and dendrite growth 

Previous studies reported dynamic changes of MAP2 immunoreactivity in developing neurites in 

vitro (De Lima et al., 1997; Hayashi et al., 2010). During the initial stages of neurite formation, all the 

neurites in cultured cortical neurons express MAP2 from base to the tip. Subsequently, the longest 

MAP2-positive neurite differentiates into an axon and loses MAP2-immunoreactivity gradually from 

the tip (De Lima et al., 1997; Hayashi et al., 2010). I confirmed that the longest MAP2-positive neurite 
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at 4 days in vitro (DIV) expressed SMI-31 (phosphorylated neurofilament-H), an axonal marker 

(Hayashi et al., 2010). Therefore, I identified the longest MAP2-positive neurite as a presumptive axon 

and remaining shorter neurites as dendrites in the present 4 DIV culture. I measured the total dendritic 

and total axonal length (total axon length = length of axon trunk + length of all axon collaterals) 

(Rockland, 2018), the number of primary dendrites which emerge directly from the cell body, the 

branching index of dendrites (number of branch points/number of primary dendrites), the branching 

index of axons (number of axon collateral branch points), the average dendritic length (total dendritic 

length/number of primary dendrites) using an image analyzing software (Neurocyte Image Analyzer 

ver. 14 1.5; Kurabo, Osaka, Japan) as shown in Figure 9. The branching index shows the ratio of the 

total number of branch points to the total number of primary dendrites or axons. Therefore, the 

branching index indicates the complexity of the arborization of dendrites and axons. 

 

 

 

Figure 9. Diagrammatic representation of the terminologies and parameters used for the measurement of 

the growth of axon and dendrites. Total dendritic/axonal length = Sum (Length of all dendrites/axon trunk + 

collaterals); Average dendritic length = Total dendritic length / number of primary dendrites. Red circle shows 

the branching point of axon/or point of the emergence of axon collaterals. Green circle represents the point of 

emergence of primary dendrites from soma. Yellow circle denotes the point of emergence of secondary dendrites 

from primary dendrites.  

2.4. Analysis of the axon and dendrite formation  

       As shown in Figure 10, hippocampal neurons were cultured for 4 days in the presence of 5-HT4R 

agonists RS67333 at concentrations of 1 nM, 10 nM, and 100 nM, and BIMU8 (100 nM) or 5-HT (100 

nM). To confirm the specific effects of the 5-HT4R using a 5-HT4R antagonist GR125487 was added 

30 minutes before the addition of 100 nM RS67333. RS67333, BIMU8, GR125487, and 5-HT were 

prepared in the neurobasal medium. I used the basal medium without the above compound as the control 

solutions in each experiment. The medium was changed at 2 DIV. At 4 DIV, neurons were fixed with 

4% paraformaldehyde and incubated overnight at 4˚C with chick anti-MAP2 antibody and mouse anti-

SMI-31 antibody as described in table 4. The neurons were then incubated with a mixture of Alexa 
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Fluor 594-conjugated goat anti-chick IgG antibody and Alexa Fluor 488-conjugated goat anti-mouse 

IgG for 1 h at room temperature. X-Y plane images of the stained neurons were taken at 40x (1024*1024 

pixel) with the confocal laser scanning microscope (LSM 510META ver.3.2, Carl Zeiss, Oberkochen, 

Germany).   

 

 
 
Figure 10. Flow chart represents the experimental paradigm for analysis of axon and dendrite growth. 

Dissociation culture was performed in the presence/absence of 5-HT4R agonist/antagonist, and neurons were 

fixed at 4 DIV. Immunocytochemistry was performed with SMI-31 and MAP2 and measurement was taken from 

neurocyte software for the growth of axon and dendrite. 

2.5. Immunohistochemistry of brain sections 

Brains were dissected from E18 mice and then fixed by rapidly replacing the phosphate buffered 

saline (PBS) with 4% paraformaldehyde for 24 hours at 4˚C. Further, brains were gradually immersed 

in 10%, 20% and 30% sucrose and then embedded in Tissue-Tek (OCT) compound. Embedded 

frozen brains were then coronally sectioned at 10 µm thickness by a cryostat (Leica CM3050 S, Leica 

Biosystems Inc., Buffalo Grove, IL). These sections were Nissl-stained to confirm the structure of 

hippocampus. Finally, brain sections containing hippocampus were immunostained with anti-5HT4R 

and anti-CRMP2 antibodies (Table 4). 

2.6. Scanning electron microscope imaging of cultured neurons 

       To measure the axon diameter, hippocampal neurons were cultured on a glass coverslip using a 24 

well plate (at a density of 4 x 104 cells/well) in the presence of 100 nM RS67333. At 4 DIV, the culture 

medium was replaced by pre-warmed (37˚C) fixative solution (3% glutaraldehyde). After the fixation 

for 20 mins at room temperature neurons were post-fixed in 2% OsO4 for 30 minutes and then gradually 

dehydrated by 30%, 50%, 70%, 90% and 100% ethanol. Next, samples were dried in ‘critical point 

dryer’ to avoid shrinkage and collapse of surface artifacts. Later, sputter coating of platinum (1-2 nm 

thick layer) was done (B7340 Sputter Coater) for 1-2 sec on a completely dry sample Figure 11 

(Heckman et al., 2007). Images were taken by scanning electron microscope (SNE 3200M Tabletop 
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Microscope, Nanoimages) at 3000x and 6000x magnification. Since axons and dendrites are difficult 

to distinguish in cell cultures, only isolated neurons in which the longest neurite could be distinguished 

were selected for the measurement of axon diameter. For the measurement of axon diameter, I selected 

the segment of the axon trunk just below the axon hillock to minimize the error in measurement of the 

neuronal process (Pesaresi et al., 2015).   

 

 

Figure 11. Flow charts explain the procedure of sample preparation for scanning electron microscope    

imaging for the measurement of axon diameter. (A) Flow chart represents the complete procedure of sample 

preparation for scanning electron microscope imaging and analysis. (B) Flow chart represents the fixation 

protocol for sample preparation. 

2.7.  Quantitative RT-PCR analysis 

 Hippocampal neurons were cultured for 4 days in the presence of 100 nM RS67333 on 24-well 

culture plates at a density of 2 x 105 cells/well (Figure 12). Control group was cultured without the 

treatment. The total RNA was then extracted from the cultured neurons using a NucleoSpin RNA XS 

kit (Takara, Shiga, Japan). The total RNA was diluted to 1:100 with RNase-free distilled water and the 

concentration of the total RNA was measured using a spectrophotometer (Pharmacia Biotech, Ultraspec 

2000) to calculate 1 g of cDNAs. The genomic DNAs were removed and the cDNAs were synthesized 

from 1 g of total RNA using a QuantiTect Reverse Transcription Kit (Qiagen). For PCR amplification, 

cDNA was added to the reaction mixture containing SYBR Premix Ex Taq™ II (Takara Perfect Real 

Time) and 0.2 M of the primers. Mouse BDNF, NT-3, NGF, CRMP2, TRK-A, TRK-B, TRK-C, and 

GAPDH primers (Table 5) were used for the quantification of their relative gene expression. GAPDH 

was used as an internal control. PCR was carried out on a Thermal Cycler Dice Real Time System 

(Takara TP800, software ver. 3.00) according to the following protocol: 5 s at 95°C and 30 s at 60°C - 

50 cycles. The Ct values were calculated from the crossing point of the amplification curve and 
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threshold, and relative quantitative analysis of the targeted genes was carried out using a calibration 

curve. The expression of GAPDH as the internal control was used for compensation, and the relative 

expression of mRNA in the experimental groups was calculated when the expression of mRNA in the 

control group was set at 1.0. 

 
Table 5. The sequence of mouse primers (5′ and 3′) used for RT-qPCR analysis. 
 

Primer Forward primer (5′-3′) Reverse primer (5′-3′)  
Akt ATCCCCTCAACAACTTCTCAGT CTTCCGTCCACTCTTCTCTTTC 

BDNF CAG CGCGAATGTGTTAGTGGTTA CAGTGGACAGCCACTT TGTTTCA  

CRMP2 TTTCCGCCACCTTGACTTG ACAGGAACACGTGAACGGATT 

GAPDH GAACATCATCCCTGCATCCA CCAGTGAGCTTCCCGTTCA 

GSK-3 TCCATTCCTTTGGAATCTGC CAATTCAGCCAACACACACAGC 

NGF ATGGTGGAGTTTTGGCCTGT GTACGCCGATCAAAAACGCA 

NT-3 GCCCCCTCCCTTATACCTAATG CATAGCGTTTCCTCCGTGGT 

TRK-A AGGGCCACATCATGGAGAAC GTGCAGACTCCAAAGAAGC 

TRK-B GCGCGGCTCTGGGGCTTATG CCTGAGTGTCGGGGCTGGATTTAG 

TRK-C TGCCCAGCCAAGTGTAGTTTCT GCGCCTCCCCCTGTTCCT 

 

2.8.  Western blot analysis 

 Hippocampal neurons were cultured and treated with 100 nM RS67333 4 days on 24-well culture 

plates at a density of 2 x 105 cells/well (Figure 12). Control group was kept without the treatment. After 

washing with PBS, cells were lysed in 300 μl 1x RIPA buffer (Santa Cruz Biotechnology, Inc.) by 

gently rocking the 24 well plate. The lysate was centrifuged at 12,000 RPM (15,760 xg) for 10 mins at 

4˚C, the supernatant was collected. Next, the protein concentration in the solution was measured 

using Bradford assay (Bradford, 1976). I used 20 µg/lane protein for the electrophoresis. Primary 

antibody staining was performed against pCRMP2, CRMP2 and -actin proteins, which was followed 

by the HRP linked secondary antibody staining (Table 4).  The relative amount of pCRMP2, CRMP2, -

actin in control and experimental group were quantified based on the ECLTM western blotting analysis 

system (GE Healthcare). 

 

 
 
 Figure 12. Flow chart represents the procedure for the molecular analysis. 
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2.9. Knockdown of the CRMP2 expression in neuron culture 

2.9.1. Chemical preparation for transfection reagent  

I prepared transfection reagent mixture for the transfection of CRMP2 siRNA according to the 

manufacturer's instruction (Santa Cruz Biotechnology, Inc.). Briefly, siRNA duplex (Solution A) was 

prepared for each transfection by diluting 2 μl of siRNA duplex (i.e. 0.25-1 μg or 20-80 pM siRNA) 

into 100 μl siRNA transfection medium (sc-36868). In continuation, transfection reagent (Solution B) 

was prepared by diluting 4 μl of siRNA transfection reagent (sc-29528) into 100 μl siRNA transfection 

medium for each transfection. Further, for the preparation of transfection reagent mixture (Solution A 

+ Solution B), siRNA duplex solution (Solution A) was mixed into the transfection reagent (Solution 

B) and incubated for 15-45 min at room temperature prior to the transfection.  

2.9.2. Transfection protocol 

I followed the CRMP2 siRNA transfection protocol for the knockdown of CRMP2 expression 

according to the manufacturer's instruction (Santa Cruz Biotechnology, Inc.). In a 6-well tissue culture 

plate, neurons were cultured at a density of 2 x 105 cells/well in 2 ml minimal essential medium (Life 

Technologies), 0.5 mM L-glutamine (Life Technologies), 25 M glutamate (Wako, Osaka, Japan) and 

25 g/ml penicillin/streptomycin (Sigma) and 10% heat-inactivated fetal bovine serum (FBS, Life 

Technologies). The serum medium was then replaced by neurobasal medium containing 100 nM 

RS67333 and cells were cultured for 16 hours (1 DIV). Further, I washed the neurons once with 2 ml 

of siRNA transfection medium. For each transfection, 0.8 ml siRNA transfection medium was added to 

each tube containing the siRNA transfection reagent mixture, the mixture was gently mixed and poured 

onto the neurons. Neurons were then incubated for 5 hours at 37° C in a CO2 incubator. Further, I added 

1 ml of 2x serum medium (contains the serum and antibiotics concentration double than the normal 

growth medium, and 100 nM RS67333) without removing the transfection mixture. After that, the 

neurons were incubated for an additional 24 hours (2 DIV).  Later, the medium was aspirated and 

replaced with fresh 1x serum medium (with 100 nM RS67333) and cultured for an additional 43 hours 

(4 DIV). At 4 DIV, neurons were either fixed for immunohistochemistry or collected for western blot 

and RT-qPCR analysis. 

 

2.9.3. Chemical treatments of other experimental groups 

2.9.3.1. Control groups 

Hippocampal neurons were treated with the complete neurobasal medium with or without 100 

nM RS67333. 
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2.9.3.2. Negative control 

 

Transfection reagent was prepared following the step 2.9.1 but instead of CRMP2 siRNA, 

control siRNA B (sc-44230, Santa Cruz Biotechnology, Inc.) was used. Control siRNA B contains a 

scrambled sequence that does not lead to the specific degradation of any known cellular mRNA. 

2.10. Statistical analysis 

Prism 6, GraphPad Software, (San Diego, CA, U.S.A.) was used for the statistical analysis. 

ANOVA with Tukey's post hoc test was performed for multiple comparisons. Each experiment was 

repeated 3 times. The paired t-test was performed in the experiments of mRNA expression and western 

blot analysis. Differences were considered significant if the probability of error was less than 5%. All 

the data were expressed as mean ± SEM.  

2.11. Image processing  

ImageJ Java 1.8.0 (NIH) and photoshop were used for image processing. 
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 Results        

1. The expression of 5-HT4R in axons and dendrites of the hippocampal neurons 

The cellular and subcellular localization of the 5-HT4R in cultured hippocampal neurons were 

examined immunohistochemically, using antibodies against the 5-HT4R, MAP2 and phosphorylated 

neurofilament-H (SMI-31 antigen) (Figure 13A and 13B). I performed double staining of 5-HT4R in 

combination with MAP2 or SMI-31 to map the distribution of 5-HT4R in dendrites or axons, 

respectively, at 4 DIV. 5-HT4R was expressed in cell bodies, dendrites, and axons (Figure 13A and 

13B). Furthermore, triple-staining with DAPI, anti-GAD65, and 5-HT4R antibodies demonstrated that 

both GAD65-negative and GAD65-positive neurons expressed 5-HT4R (Figure 13C). Next, I 

performed the immunostaining of 5-HT4R in the E18 brain section with DAPI and I found that in vivo 

expression of 5-HT4R was prominent in the CA1-CA3, and DG regions of the hippocampus (Figure 

13D and 13E).  
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Figure 13. In vitro and in vivo expression of 5-HT4R in axons and dendrites of hippocampal neurons. (A-C) 

Hippocampal neurons at E18 were cultured for 4 days and in vitro expression of 5-HT4R was investigated. 5-

HT4R in the dendrites was visualized by anti-MAP2 (red) and anti-5-HT4R (green) antibodies, MAP2 as dendrite 

marker (A). Staining with anti-SMI-31 (green) and anti-5-HT4R (red) antibodies shows the expression of 5-HT4R 

in the axon using SMI-31 as an axon marker (B). Fluorescent images are showing the expression of 5-HT4R in 

GABAergic (GAD65 positive neurons) and non-GABAergic neurons. Neurons were stained with DAPI (blue), 

5-HT4R (green) and GAD65 (red) (C). (A-C) Scale bar: 75 m. (D, E) Immunostaining of cryostat sections of 

hippocampus at E18 with anti-5-HT4R antibody. Nuclei were stained with DAPI. White arrows are showing CA1, 

CA2, CA3 and DG regions. DG: dentate gyrus. Magnified view of the DG is shown (E). GCL: granular cell layer, 

SGZ: sub-granular zone. Scale bar: 250 m (D), 100 m (E).  
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2.  Effects of 5-HT4R agonists and antagonist on axon growth  

I analyzed the effects of 5-HT4R agonists (RS67333, BIMU8) and antagonist (GR125487) in the 

growth of axons in vitro. First, hippocampal neurons were treated with RS67333 and the effect was 

examined on axon formation (Figures 14, 15 and 16). I found that treatment with RS67333 (1 nM, 10 

nM, and 100 nM) increased the total axon length by 32.8 ± 7.4% (p < 0.01), 40.7 ± 8.0% (p < 0.001), 

and 46.4 ± 11.3% (p < 0.001), respectively (Figure 14E), and axonal branching index by 95.6 ± 29.3% 

(p < 0.01), 112.5 ± 29.4% (p < 0.001), and 137.5 ± 37.8% (p < 0.001), respectively (Figure 14F), when 

compared with control. In addition, I confirmed the effects of analogous agonists using 100 nM BIMU8 

and 100 nM 5-HT and found that both significantly increased the length and branching index of axon 

(Figure 15). Further, antagonist GR125487 was used to confirm the specific role of 5-HT4R on the axon 

growth (Figure 16). I found that the combination of 5 nM GR125487 and 100 nM RS67333 treatment 

significantly decreased total axon length by 21.29 ± 10.66% (p < 0.05; Figure 16F) and branching index 

by 81.83 ± 27.71% (p < 0.05; Figure 16G), when compared with 100 nM RS67333 treated group 

(Figure 16C, D, F and G). Results suggest that GR125487 neutralized the RS67333-induced increased 

growth of axon. GR125487 alone had no significant effects on any of the parameters of axon growth as 

compared with the control (Figure 16F and G).  Additionally, I analyzed the axon diameter in both 

control and 100 nM RS67333 treated groups using scanning electron micrographs (Figure 16H and I). 

I found that axon diameter was significantly increased by 68.6 ± 4.63% (p < 0.0001, Figure 16J) as 

compared to the control group. 
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Figure 14. Effects of 5-HT4R agonist (RS67333) on the axon growth. (A-D) Hippocampal neurons were 

cultured for 4 days in the absence (A), and presence of 1 nM (B), 10 nM (C) and 100 nM (D) of RS67333. 

Morphological characterization of axons was performed using anti-SMI-31 (green) and anti-MAP2 antibodies 

(red), and effects of the treatment of RS67333 were analyzed on axon growth. BI=Branching index, TL=Total 

axon length. (A-C) Scale bar: 75 m. Arrows indicate the longest neurite (axon). (E, F) Treatment with RS67333 

significantly increased the total axon length (E) and branching index (F). RS= RS67333. Data are shown as mean 

± SEM. Asterisks indicate statistical significance (One-way ANOVA with Tukey's post hoc test; **p < 0.01, ***p 

< 0.001). The number of neurons analyzed is shown in each bar. 
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Figure 15. Effects of 5-HT4R agonists (RS67333, BIMU8) and 5-HT on the axon growth. (A-D) Hippocampal 

neurons were cultured for 4 days in the absence (A), and presence of 100 nM RS67333 (B), 100 nM BIMU8 (C) 

and 100 nM 5-HT (D). The neurons were immunostained with the anti-SMI-31 (green) and anti-MAP2 antibodies 

(red), and the effects on the axon growth were analyzed. BI=Branching index, TL=Total axon length.  Scale bar: 

75 m. Arrows indicate the longest neurite (axon).  (E-F) Treatment with RS67333, BIMU8 and 5-HT 

significantly increased the total axon length (E) and branching index (F). RS=RS67333. Data are shown as mean 

± SEM. Asterisks indicate statistical significance (One-way ANOVA with Tukey's post hoc test; *p <0.05, **p 

< 0.01, ****p<0.0001). The number of neurons analyzed is shown in each bar.  
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Figure 16. Effects of 5-HT4R agonists (BIMU8 and RS67333) and antagonist (GR125487) on the axon growth. 

(A-E) Hippocampal neurons were cultured for 4 days in the absence of agonist/antagonist (A), and the presence 

of 100 nM BIMU8 (B), 100 nM RS67333 (C), 100 nM RS67333 + 5 nM GR125487 (D), and 5 nM GR125487 

(E). Morphological characterization of axons was performed using anti-SMI-31 (green) and anti-MAP2 antibodies 

(red), and effects of the treatment of RS67333 were analyzed on axon growth. Arrows indicate the longest neurite 

(axon). BI= Branching index, TL= Total axon length. Scale bar: 75 m. (F, G) Treatment with GR125487 

neutralized the effects of RS67333 on the total axon length (F) and axonal branching index (G). GR= GR125487, 

RS= RS67333. Data are shown as mean ± SEM. Purple, violet, green, blue and cyan asterisks indicate statistical 

significance with the bar of corresponding color (One-way ANOVA with Tukey's post hoc test; *p <0.05, **p < 

0.01, ***p < 0.001, ****p<0.0001). (H, I) Hippocampal neurons were cultured for 4 days in the absence (H) and 

presence of 100 nM RS67333 (I). Scanning electron micrographs showing the ultrastructure of axons. Scale bar: 

50 m (1000x), 5 m (6000x). (J) On the basis of scanning electron micrographs axon diameter was measured. 

Data are shown as mean ± SEM. Asterisks indicate statistical significance (Student’s t-test, Paired, 

****p<0.0001). The number of neurons analyzed is shown in each bar.  
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3. Effects of 5-HT4R agonists and antagonist on the growth of dendrites 

In addition to axon formation, I also analyzed the effects of 5-HT4R agonists and antagonist on 

dendrite growth (Figure 17, 18 and 19). I found that treatment with 5-HT4R agonist RS67333 (1 nM, 

10 nM, and 100 nM) increased the total dendritic length by 16.4 ± 3.27% (p < 0.01), 41.9 ± 4.1% (p < 

0.0001), and 61.5 ± 3.70% (p < 0.0001), respectively (Figure 17E), and increased the number of primary 

dendrites by 15.4 ± 4.7% (p < 0.05), 26.5 ± 5.2% (p < 0.05), and 59.1 ± 3.4% (p < 0.0001), respectively 

(Figure 17G). In addition, 10 nM and 100 nM RS67333 increased the branching index by 21.8 ± 4.8% 

(p < 0.05) and 30.0 ± 7.6% (p < 0.01), respectively (Figure 17H). In contrast, RS67333 had no 

significant effects on the average dendritic length (Figure 17F). Simultaneously, I also examined the 

effects of analogous agonists BIMU8 and 5-HT. I found that 100 nM BIMU8 and 100 nM 5-HT 

significantly increased the total dendritic length, number of primary dendrites and branching index 

(Figure 18). Interestingly, 100 nM 5-HT significantly increased the average dendritic length (Figure 

18F). Further, antagonist GR125487 was used to confirm the specific role of 5-HT4R on the dendritic 

growth (Figure 19). Treatment with 5 nM GR125487 in combination with 100 nM RS67333 neutralized 

the RS67333-induced growth of dendrites, thus, decreased the total dendritic length by 30.16 ± 9.7% 

(p<0.01; f Figure 19F), number of primary dendrites by 122.2 ± 34.44% (p<0.01; Figure 19H), and the 

branching index by 51.61 ± 31.42 (p<0.05; Figure 19I), when compared with 100 nM RS67333 treated 

group (Figure 19C, D, F, H and I). GR125487 alone had no significant effects on any of the parameters 

of dendrite development as compared with the control group (Figure 19F-I).  
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Figure 17. Effects of 5-HT4R agonist (RS67333) on the dendritic growth. (A-D) Hippocampal neurons were 

cultured for 4 days in the absence/control (A), and presence of 1 nM (B), 10 nM (C) and 100 nM (D) of RS67333. 

Morphological characterization of dendrites was performed using anti-MAP2 antibody (red) and effects of the 

treatment of RS67333 on total dendritic length (TL), average dendritic length (AL), number of primary dendrites 

(PD), and branching index (BI) were analyzed. Scale bar: 50 m. Arrows indicate an axon (the longest neurite). 

(E-H) Bar graphs show that treatment with RS67333 significantly increased the total dendritic length (E), number 

of primary dendrites (G) and branching index (H), but no effect was observed on average dendritic length (F). 

RS= RS67333. Data are shown as mean ± SEM. Asterisks indicate statistical significance (One-way ANOVA 

with Tukey's post hoc test; *p <0.05, **p < 0.01, ****p<0.0001). The number of neurons analyzed is shown in 

each bar.  
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Figure 18. Effects of 5-HT4R agonists (RS67333, BIMU8) and 5-HT on the dendritic growth. (A-D) 

Hippocampal neurons were cultured for 4 days in the absence (A), and presence of 100 nM RS67333 (B), 100 nM 

BIMU8 (C) and 100 nM 5-HT (D). The neurons were immunostained with the anti-MAP2 antibody, and the 

effects on the dendritic growth were analyzed. AL=Average dendritic length, BI=Branching index, PD=number 

of primary dendrites, TL=Total axon length.  Scale bar: 50 m. Arrows indicate an axon (the longest neurite).  (E-

H) Treatment with RS67333, BIMU8 and 5-HT significantly increased the total axon length (E), number of 

primary dendrites (G) and branching index (H). RS=RS67333. Data are shown as mean ± SEM. Asterisks indicate 

statistical significance (One-way ANOVA with Tukey's post hoc test; *p <0.05, **p < 0.01, ***p < 0.001, 

****p<0.0001). The number of neurons analyzed is shown in each bar.  
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Figure 19. Effects of 5-HT4R agonists (BIMU8 and RS67333) and antagonist (GR125487) on the dendritic 

growth. (A-E) Hippocampal neurons were cultured for 4 days in the absence of agonist/antagonist (A), and the 

presence of 100 nM BIMU8 (B), 100 nM RS67333 (C), 100 nM RS67333 + 5 nM GR125487 (D), and 5 nM 

GR125487 (E). Morphological characterization of dendrites was performed using anti-MAP2 antibody (red) and 

effects of the treatment of RS67333 on total dendritic length (TL), average dendritic length (AL), number of 

primary dendrites (PD), and branching index (BI) were analyzed. Scale bar: 50 m. (F-H) Treatment with 

GR125487 neutralized the effects by RS67333 in the total dendritic length (F), number of primary dendrites (H) 

and branching index (I). No significant effect of any agonists and antagonist was observed on average dendritic 

length as compared with the control (G). GR= GR125487, RS= RS67333. Data are shown as mean ± SEM. Purple, 

violet, green, blue and cyan asterisks indicate statistical significance with the bar of corresponding color (One-

way ANOVA with Tukey's post hoc test; *p <0.05, **p < 0.01, ***p < 0.001, ****p<0.0001). The number of 

neurons analyzed is shown in each bar. 
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4. Colocalization of 5-HT4R and CRMP2 in hippocampal neurons in vitro and in vivo 

I analyzed the cellular and subcellular localization of the 5-HT4R and CRMP2/pCRMP2 in 

hippocampal neurons immunohistochemically, using antibodies against the 5-HT4R, CRMP2, and 

pCRMP2 (Figure 20). At 4 DIV, all the 5-HT4R-positive neurons showed immunoreactivity to CRMP2 

in cell bodies, dendrites from base to tip and axons from base to terminal. In contrast, pCRMP2 was 

expressed both in cell bodies, axon trunk except axon collaterals and dendrites (Figure 20A-C). In vivo 

expression in E18 embryos were analyzed by triple staining with anti-5-HT4R, anti-CRMP2 antibodies 

and DAPI. Results showed that 5-HT4R and CRMP2 were prominently colocalized in the hippocampus 

(Figure 20D and E).  

 

 

Figure 20. Fluorescent images showing the 5-HT4R and CRMP2 colocalization in hippocampal neurons. 

(A-C) Neurons were immunostained with antibodies against 5-HT4R (red), CRMP2 (green), and pCRMP2 (blue). 

B and C are enlarged images shown in A. pCRMP2, CRMP2 and 5-HT4R were expressed in the soma and 

dendrites (B) and the axon and its collateral branches (C). Scale bar: 75 m (A), 25 m (B), 20 m (C). (D, E) 

Colocalization of 5-HT4R (green) and CRMP2 (red) in the hippocampus at E18. DAPI staining was performed to 

label the cell nuclei (D). Arrowheads represent the hippocampal area (DG: dentate gyrus). Scale bar: 100 m (D). 

2D scattered plot (pixel map) for the green and red channel. The colocalized area of 5-HT4R and CRMP2 was 

shown in yellow line (dotted) square box. Y-axis shows the green channel intensity, X-axis shows the red channel 

intensity and diagonal line shows the ratio of green to red channel, which represents the linear regression from 

both channels. Manders' Coefficients for the overlapping of green and red channels are M1 (0.693) and M2 

(0.447), which show fraction of green channel overlapping red channel and fraction of red channel overlapping 

green channel respectively (E).  
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5. Role of CRMP2 in 5-HT4R-mediated growth of axon and dendrites 

I knockdown the expression of CRMP2 to investigate the role of CRMP2 in the 5-HT4R-mediated 

axon growth (Figure 21). In this set of experiment, cultured neurons were treated with 100 nM RS67333 

in the presence of CRMP2 siRNA (Figure 21C), which significantly decreased the growth of axon. This 

decrease in axon growth was observed in terms of total axon length by 151.4 ± 11.15% (p<0.0001; 

Figure 21E) and branching index by 175.7 ± 27.40% (p<0.0001; Figure 21F) as compared to RS67333 

treated group (Figure 21B). Further, treatment with control siRNA B (Figure 21D) did not induce any 

significant difference in axon growth in comparison with the RS67333 treated group (Figure 21B, E 

and F). The effects of CRMP2 siRNA and siRNA B were confirmed by examining the relative 

expression of CRMP2 mRNA in all the experimental groups (Figure 21G).  

 

 Similarly, the role of CRMP2 in 5-HT4R-mediated growth of dendrites were assessed (Figure 

22). As shown above, neurons which were treated with 100 nM RS67333 showed significant 

enhancement in the growth of dendrites in comparison with control (Figure 22A, B, E-H). However, 

this enhancement was significantly decreased when the neurons were cultured in combination with 100 

nM RS67333 and CRMP2 siRNA (Figure 22C, E-H). Results showed that total dendritic length was 

decreased by 151.9 ± 15% (p<0.0001; Figure 22E), average dendritic length by 76.10 ± 7.5% 

(p<0.0001; Figure 22F), number of primary dendrites by 198.1 ± 31.03% (p<0.0001; Figure 22G) and 

branching index by 160.2 ± 40.05% (p<0.0001; Figure 22H), in comparison with RS67333 treated 

group. Further, treatment with control siRNA B did not induce any significant difference in dendritic 

growth in comparison with the RS67333 treated group (Figure 22B, D, E-H).  
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Figure 21. Effects of CRMP2 expression on 5-HT4R mediated axon formation analyzed by CRMP2 

knockdown study. (A-D) Hippocampal neurons were cultured for 4 days in the absence of RS67333 (A), the 

presence of 100 nM of RS67333 (B), 100 nM RS67333 + CRMP2 siRNA (C), and 100 nM RS67333 + control 

siRNA B (D). Axon growth was evaluated using the immunostaining with anti-SMI-31 (green) and anti-MAP2 

antibodies (red) and total axon length (TL) and branching index (BI) were analyzed. Scale bar: 75 m. (E-G) Bar 

graphs represent the effects of the CRMP2 knockdown on total axon length (E) and branching index (F). 

Expression of CRMP2 mRNA was analyzed by qRT-PCR (G). RS= RS67333. Data are shown as mean ± SEM, 

purple, green, violet and blue asterisks indicate statistical significance with the bar of corresponding color (One-

way ANOVA with Tukey's post hoc test; *p <0.05, **p < 0.01, ***p < 0.001, ****p<0.0001). 8 culture wells 

were analyzed in each experimental condition. The number of neurons analyzed is shown in each bar. 
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Figure 22. Effects of CRMP2 expression on 5-HT4R mediated dendrite growth analyzed by CRMP2 

knockdown study. (A-D) Hippocampal neurons were cultured for 4 days in the absence of RS67333 (A), the 

presence of 100 nM of RS67333 (B), 100 nM RS67333 + CRMP2 siRNA (C), and 100 nM RS67333 + control 

siRNA B (D). Dendritic growth was evaluated using the immunostaining with anti-MAP2 antibody (red), and 

total dendritic length (TL), average dendritic length (AL), number of primary dendrites (PD), branching index 

(BI) were measured. Scale bar: 50 m. Arrows indicate an axon (the longest neurite). (E-H) Bar graphs represent 

the effects of the CRMP2 knockdown on the total dendritic length (E), average dendritic length (F), number of 

primary dendrites (G), branching index (H). RS= RS67333. Data are shown as mean ± SEM. Purple, green, violet 

and blue asterisks indicate statistical significance with the bar of corresponding color (One-way ANOVA with 

Tukey's post hoc test; **p < 0.01, ***p < 0.001, ****p<0.0001). The number of neurons analyzed is shown in 

each bar.  
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6. RS67333 increased mRNA expression and dephosphorylation of CRMP2  

To examine the signaling mechanism mediating the effects of the 5-HT4R on dendrite and axon 

formation, I focused on the expression of CRMP2. Quantitative RT-PCR analysis was performed to 

examine the role of CRMP2 in axon and dendrite formation. The treatment with 100 nM RS67333 

increased the expression of CRMP2 mRNA by 4.3 ± 1.5 times (p<0.05) (Figure 23A). Next, western 

blot study was performed to analyzed 5-HT4R induced posttranslational modification in CRMP2 

(Figure 23B). The treatment with 100 nM RS67333 decreased the average band area of pCRMP2 (0.41 

± 0.14 times; p<0.05; Figure 23C), while increased average band area of CRMP2 (7.3 ± 1.8 times; 

p<0.001; Figure 23C) as compared with the control group.  

7. RS67333 increased the mRNA expression of BDNF, NT-3, NGF and TRK-A  

I examined the effects of RS67333 on the expression of neurotrophins (NGF, BDNF, and NT-3) 

and their receptors (TRK-A, TRK-B, and TRK-C) by quantitative RT-PCR (Figure 23D, E). Treatment 

of 100 nM RS6733 significantly increased the mRNA expression of BDNF, NT-3 and NGF by 5.9 ± 

2.3 times (p<0.05), 2.0 ± 0.8 times (p<0.05), and 1.25 ± 0.18 times (p<0.05), respectively, when 

compared with the control group (Figure 23D). Additionally, 100 nM RS67333 increased the mRNA 

expression of TRK-A receptor by 1.08 ± 0.23 times (p<0.05), although no significant difference was 

observed in the expression of TRK-B, TRK-C (Figure 23E), Akt and GSK-3 (Figure 23F). 
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Figure 23. Analysis of molecular pathways associated with 5-HT4R. (A-E) Hippocampal neurons were 

cultured for 4 days in the absence (control) and presence of a 5-HT4R agonist (RS67333). qRT-PCR showed that 

treatment of RS67333 increased the mRNA expression of CRMP2 (A). Lysates of cultured hippocampal neurons 

were separated by SDS-PAGE and immunoblotted with anti-pCRMP2 and anti-CRMP2 antibodies. -actin was 

used as an internal control (B). Saturated immunoblot analysis showed that treatment of RS67333 decreased 

pCRMP2, while increased CRMP2 (C). qRT-PCR showed that treatment of RS67333 increased the mRNA 

expression of neurotrophic factors (BDNF, NT-3 and NGF) (D), TRK receptors (TRK-A, TRK-B, and TRK-C) (E), 

and Akt and GSK-3 (F). (A-F) Data are shown as mean ± SEM. Asterisks indicate statistical significance 

(Student’s t-test; paired, *p <0.05, ***p < 0.001). At least 4 wells were analyzed in each experimental condition. 
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Discussion         

1. Role of 5-HT4R in axon and dendrite growth  

In the present in vitro study, I investigated the role of 5-HT4R using agonist RS67333. I found that 

RS67333 increased length, branching, and diameter of the axon in hippocampal neurons during the 

embryonic development of mice. This is the intriguing finding of the present study, which previous 

studies have not properly addressed. The results revealed that even minimum 1 nM concentration of 

RS67333 showed significant effects on the axon growth by increasing their total length and initiating 

the growth of axon collaterals. Similarly, I investigated the effect of agonist RS67333 on dendritic 

growth and found the significant increase in total dendritic length, number of primary dendrites, and 

dendritic branching, but there was no significant effect observed on average dendritic length. However, 

treatment with 5-HT increased the average length of dendrites (Fig.18F). This might be due to the 

interaction between 5-HT and other 5-HTRs apart from 5-HT4R expressed in the hippocampus. A 

literature suggests the relative expression of 5-HT4R (75.60-fold), 5-HT3R (4.2-fold), 5-HT2R (54.04-

fold), 5HT6R (4.74-fold) and 5-HT7R (4.79-fold) in the hippocampus (BIoGPS database). Thus, 5-

HT2R may be the most influential candidate after 5-HT4R, because it has almost 10 times larger fold 

expression than other 5-HTRs except 5-HT4R. However, 5-HT2R, 5-HT3R, 5-HT6R and 5-HT7R have 

been reported to promote the growth and survival of neurons (Dayer et al., 2015; Ohtani et al., 2014; 

Rojas et al., 2017; Yoshida et al., 2011; Yoshimura et al., 2016). Therefore, further study is needed to 

investigate absolute expression profile of these 5-HTRs during specific developmental stages to get 

more reliable answer for the same. Additionally, Mnie et al. in their study compared the putative effect 

of 5-HT and RS67333 on the isoforms 5-HT4(a) and 5-HT4(b), which are highly expressed in limbic 

region of the brain, in their ability to undergo endocytic regulation. Both ligands differed in their ability 

to induce internalization of either isoform, 5-HT being more effective than RS67333 in HEK293 cells 

and in neurons, in contrast, trafficking induced by 5-HT was isoform-specific (Mnie et al., 2010). Thus, 

results from current study combined with the previous studies lend the idea that 5-HT treatment may be 

more effective than RS67333 due to the activation of not only 5-HT4R but also other 5-HTRs. In 

addition to that it increases the internalization of 5-HT4R isoforms (a) and (b), which might cause 

significant increase the overall growth of dendrites. I also confirmed the specificity of 5-HT4R actions 

through the antagonist GR125487 which neutralized the effects of RS67333 on axon and dendrite 

growth.  

 

Previously, our group reported that 5-HT3R inhibit the growth of dendrites and axon in cortical 

neurons (Hayashi et al., 2010). However, our group also reported that treatment of 5-HT4R agonist 

BIMU8 increased total dendritic length, number of primary dendrites and dendritic branching without 

affecting average dendritic length of hippocampal neurons (Kozono et al., 2017), which is consistent 
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with the results of the current study. In continuation, Yoshimura et al., explored the role of 5-HT1AR 

and 5-HT2AR, which elevated the expression of BDNF, regulated assembly of microtubule and 

promoted dendritic growth, arborization and synaptogenesis in the cortex (Ohtani et al., 2014; Yoshida 

et al., 2011; Yoshimura et al., 2005; Yoshimura et al., 2016). In addition, the current findings indicate 

that 5-HT4R increased the length, diameter and branching of axon. Axon length and diameter along 

with intramembrane resistance and membrane capacitance determine the nerve conduction velocity of 

electrical signal through the axon fiber (Barazany et al., 2009), which are quantified for the investigation 

of neuropathy (Finsterer and Grisold, 2015; Perge et al., 2012; Rao et al., 2012). Additionally, increased 

dendritic length, branching, and arborization are known to form the long-term synapses, which facilitate 

the increased plasticity (Donnell et al., 2011; Paulin et al., 2016; Weber et al., 2016). Thus, 

aforementioned studies suggest the differential role of various 5-HTRs in the brain development. In this 

regard, the current study emphasizes the importance of 5-HT4R in the synaptogenesis and plasticity in 

the brain by facilitating the growth of hippocampal neurons. 

2. Downstream signaling via 5-HT4R to promote the growth of axons and dendrites 

2.1. Roles of 5-HT4R increased CRMP2 expression and dephosphorylation in the growth of 

neurites 

Aim of this study was to elucidate and explore the possible downstream molecular mechanism 

underlying the effects of 5-HT4R on the promotion of dendrite and axon growth. Previously, it has been 

reported that cytosolic protein CRMP2 and 5-HT4R both are highly expressed in the brain during early 

embryonic development (Berthouze et al., 2005; Bockaert et al., 2006b; Bockaert et al., 2008; Inagaki 

et al., 2001; Kozono et al., 2017). Furthermore, during the embryonic stage, the increased expression 

of npCRMP2 in the neurons has been reported, which is localized on microtubules, clathrin-coated pits, 

and actin filaments in growth cones, and controls the growth of axon and dendrites (Rahajeng et al., 

2010; Ryan and Pimplikar, 2005; Yamashita et al., 2012). In contrast, phosphorylated CRMP2 is 

localized only on actin filaments and control the axon growth (Arimura et al., 2005; Gu and Ihara, 2000). 

Recently, it has been reported that the overexpression and/or dephosphorylation of CRMP2 induce the 

formation and maturation of dendritic spines (Niisato et al., 2013; Zhang et al., 2018). 

Moreover, it has also been reported that 5-HT4R could modulate the phosphorylation-dependent 

changes in protein activity (Barthet et al., 2007). Based on the earlier findings (Bockaert et al., 2006a; 

Bockaert et al., 2006b; Inagaki et al., 2001; Kozono et al., 2017; Ryan and Pimplikar, 2005; Yamashita 

et al., 2012), it may be hypothesized that the 5-HT4R could modulate the CRMP2 mRNA expression 

and/or dephosphorylation of CRMP2 which facilitate the promotion in axon and dendrite growth. 

Therefore, I performed colocalization study of 5-HT4R with CRMP2 and found that these proteins were 

colocalized in the axons, dendrites and cell bodies of embryonic hippocampal neurons. Furthermore, 
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pharmacological activation of 5-HT4R by RS67333 increased the mRNA expression of CRMP2 and 

decreased expression of pCRMP2. Moreover, the growth of axon and dendrites was neutralized when I 

knockdown CRMP2 in the presence of RS67333. These results suggest, the activity of 5-HT4R 

upregulates the expression and dephosphorylation of CRMP2, which promotes the growth of axon and 

dendrites. These observations suggest the functional relationships between 5-HT4R and CRMP2. 

2.2. Roles of 5-HT4R upregulated neurotrophic factors and TRK receptors in the 

phosphorylation and expression of CRMP2  

Recently, our group reported that 5-HT4R upregulates expression of BDNF and blocking of TRK-

B inhibit the growth of dendrites in rat hippocampal neurons (Kozono et al., 2017). Therefore, in the 

current follow up study I confirmed the effect of 5-HT4R on the expression of BDNF, and further 

showed that activation of 5-HT4R increased the mRNA expression of NT-3, NGF and TRK-A in mouse 

hippocampal neurons. It has been well established that NGF, BDNF and NT-3 dephosphorylate the 

CRMP2 and upregulate the expression of npCRMP2 through the activation of TRK-A, TRK-B and 

TRK-C respectively (Martin-Iverson et al., 1994; Niisato et al., 2013; Shimazu et al., 2006; Stewart et 

al., 2008; Usuki et al., 2018; Yamashita et al., 2012; Yoshimura et al., 2005; Zhang et al., 2018). 

npCRMP2 promotes the axon and dendrite formation, while pCRMP2 inhibits the neurite growth 

(Yoshimura et al., 2005). Collectively, there is a conceivable pathway which may interlink the activity 

of 5-HT4R with CRMP2 expression and dephosphorylation through elevated mRNA expression of 

BDNF, NT-3, NGF, and TRK-A via 5-HT4R. Upregulation of the neurotrophic factors inhibits the 

phosphorylation of CRMP2 protein, and increases npCRMP2, which promotes the growth of axon and 

dendrites. 

3. Significance of 5-HT4R promoted growth of hippocampal neurons in learning, 

memory and emotions 

Hippocampus works as an indexer by relaying the information to the cingulate and subiculum 

cortex, which facilitate the long-term storage of the information. Additionally, hippocampus in concert 

with amygdala, works as an emotional motor center and controls the emotional responses and memory 

formation during the adverse life situations. It is particularly important in forming new memories and 

connecting emotions and senses such as smell and sound to memories (Opitz, 2014). In this regard, the 

present study may provide some clue for the possible mechanism behind the roles of 5-HT4R in the 

learning, memory formation and emotion. I found that pharmacological activation of 5-HT4R promoted 

the growth of neurites in the hippocampus via modulating the dephosphorylation and expression of 

CRMP2, which could facilitate the circuit formation in the hippocampus via promoting the growth of 

axons and dendrites, resultant, increases its plasticity. In addition, increased circuit formation in the 

hippocampus facilitates the processing of the information and its’ long-term storage; thus, facilitates 
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the higher cognitive processes in the brain. Therefore, 5-HT4R expression and function in the 

hippocampus in the embryonic brain has great importance in the mechanism of learning, memory and 

emotions in the brain.   

Various groups reported that the stimulatory effect of 5-HT4R in other limbic regions and frontal 

cortex in the memory and cognition (Consolo et al., 1994, Teixeira et al., 2018, Siniscalchi et al., 1999). 

Recent studies reported that various 5-HT4R agonists improve cognition and memory function in 

rodents by stimulating the release of acetylcholine in the frontal cortex (Consolo et al., 1994). 

Siniscalchi and colleagues reported that BIMU8 increased the outflow of acetylcholine in the 

hippocampus and enhanced memory and cognition, which were blocked by concomitant treatment with 

a 5-HT4R antagonist GR125487 (Siniscalchi et al., 1999). There are some reports showing that the 

stimulatory role of 5-HT4R agonists RS67333 in memory enhancement and facilitation of learning, 

which could be reversed with treatment of antagonists SDZ 205-557 and GR125487 (Fontana et al., 

1997; Meneses and Hong, 1997; Orsetti et al., 2003).  

4. Association between 5-HT4R and neurological disorders  

5-HT4R has an excitatory role on neurons and is widely expressed in limbic regions such as the 

amygdala, septum, hippocampus and mesolimbic region (Figure 4), which are the emotional motor 

centres, and functioning of these areas are highly affected during the stressful situations (Hannon and 

Hoyer, 2008; Tanaka et al., 2012). Emotional, physical, and other stressors in the external environment 

are the main cause of depression and anxiety. The results of the current study can give some insights of 

the mechanism by which RS67333 shows its anxiolytic and antidepressant effects. Additionally, most 

of the anxiolytic and antidepressant drugs increase the level of 5-HT in the brain, which increases the 

expression of neurotrophic factors such as BDNF. This increased expression of BDNF has been 

reported to promote the neurogenesis and growth of hippocampal neurons and increase synaptogenesis 

and plasticity. Present study also suggests such role of 5-HT4R agonists in the hippocampus and can 

give important insights for the development of 5-HT4R based medications for the treatment of anxiety 

and depressive disorders (Amigo et al., 2016; Yohn et al., 2017). A recent study reported that treated 

with 5-HT4R-based therapeutics cleared the deposition of neurofibrillary tangles and APP in Alzheimer 

disease patients. In addition, these patients showed significant improvements in motor activities after 

the treatment (Coskuner and Uversky, 2018). 5-HT4R can also regulate tau pathology by modulating 

the activity of GSK-3 via G12/13 proteins (Butzlaff and Ponimaskin, 2016).  
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5. Importance of 5-HT4R promoted growth of hippocampal neurons in neuronal 

developmental disorders 

It has been explained that hippocampus is associated with attention deficit hyperactivity disorder 

(ADHD) and autism spectral disorder (ASD) through the role in regulating emotion and memory (Basu 

et al., 2016; Dager et al., 2007; Plessen et al., 2006). Numerous studies over the past decade on animal 

models have reported detailed changes in epigenetic modifications in gene expressions in the 

hippocampus under various learning paradigms to support the role of hippocampus in mental retardation 

or intellectual disability disorders (Lagali et al., 2010). Recently, some groups reported the specific role 

of 5-HT4R in the information processing and neuronal plasticity of hippocampus (Amigo et al., 2016; 

Hagena and Manahan, 2017). In this regard, present study can provide insights to develop 5-HT4R 

drugs-based models for the treatment of neuronal developmental disorders. Pharmacological activation 

of 5-HT4R increased the neuronal growth in the hippocampus. Additionally, CRMP2 has been reported 

to facilitate neuronal regeneration, survival and differentiation (Ip et al., 2014; Kondo et al., 2019; Na 

et al., 2017; Zhang and Koch, 2017). Therefore, 5-HT4R increased expression of CRMP2 can facilitate 

the growth and survival of neurons in the hippocampus. This will promote synaptogenesis and will 

strengthen the plasticity, which might improve the learning and memory function in such patients. 

6. Clinical significance of the present study    

Pharmacological stimulation of 5-HT4R in rodents has been reported to improve learning and 

memory function (Haahr et al., 2013; Orsetti et al., 2003; Stenbæk et al., 2017). Additionally, 

pharmacological intervention of 5-HT4R showed its critical role in anxiety and depression via 

mediating the expression and function of BDNF, TRK-B, Activity-regulated cytoskeleton-associated 

(Arc) protein and 5-HT1AR (Amigo et al., 2016; Yohn et al., 2017). Preclinical studies on 5-HT4R 

knockout mice showed crucial roles of 5-HT4R in anxiety and depression via mediating the expression 

and function of BDNF, TRK-B, Arc and 5-HT1AR (Amigo et al., 2016; Yohn et al., 2017). 

Administration of 5-HT4R agonist (RS67333) has shown rapid anxiolytic effect in rodents via 

desensitizing 5-HT1A auto-receptors and increasing hippocampal neurogenesis (Lucas et al., 2007; 

Yohn et al., 2017). These results are consistent with the findings of the present study, where treatment 

with 5-HT4R agonist increased the expression of neurotrophic factors (BDNF, NT-3, NGF), TRK-A and 

CRMP2, which has been reported to control neural development, plasticity and information processing 

in the hippocampus (Cho and Hu, 2007; Hagena and Manahan, 2017; Inagaki et al., 2001; Rebholz et 

al., 2018) (Figure 24). Various 5-HT4R agonists and antagonists have been investigated for their 

therapeutic potential are shown in Table 6, however, the selection of 5-HT4R agonist is very crucial to 

investigate specific effect of 5-HT4R. Most of the 5-HT4R agonists work as antagonists for 5-HT3R 

and similarly 5-HT4R antagonists as 5-HT3R agonists, but RS67333, GR125487 and BIMU8 are 

selective high affinity ligands specifically interact with 5-HT4R only.  
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Figure 24. Effect of 5-HT4R agonist RS67333 on neurite formation. Role of 5-HT4R on neurite formation. 

(1) Pharmacological activation of 5-HT4R through agonist RS67333, (2) Overexpression of CRMP2, BDNF, NT-

3, NGF and TRK-A. (3) Increased secretion of BDNF, NT-3 and NGF. (4) Autocrine and paracrine activation of 

cell membrane receptors via BDNF, NT-3 and NGF. (5) Dephosphorylation of CRMP2. Increase in non-

phosphorylated active CRMP2. (6) Growth of axon (length, diameter and branching) and dendrites (length and 

branching). 

 

Table 6: List of potential agonists and antagonists of 5-HT4R 

 

 

5-HT4R agonists References 5-HT4R antagonists References 

                5-HT 

BIMU8 

RS67333 

RS17017 

Cisapride 

Dazopride 

Matoclopramide 

Mosapride 

Prucalopride 

Cinitapride 

Renzapride 

Tegaserod 

Zacopride 

Mosapride citrate (MOS) 

CJ-033466 

 

 

 

(Bockaert et al., 

2008; Maeyer et 

al., 2008; Manabe 

et al., 2010) 

                  L-lysine 

Piboserod 

GR125487 

GR113808 

NS-3389 

SB204070 

SB203186 

SB205800 

SB207266 

SDZ205557 

SC-53116 

SC-53606 

SC-56184 

RS39604 

RS100235 

 

 

 

(Torres et al., 1994; 

Meneses and Hong, 

1997; Smriga and 

Torii, 2003) 
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Conclusion 

Function of 5-HT neurotransmitter system is critical for the development of brain. The 

distinctive distribution pattern of 5-HTRs in different brain areas suggests important roles in their 

development. 5-HT4R is present in abundance in limbic forebrain. Early embryonic expression of this 

receptor may regulate the development of emotional motor centers such as hippocampus and amygdala. 

In the present study, I explored and extensively investigated the roles of 5-HT4R in mouse embryonic 

hippocampal neurons in vitro. I found that activation of 5-HT4R promoted the axonal growth by 

increasing the length, diameter and number of axon collaterals, together with the dendritic development 

by increasing the number of primary dendrites, total dendritic length, and branching. Furthermore, the 

inside mechanism revealed that the enhanced mRNA expression of BDNF, NT-3, NGF, TRK-A and the 

npCRMP2 may possibly contribute to the axon and dendritic development, which is triggered by 5-

HT4R activation. Overall, based on the current investigation, I conclude that 5-HT4R plays a crucial 

role in the brain development through the promotion of both axon and dendritic growth. The current 

study focused on cultured neurons; thus, in vivo analysis will be required for the futuristic clinical 

implication. Importantly, the present key findings add a new layer of understanding to provide a 

platform to establish models for preclinical studies, where 5-HT4R can be targeted for the therapeutic 

intervention for the treatment of various psychiatric and neurodevelopmental diseases. 
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Highlights of the study 

• 5-HT4R agonist increased the length and branching of axon and dendrites of hippocampal 

neurons. 

• Pharmacological activation of 5-HT4R significantly increased the axonal diameter.  

• Treatment with 5-HT4R agonist induced a remarkable increment in the mRNA expression of 

neurotrophic factors BDNF, NT-3, and NGF. 

• 5-HT4R agonist treatment induced elevation in the mRNA expression of TRK-A receptor and 

CRMP2. 

• 5-HT4R agonist RS67333 increased the expression of non-phosphorylated CRMP2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

56 
 

Acknowledgments 

It gives me immense pleasure to express my deepest gratitude and indebtedness to my supervisor 

Prof. Takashi Shiga. I’ve relied on both your amazing capacity to generate many exciting new 

directions, and your amazing capacity to prune down and recognize what to focus on. You are a joy to 

work with. I’ll forever be inspired by how you practice science, together with being as a good supervisor 

you are a very good human being also. Your simple, humble, polite, dedicated, punctual and honest 

personality has inspired me a lot to improve myself at personal and professional level. Next, I would 

like to thank Dr. Sunil Kumar Vimal (Southwest university China), Dr. Minhua chen (Chung Yuan 

Christian University, Taiwan), Dr. Ranjith Kumar bakku (University of Tsukuba) and Dr. Masuda 

(University of Tsukuba) for co-supervising me in my research. Thank you for your inspiration, 

constructive criticism, support and for sharing your valuable time and attention during the research.  

Additionally, I would like to thank our collaborators Dr. Sanjib Bhattacharya (Southwest university 

China) and Dr. Anirban Bandyopadhyay (National Institute for Material Sciences, Japan), who   brought   

an entirely new perspective at the beginning of my research career.  

 

I want to convey my deepest regard and special thanks to all the members of my thesis review 

committee Takashima sensei, Takei sensei, Koganezawa sensei, and Kaneko sensei; for their valuable 

suggestions, helpful perspectives, support, and guidance, which significantly improved my thesis. I 

would also like to show my sincere gratitude towards Yamanaka sensei (Director of Kansei Behavioral 

and Brain sciences department) and the administration of Kansei department, Graduate school of 

comprehensive human sciences, and International student support office for their support and guidance. 

Specially, I would like to convey my deep regards to Yamada san, Akiko san (International student 

support office) and Sakai San for their unconditional support. I am grateful to all current and former 

members of the Shiga laboratory for their help, discussion and co-operation special thanks to Kasegai 

Kun, Li san, Ichikawa san and Nana san for their friendly and supportive nature. Additionally, I wish 

to express my sincere gratitude to Hattori San and Nagano San from National Institute for Material 

Sciences, Tsukuba, Japan for their incredible support, company, enough time, cooperation and for 

extending all possible help during my experiments. Moreover, I would like to acknowledge the open 

facilities of medical science department at University of Tsukuba. 

 

I would like to show my sincere gratitude to my parents and siblings for supporting me and 

inspiring me during my hardships. I am forever indebted to you, without whom this work could have 

never been accomplished. My special thanks go to my friends Ohmori Yoko, Manoj Kumar Yadav, 

Lalhaba Oinamcha, Arun Kumar, Mustafa Korkutata, Namiko Onodera, Manpreet Kaur Randhawa, 

Thanasis Poullikkas, Meetu Bharti, Ritesh Kumar Patel and Asami Suga for their unconditional love 

and unquestioning support. You always pushed me in right direction during my hard times.  



 

57 
 

I would like to thank to the following funding sources for their support: Toshimi Otsuka 

Scholarship Foundation, for the financial support during the research (2018-2020), Grant-in-Aid for 

Scientific Research (26640024) from the Ministry of Education, Culture, Sports, Science and 

Technology (MEXT) of Japan.  

 

Finally, I express all my gratitude to almighty God, who helped me directly or indirectly to get 

this opportunity. I could not have been able to keep my self-confidence and patience without grace of 

God.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

58 
 

References  

Amigo J, Diaz A, Pilar-Cuellar F, Vidal R, Martin A, Compan V, Pazos A and Castro E (2016) The 

absence of 5-HT4 receptors modulates depression- and anxiety-like responses and influences 

the response of fluoxetine in olfactory bulbectomised mice: adaptive changes in hippocampal 

neuroplasticity markers and 5-HT1A autoreceptor. Neuropharmacology 111:47-58. 

Arimura N, Menager C, Fukata Y, Kaibuchi K (2004) Role of CRMP-2 in neuronal polarity. Journal 

of neurobiology 58, 34-47. 

Arimura N, Ménager C, Kawano Y, Yoshimura T, Kawabata S, Hattori A, Fukata Y, Amano M, 

Goshima Y, Inagaki M, Morone N, Usukura J and Kaibuchi K (2005) Phosphorylation by Rho 

kinase regulates CRMP-2 activity in growth cones. Molecular and cellular biology 25:9973-

9984.  

Averbuch HL, Pruginin M, Kahane N, Tsoulfas P, Parada L, Rosenthal A and Kalcheim C (1994) 

Neurotrophin 3 stimulates the differentiation of motoneurons from avian neural tube progenitor 

cells. Proceedings of the national academy of sciences of the United States of America  

91:3247-3251. 

Mitchell J, Iny L and Meaney M (1990) The role of serotonin in the development and environmental 

regulation of type II corticosteroid receptor binding in rat hippocampus. Developmental brain 

research 55(2):231-235. 

Baranger K, Giannoni P, Girard SD, Girot S, Gaven F, Stephan D, Migliorati M, Khrestchatisky M, 

Bockaert J, Marchetti-Gauthier E, Rivera S, Claeysen S and Roman FS (2017) Chronic 

treatments with a 5-HT4 receptor agonist decrease amyloid pathology in the entorhinal cortex 

and learning and memory deficits in the 5xFAD mouse model of Alzheimer's disease. 

Neuropharmacology 126:128-141. 

Barazany D, Basser PJ and Assaf Y (2009) In vivo measurement of axon diameter distribution in the 

corpus callosum of rat brain. Brain 132:1210-1220. 

Barnes NM and Sharp T (1999) A review of central 5-HT receptors and their function. 

Neuropharmacology 38:1083-1152. 

Barthet G, Framery B, Gaven F, Pellissier L, Reiter E, Claeysen S, Bockaert J and Dumuis A (2007) 5-

hydroxytryptamine 4 receptor activation of the extracellular signal-regulated kinase pathway 

depends on Src activation but not on G protein or beta-arrestin signaling. Molecular biology of 

the cell 18:1979-1991. 

Basu J, Zaremba JD, Cheung SK, Hitti FL, Zemelman BV, Losonczy A and Siegelbaum SA (2016) 

Gating of hippocampal activity, plasticity, and memory by entorhinal cortex long-range 

inhibition. Science 351:5694-5694. 

Bernd P (2008) The role of neurotrophins during early development. Gene expression 14:241-250. 

Berthouze M, Ayoub M, Russo O, Rivail L, Sicsic S, Fischmeister R, Berque-Bestel I, Jockers R and 

Lezoualc’h F (2005) Constitutive dimerization of human serotonin 5-HT4 receptors in living 

cells. Federation of European biochemical societies letters 579:2973-2980. 

Berumen LC, Rodríguez A, Miledi R and García-Alcocer G (2012) Serotonin receptors in hippocampus. 

The scientific world journal 2012:823493-823493. 

Blondel O, Gastineau M, Langlois M and Fischmeister R (1998) The 5-HT4 receptor antagonist 

ML10375 inhibits the constitutive activity of human 5-HT4(c) receptor. British journal of 

pharmacology 125:595-597. 

Bockaert J, Bécamel C, Joubert L, Gavarini S, Dumuis A and Marin P (2006a) Identification of 5-HT2 

and 5-HT4 Receptor-interacting proteins, in The serotonin receptors: from molecular 

pharmacology to human therapeutics (Roth BL ed) pp 237-255, Humana Press, Totowa, NJ. 

Bockaert J, Claeysen S, Becamel C, Dumuis A and Marin P (2006b) Neuronal 5-HT metabotropic 

receptors: fine-tuning of their structure, signaling, and roles in synaptic modulation. Cell and 

tissue research 326:553-572. 

Bockaert J, Claeysen S, Compan V and Dumuis A (2004) 5-HT4 receptors. Current drug targets CNS 

and neurological disorders 3:39-51. 



 

59 
 

Bockaert J, Claeysen S, Compan V and Dumuis A (2008) 5-HT(4) receptors: history, molecular 

pharmacology and brain functions. Neuropharmacology 55:922-931. 

Bockaert J and Dumuis A (1998) Localization of 5-HT4 receptors in vertebrate brain and their potential 

behavioral roles, in 5-HT4 receptors in the brain and periphery (Eglen RM ed) pp 63-86, 

Springer Berlin Heidelberg, Berlin, Heidelberg. 

Brattelid T, Kvingedal AM, Krobert KA, Andressen KW, Bach T, Hystad ME, Kaumann AJ and Levy 

FO (2004) Cloning, pharmacological characterisation and tissue distribution of a novel 5-HT4 

receptor splice variant, 5-HT4(i). Naunyn-Schmiedeberg's archives of pharmacology 369:616-

628. 

Butzlaff M and Ponimaskin E (2016) The role of serotonin receptors in Alzheimer’s disease. Opera 

medica et physiologica 2:77-86. 

Bureau R, Boulouard M, Dauphin F, Lezoualc'h F and Rault S (2010) Review of 5-HT4R ligands: state 

of art and clinical applications. Current topics in medicinal chemistry 10:527-553. 

Canal CE and Murnane KS (2017) The serotonin 5-HT(2C) receptor and the non-addictive nature of 

classic hallucinogens. Journal of psychopharmacology 31:127-143. 

Castriconi F, Paolino M, Grisci G, Francini CM, Reale A, Giuliani G, Anzini M, Giorgi G, Mennuni L, 

Sabatini C, Lanza M, Caselli G and Cappelli A (2018) Development of subnanomolar-affinity 

serotonin 5-HT4 receptor ligands based on quinoline structures. Medicinal chemistry 

communications 9:1466-1471. 

Charrier E, Reibel S, Rogemond V, Aguera M, Thomasset N and Honnorat J (2003) Collapsin response 

mediator proteins (CRMPs): involvement in nervous system development and adult 

neurodegenerative disorders. Molecular neurobiology 28:51-64. 

Cho S and Hu Y (2007) Activation of 5-HT4 receptors inhibits secretion of β-amyloid peptides and 

increases neuronal survival. Experimental Neurology 203:274-278. 

Ciranna L and Catania MV (2014) 5-HT7 receptors as modulators of neuronal excitability, synaptic 

transmission and plasticity: physiological role and possible implications in autism spectrum 

disorders. Frontiers in cellular neuroscience 8. 

Claeysen S, Faye P, Sebben M, Taviaux S, Bockaert J and Dumuis A (1998) 5-HT4 receptors: cloning 

and expression of new splice variants. Annals of the New York academy of sciences 861:49-56. 

Clark MS and Neumaier JF (2001) The 5-HT1B receptor: behavioral implications. Psychopharmacol 

bullein 35:170-185. 

Cochet M, Donneger R, Cassier E, Gaven F, Lichtenthaler SF, Marin P, Bockaert J, Dumuis A and 

Claeysen S (2013) 5-HT4 receptors constitutively promote the non-amyloidogenic pathway of 

APP cleavage and interact with ADAM10. ACS chemical neuroscience 4:130-140. 

Cohen CS, Kidane AH, Shirkey NJ and Marshak S (2010) Brain-derived neurotrophic factor and the 

development of structural neuronal connectivity. Developmental neurobiology 70:271-288. 

Consolo S, Arnaboldi S, Giorgi S, Russi G and Ladinsky H (1994) 5-HT4 receptor stimulation 

facilitates acetylcholine release in rat frontal cortex. Neuroreport 5:1230-1232. 

Coskuner WO and Uversky NV (2018) Insights into the molecular mechanisms of Alzheimer’s and 

Parkinson’s diseases with molecular simulations: understanding the roles of artificial and 

pathological Missense mutations in intrinsically disordered proteins related to pathology. 

International journal of molecular sciences 19. 

Coupar IM, Desmond PV and Irving HR (2007) Human 5-HT(4) and 5-HT(7) receptor splice variants: 

are they important? Current neuropharmacology 5:224-231. 

Dager SR, Wang L, Friedman SD, Shaw DW, Constantino JN, Artru AA, Dawson G and Csernansky 

JG (2007) Shape mapping of the hippocampus in young children with autism spectrum disorder. 

AJNR American journal of neuroradiology 28:672-677. 

Dale E, Pehrson A, Jeyarajah T, Li Y, Leiser S, Smagin G, Olsen C and Sánchez C (2015) Effects of 

serotonin in the hippocampus: how SSRIs and multimodal antidepressants might regulate 

pyramidal cell function.  CNS Spectrums 21(2):143–161. 

Daubert EA and Condron BG (2010) Serotonin: a regulator of neuronal morphology and circuitry. 

Trends in neurosciences 33:424-434.  
Dayer AG, Jacobshagen M, Chaumont DS, & Marin P (2015) 5-HT6 Receptor: a new player controlling 

the development of neural circuits. ACS chemical neuroscience, 6(7), 951-960.  

 



 

60 
 

De Lima AD, Merten MDP and Voigt T (1997) Neuritic differentiation and synaptogenesis in serum-

free neuronal cultures of the rat cerebral cortex. Journal of comparative neurology 382:230-

246. 

De Maeyer JH, Lefebvre RA and Schuurkes JA (2008) 5-HT4 receptor agonists: similar but not the 

same. Neurogastroenterology and motility : the official journal of the European 

gastrointestinal motility society 20:99-112. 

De Vries P, Willems EW, Heiligers JP, Villalón CM and Saxena PR (1999) Investigation of the role of 

5-HT1B and 5-HT1D receptors in the sumatriptan-induced constriction of porcine carotid 

arteriovenous anastomoses. British journal of pharmacology 127:405-412. 

Diaz SL, Doly S, Narboux-Nême N, Fernández S, Mazot P, Banas SM, Boutourlinsky K, Moutkine I, 

Belmer A, Roumier A and Maroteaux L (2012) 5-HT(2B) receptors are required for serotonin-

selective antidepressant actions. Molecular psychiatry 17:154-163. 

Donnell C, Nolan MF and van Rossum MCW (2011) Dendritic spine dynamics regulate the long-term 

stability of synaptic plasticity. The journal of neuroscience 31:16142. 

Douet V, Chang L, Cloak C and Ernst T (2014) Genetic influences on brain developmental trajectories 

on neuroimaging studies: from infancy to young adulthood. Brain imaging and behavior 8:234-

250. 

Torres G, L Holt I and Andrade R (1994) Antagonists of 5-HT4 receptor-mediated responses in adult 

hippocampal neurons. Journal of pharmacology and experimental therapeutics 271(1):255-

261. 

Fargali S, Sadahiro M, Jiang C, Frick AL, Indall T, Cogliani V, Welagen J, Lin WJ and Salton SR 

(2012) Role of neurotrophins in the development and function of neural circuits that regulate 

energy homeostasis. Journal of molecular neuroscience 48:654-659. 

Finsterer J and Grisold W (2015) Disorders of the lower cranial nerves. Journal of neurosciences in 

rural practice 6:377-391. 

Foltran RB and Diaz SL (2016) BDNF isoforms: a round trip ticket between neurogenesis and 

serotonin? Journal of neurochemistry 138:204-221. 

Foote SL and Morrison JH (1987) Chapter 15 Development of the noradrenergic, serotonergic, and 

dopaminergic innervation of neocortex, in Current topics in developmental biology (Moscona 

AA and Monroy A eds) pp 391-423, Academic press. 

Fontana DJ, Daniels SE, Wong EHF, Clark RD and Eglen RM (1997) The effects of novel, selective 5-

hydroxytryptamine (5-HT) 4 receptor ligands in rat spatial navigation. Neuropharmacology 

36:689-696. 

Garcia GAL, Newman TA and Leonardo ED (2014) 5-HT(1A) receptors in mood and anxiety: recent 

insights into autoreceptor versus heteroreceptor function. Psychopharmacology 231:623-636. 

Gartner A and Staiger V (2002) Neurotrophin secretion from hippocampal neurons evoked by long-

term-potentiation-inducing electrical stimulation patterns. Proceedings of the national academy 

of sciences of the United States of America 99:6386-6391. 

Gaspar P, Cases O and Maroteaux L (2003) The developmental role of serotonin: news from mouse 

molecular genetics. Nature reviews neuroscience 4:1002-1012. 

Geldenhuys WJ and Van der Schyf CJ (2011) Role of serotonin in Alzheimer's disease: a new 

therapeutic target? CNS drugs 25:765-781. 

Geng F, Tian J, Wu JL, Luo Y, Zou WJ, Peng C and Lu GF (2018) Dorsomedial prefrontal cortex 5-

HT6 receptors regulate anxiety-like behavior. Cognitive, affective, & behavioral neuroscience 

18:58-67. 

Giannoni P, Gaven F, de Bundel D, Baranger K, Marchetti-Gauthier E, Roman FS, Valjent E, Marin P, 

Bockaert J, Rivera S and Claeysen S (2013) Early administration of RS67333, a specific 5-HT4 

receptor agonist, prevents amyloidogenesis and behavioral deficits in the 5XFAD mouse model 

of Alzheimer's disease. Frontiers in aging neuroscience 5:96. 

Gonzalez R, Chavez-Pascacio K and Meneses A (2013) Role of 5-HT5A receptors in the consolidation 

of memory. Behavioural brain research 252:246-251. 

Grailhe R, W Grabtree G and Hen R (2001) Human 5-HT5 receptors: the 5-HT5A receptor is functional 

but the 5-HT5B receptor was lost during mammalian evolution. European journal of 

pharmacology 418(3):157-67. 



 

61 
 

Gu Y and Ihara Y (2000) Evidence that collapsin response mediator protein-2 is involved in the 

dynamics of microtubules. The journal of biological chemistry 275:17917-17920. 

Guiard BP and Giovanni GD (2015) Central serotonin-2A (5-HT2A) receptor dysfunction in depression 

and epilepsy: the missing link? Frontiers in pharmacology 6. 

Haahr ME, Fisher P, Holst K, Madsen K, Jensen CG, Marner L, Lehel S, Baare W, Knudsen G and 

Hasselbalch S (2013) The 5-HT4 receptor levels in hippocampus correlates inversely with 

memory test performance in humans. Human brain mapping 34:3066-3074. 

Habtemariam S (2018) The brain-derived neurotrophic factor in neuronal plasticity and 

neuroregeneration: new pharmacological concepts for old and new drugs. Neural regeneration 

research 13:983-984. 

Haddad Y, Adam V and Heger Z (2017) Trk receptors and neurotrophin cross-interactions: New 

perspectives toward manipulating therapeutic side-effects. Frontiers in molecular neuroscience 

10:130-130. 

Hagena H and Manahan VD (2017) The serotonergic 5-HT4 receptor: a unique modulator of 

hippocampal synaptic information processing and cognition. Neurobiology of learning and 

memory 138:145-153. 

Hannon J and Hoyer D (2008) Molecular biology of 5-HT receptors. Behavioural brain research 

195:198-213. 

Hayashi T, Ohtani A, Onuki F, Natsume M, Li F, Satou T, Yoshikawa M, Senzaki K and Shiga T (2010) 

Roles of serotonin 5-HT3 receptor in the formation of dendrites and axons in the rat cerebral 

cortex: an in vitro study. Neuroscience research 66:22-29. 

Heckman C, Kanagasundaram S, Cayer M and Paige J (2007) Preparation of cultured cells for scanning 

electron microscope. Protocol exchange 1-5, doi: 10.1038/nprot.2007.504. 

Hedlund PB (2009) The 5-HT7 receptor and disorders of the nervous system: an overview. 

Psychopharmacology 206:345-354. 

Henderson CE (1996) Role of neurotrophic factors in neuronal development. Current Opinion in 

neurobiology 6:64-70. 

Herlenius E and Lagercrantz H (2001) Neurotransmitters and neuromodulators during early human 

development. Early human development 65:21-37. 

Huang EJ and Reichardt LF (2001) Neurotrophins: roles in Neuronal Development and Function. 

Annual review of neuroscience 24:677-736. 

Huang JK, Dorey K, Ishibashi S and Amaya E (2007) BDNF promotes target innervation of Xenopus 

mandibular trigeminal axons in vivo. BMC developmental biology 7:59. 

Huang L, Lu C, Sun Y, Mao F, Luo Z, Su T, Jiang H, Shan W and Li X (2012) multitarget-directed 

benzylideneindanone derivatives: Anti-β-Amyloid (Aβ) aggregation, antioxidant, metal 

chelation, and monoamine oxidase B (MAO-B) inhibition properties against Alzheimer’s 

disease. Journal of medicinal chemistry 55:8483-8492. 

Hurley LL and Tizabi Y (2013) Neuroinflammation, neurodegeneration, and depression. Neurotoxicity 

research 23:131-144. 

Inagaki N, Chihara K, Arimura N, Ménager C, Kawano Y, Matsuo N, Nishimura T, Amano M and 

Kaibuchi K (2001) CRMP-2 induces axons in cultured hippocampal neurons. Nature 

neuroscience 4:781. 

Ip JP, Fu AK and Ip NY (2014) CRMP2: functional roles in neural development and therapeutic 

potential in neurological diseases. The Neuroscientist : a review journal bringing neurobiology, 

neurology and psychiatry 20:589-598. 

Jeanneteau F, Garabedian MJ and Chao MV (2008) Activation of Trk neurotrophin receptors by 

glucocorticoids provides a neuroprotective effect. Proceedings of the National academy of 

sciences 105:4862. 

Kadoyama K, Matsuura K, Nakamura-Hirota T, Takano M, Otani M and Matsuyama S (2015) Changes 

in the expression of collapsin response mediator protein-2 during synaptic plasticity in the 

mouse hippocampus. Journal of neuroscience research 93:1684-1692. 

Klein MT and Teitler M (2012) Distribution of 5-ht(1E) receptors in the mammalian brain and cerebral 

vasculature: an immunohistochemical and pharmacological study. British journal of 

pharmacology 166:1290-1302. 



 

62 
 

Kobayashi K (2001) Role of Catecholamine Signaling in Brain and Nervous System Functions: new 

insights from mouse molecular genetic study. Journal of Investigative Dermatology Symposium 

Proceedings 6(1):115-21. 

Kondo S, Takahashi K, Kinoshita Y, Nagai J, Wakatsuki S, Araki T, Goshima Y and Ohshima T (2019) 

Genetic inhibition of CRMP2 phosphorylation at serine 522 promotes axonal regeneration after 

optic nerve injury. Scientific reports 9:7188. 

Kowiański P, Lietzau G, Czuba E, Waśkow M, Steliga A and Moryś J (2018) BDNF: A key factor with 

multipotent impact on brain signaling and synaptic plasticity. Cellular and molecular 

neurobiology 38:579-593. 

Kozono N, Ohtani A and Shiga T (2017) Roles of the serotonin 5-HT4 receptor in dendrite formation 

of the rat hippocampal neurons in vitro. Brain research 1655:114-121. 

Lagali PS, Corcoran CP and Picketts DJ (2010) Hippocampus development and function: role of 

epigenetic factors and implications for cognitive disease. Clinical genetics 78:321-333. 

Lalut J, Karila D, Dallemagne P and Rochais C (2017) Modulating 5-HT4 and 5-HT6 receptors in 

Alzheimer's disease treatment. Future medicinal chemistry 9:781-795. 

Lauder JM (1990) Ontogeny of the serotonergic system in the rat: serotonin as a developmental signal. 

Annals of the New York academy of sciences 600:297-313. 

Lenroot RK and Giedd JN (2008) The changing impact of genes and environment on brain development 

during childhood and adolescence: initial findings from a neuroimaging study of pediatric 

twins. Development and psychopathology 20:1161-1175. 

Leung C and Jia Z (2016) Mouse genetic models of human brain disorders. Frontiers in genetics 7:40-

40. 

Levitt P, Harvey JA, Friedman E, Simansky K and Murphy EH (1997) New evidence for 

neurotransmitter influences on brain development. Trends in neurosciences 20:269-274. 

Lidov HG and Molliver ME (1982) An immunohistochemical study of serotonin neuron development 

in the rat: ascending pathways and terminal fields. Brain Research Bulletin 8:389-430. 

Liscovitch N and Chechik G (2013) Specialization of gene expression during mouse brain development. 

PLoS computational biology 9:e1003185-e1003185. 

Liu BP, Strittmatter SM (2001). Semaphorin-mediated axonal guidance via Rho-related G proteins. 

Current opinion in cell biology 13, 619-626. 

Lucas G, Rymar VV, Du J, Mnie-Filali O, Bisgaard C, Manta S, Lambas-Senas L, Wiborg O, Haddjeri 

N, Pineyro G, Sadikot AF and Debonnel G (2007) Serotonin(4) (5-HT(4)) receptor agonists are 

putative antidepressants with a rapid onset of action. Neuron 55:712-725. 

Lummis SCR (2012) 5-HT(3) receptors. The Journal of biological chemistry 287:40239-40245. 

Lv J and Liu F (2017) The Role of serotonin beyond the central nervous system during embryogenesis. 

Frontiers in cellular neuroscience 11:74-74. 

Madsen K, Torstensen E, Holst KK, Haahr ME, Knorr U, Frokjaer VG, Brandt-Larsen M, Iversen P, 

Fisher PM and Knudsen GM (2014) Familial risk for major depression is associated with lower 

striatal 5-HT₄ receptor binding. The international journal of neuropsychopharmacology 

18(1):1-7. 

Manabe N, Wong BS and Camilleri M (2010) New-generation 5-HT4 receptor agonists: potential for 

treatment of gastrointestinal motility disorders. Expert opinion on investigational drugs 19:765-

775. 

Marazziti D (2017) Understanding the role of serotonin in psychiatric diseases. F1000Research 6:180-

180. 

Martin Iverson MT, Todd KG and Altar CA (1994) Brain-derived neurotrophic factor and neurotrophin-

3 activate striatal dopamine and serotonin metabolism and related behaviors: interactions with 

amphetamine. The Journal of neuroscience : the official journal of the society for neuroscience 

14:1262-1270. 

Martinowich K and Lu B (2007) Interaction between BDNF and serotonin: role in mood disorders. 

Neuropsychopharmacology 33:73. 

Mattson MP, Maudsley S and Martin B (2004) BDNF and 5-HT: a dynamic duo in age-related neuronal 

plasticity and neurodegenerative disorders. Trends in neurosciences 27:589-594. 

Meneses A (2014a) Chapter 4:5-HT1A receptor, in The role of 5-HT systems on memory and 

dysfunctional memory (Meneses A ed) pp 17-21, Academic Press, San Diego. 



 

63 
 

Meneses A (2014b) Chapter 5:5-HT1B receptor, in The role of 5-HT systems on memory and 

dysfunctional memory (Meneses A ed) pp 23-25, Academic Press, San Diego. 

Meneses A (2014c) Chapter 6:5-HT1E/1F receptor, in The role of 5-HT systems on memory and 

dysfunctional memory (Meneses A ed) pp 27-28, Academic Press, San Diego. 

Meneses A (2014d) Chapter 7:5-HT2A/2B/2C receptor, in The role of 5-HT systems on memory and 

dysfunctional memory (Meneses A ed) pp 29-33, Academic Press, San Diego. 

Meneses A (2014e) Chapter 8:5-HT3 receptor, in The role of 5-HT systems on memory and 

dysfunctional memory (Meneses A ed) pp 35-38, Academic Press, San Diego. 

Meneses A (2014f) Chapter 9:5-HT4 receptor, in The role of 5-HT systems on memory and 

dysfunctional memory (Meneses A ed) pp 39-43, Academic Press, San Diego. 

Meneses A (2014g) Chapter 10:5-HT5 receptor, in The role of 5-HT systems on memory and 

dysfunctional memory (Meneses A ed) pp 45-48, Academic Press, San Diego. 

Meneses A (2014h) Chapter 11:5-HT6 receptor, in The role of 5-HT systems on memory and 

dysfunctional memory (Meneses A ed) pp 49-52, Academic Press, San Diego. 

Meneses A (2014i) Chapter 12:5-HT7 receptor, in The role of 5-HT systems on memory and 

dysfunctional memory (Meneses A ed) pp 53-64, Academic Press, San Diego. 

Meneses A and Hong E (1997) Effects of 5-HT4 receptor agonists and antagonists in learning. 

Pharmacology biochemistry and behavior 56(3):347-351. 

Minturn JE, Fryer HJ, Geschwind DH, Hockfield S (1995) TOAD-64, a gene expressed early in 

neuronal differentiation in the rat, is related to unc-33, a C. elegans gene involved in axon 

outgrowth. Journal of neuroscience 15, 6757-6766. 

Mnie FO, Amraei MG, Benmbarek S, Archer LE, Penas CR, Vilaro MT,  Pineyro G (2010). Serotonin 

4 receptor (5-HT4R) internalization is isoform-specific: effects of 5-HT and RS67333 on 

isoforms A and B. Cell signal, 22(3), 501-509.  

Mohler EG, Shacham S, Noiman S, Lezoualc'h F, Robert S, Gastineau M, Rutkowski J, Marantz Y, 

Dumuis A, Bockaert J, Gold PE and Ragozzino ME (2007) VRX-03011, a novel 5-HT4 agonist, 

enhances memory and hippocampal acetylcholine. Neuropharmacology 53(4):563-73.  

Mrozek S, Vardon F and Geeraerts T (2012) Brain Temperature: physiology and pathophysiology after 

brain injury. Anesthesiology research and practice 2012:13. 

Na EJ, Nam HY, Park J, Chung MA, Woo HA and Kim H-J (2017) PI3K-mTOR-S6K signaling 

mediates neuronal viability via collapsin response mediator protein-2 expression. Frontiers in 

molecular neuroscience 10. 

Niisato E, Nagai J, Yamashita N, Nakamura F, Goshima Y and Ohshima T (2013) Phosphorylation of 

CRMP2 is involved in proper bifurcation of the apical dendrite of hippocampal CA1 pyramidal 

neurons. Developmental neurobiology 73:142-151. 

Nikiforuk A (2015) Targeting the Serotonin 5-HT7 Receptor in the search for treatments for CNS 

disorders: rationale and progress to date. CNS drugs 29:265-275. 

Ohtani A, Kozono N, Senzaki K and Shiga T (2014) Serotonin 2A receptor regulates microtubule 

assembly and induces dynamics of dendritic growth cones in rat cortical neurons in vitro. 

Neuroscience research 81-82:11-20. 

Ohtsuki T, Ishiguro H, Detera-Wadleigh SD, Toyota T, Shimizu H, Yamada K, Yoshitsugu K, Hattori 

E, Yoshikawa T and Arinami T (2002) Association between serotonin 4 receptor gene 

polymorphisms and bipolar disorder in Japanese case-control samples and the NIMH Genetics 

Initiative Bipolar Pedigrees. Molecular psychiatry 7:954. 

Opitz B (2014) Memory function and the hippocampus. Frontiers of neurology and neuroscience 34:51-

59. 

Orsetti M, Dellarole A, Ferri S and Ghi P (2003) Acquisition, retention, and recall of memory after 

injection of RS67333, a 5-HT(4) receptor agonist, into the nucleus basalis magnocellularis of 

the rat. Learning & memory 10:420-426. 

Padayatti P, Wang L, Gupta S, Orban T, Sun W, Salom D, R Jordan S, Palczewski K and R Chance M 

(2013) A hybrid structural approach to analyze ligand binding by the serotonin type 4 receptor 

(5-HT4). Molecular & cellular proteomics 12(5):1259-71 

Pascual BJ, Castro E, Diaz A, Valdizan EM, Pilar-Cuellar F, Vidal R, Treceno B and Pazos A (2012) 

Modulation of neuroplasticity pathways and antidepressant-like behavioural responses 



 

64 
 

following the short-term (3 and 7 days) administration of the 5-HT(4) receptor agonist 

RS67333. The international journal of neuropsychopharmacology 15:631-643. 

Paulin JJW, Haslehurst P, Fellows AD, Liu W, Jackson JD, Joel Z, Cummings DM and Edwards FA 

(2016) Large and small dendritic spines serve different interacting functions in hippocampal 

synaptic plasticity and homeostasis. Neural plasticity:6170509. 

Pedersen BK, Pedersen M, Krabbe KS, Bruunsgaard H, Matthews VB and Febbraio MA (2009) Role 

of exercise-induced brain-derived neurotrophic factor production in the regulation of energy 

homeostasis in mammals. Experimental physiology 94:1153-1160. 

Perge JA, Niven JE, Mugnaini E, Balasubramanian V and Sterling P (2012) Why do axons differ in 

caliber? The Journal of neuroscience 32:626. 

Pesaresi M, Soon-Shiong R, French L, Kaplan DR, Miller FD and Paus T (2015) Axon diameter and 

axonal transport: In vivo and in vitro effects of androgens. Neuroimage 115:191-201. 

Pilar CF, Vidal R, Díaz A, Castro E, dos Anjos S, Pascual BJ, Linge R, Vargas V, Blanco H, Martínez 

VB, Pazos Á and Valdizán EM (2013) Neural plasticity and proliferation in the generation of 

antidepressant effects: hippocampal implication. Neural plasticity 2013:537265-537265. 

Plessen KJ, Bansal R, Zhu H, Whiteman R, Amat J, Quackenbush GA, Martin L, Durkin K, Blair C, 

Royal J, Hugdahl K and Peterson BS (2006) Hippocampus and amygdala morphology in 

attention-deficit/hyperactivity disorder. Archives of general psychiatry 63:795-807. 

Pullar IA, Boot JR, Broadmore RJ, Eyre TA, Cooper J, Sanger GJ, Wedley S and Mitchell SN (2004) 

The role of the 5-HT1D receptor as a presynaptic autoreceptor in the guinea pig. European 

journal of pharmacology 493:85-93. 

Rahajeng J, Giridharan SS, Naslavsky N and Caplan S (2010) Collapsin response mediator protein-2 

(Crmp2) regulates trafficking by linking endocytic regulatory proteins to dynein motors. The 

Journal of biological chemistry 285:31918-31922. 

Ramadan NM, Skljarevski V, Phebus LA and Johnson KW (2003) 5-HT1F receptor agonists in acute 

migraine treatment: a hypothesis. Cephalalgia : an international journal of headache 23:776-

785. 

Ramírez MJ (2013) 5-HT6 receptors and Alzheimer's disease. Alzheimer's research & therapy 5:15-15. 

Rao MV, Yuan A, Campbell J, Kumar A and Nixon RA (2012) The c-terminal domains of NF-H and 

NF-M subunits maintain axonal neurofilament content by blocking turnover of the stationary 

neurofilament network. PLoS one 7:e44320. 

Raote I, Bhattacharya A and Panicker M (2007) Chapter 6: Serotonin 2A (5-HT2A) receptor function: 

ligand-dependent mechanisms and pathways, in Serotonin receptors in neurobiology. Boca 

Raton (FL): CRC Press/Taylor & Francis.  

Ray AM, Kelsell RE, Houp JA, Kelly FM, Medhurst AD, Cox HM and Calver AR (2009) Identification 

of a novel 5-HT4 receptor splice variant (r5-HT4c1) and preliminary characterisation of 

specific 5-HT4a and 5-HT4b receptor antibodies. European journal of pharmacology 604:1-

11. 

Rebholz H, Friedman E and Castello J (2018) Alterations of expression of the serotonin 5-HT4 receptor 

in brain disorders. International journal of molecular sciences 19:3581. 

Reynolds GP, Mason SL, Meldrum A, De Keczer S, Parties H, Eglen RM and Wong EHF (1995) 5-

Hydroxytryptamine (5-HT)4 receptors in post mortem human brain tissue: distribution, 

pharmacology and effects of neurodegenerative diseases. British journal of pharmacology 

114:993-998. 

Rockland KS (2018) Axon collaterals and brain states. Frontiers in Systems Neuroscience 12.  

Rojas PS, Aguayo F, Neira D, Tejos M, Aliaga E, Munoz JP, Fiedler JL (2017) Dual effect of serotonin 

on the dendritic growth of cultured hippocampal neurons: Involvement of 5-HT1A and 5-HT7 

receptors. Molecular and cellular neuroscience, 85, 148-161.  

Rosel P, Arranz B, Urretavizcaya M, Oros M, San L and Navarro MA (2004) Altered 5-HT2A and 5-

HT4 postsynaptic receptors and their intracellular signalling systems IP3 and cAMP in brains 

from depressed violent suicide victims. Neuropsychobiology 49:189-195. 

Ryan KA and Pimplikar SW (2005) Activation of GSK-3 and phosphorylation of CRMP2 in transgenic 

mice expressing APP intracellular domain. The journal of cell biology 171:327-335. 

Rydze R, Schutt A, Gibbons W and Nodler J (2017) Gravity and embryo development. Life Sciences in 

Space Research 14:69-75. 



 

65 
 

Hegde S (1996) Peripheral 5-HT4 receptors. Federation of American societies for experimental biology 

10(12):1398-407.  

Schmidt EF and Strittmatter SM (2007) The CRMP family of proteins and their role in Sema3A 

signaling. Advances in experimental medicine and biology 600:1-11. 

Shimazu K, Zhao M, Sakata K, Akbarian S, Bates B, Jaenisch R and Lu B (2006) NT-3 facilitates 

hippocampal plasticity and learning and memory by regulating neurogenesis. Learning & 

memory (Cold Spring Harbor, NY) 13:307-315. 

Sikander A, Rana SV and Prasad KK (2009) Role of serotonin in gastrointestinal motility and irritable 

bowel syndrome. Clinica chimica acta 403:47-55. 

Siniscalchi A, Badini I, Beani L and Bianchi C (1999) 5-HT4 receptor modulation of acetylcholine 

outflow in guinea pig brain slices. Neuroreport 10:547-551. 

Skingle M, Beattie D, Scopes D, Starkey S, Connor H, Feniuk W and Tyers M (1996) GR127935: A 

potent and selective 5-HT1D receptor antagonist. Behavioural brain research 73(1-2):157-61. 

Smriga M and Torii K (2003) Lysine acts like a partial serotonin receptor 4 antagonist and inhibits 

serotonin-mediated intestinal pathologies and anxiety in rats. Proceedings of the National 

academy of sciences 100:15370. 

Sodhi M and Sanders BE (2004) Serotonin and brain development. International review of 

neurobiology 59: 111-174. 

Stenbæk DS, Fisher PM, Ozenne B, Andersen E, Hjordt LV, McMahon B, Hasselbalch SG, Frokjaer 

VG and Knudsen GM (2017) Brain serotonin 4 receptor binding is inversely associated 

with verbal memory recall. Brain and behavior 7:e00674. 

Stenmark P, Ogg D, Flodin S, Flores A, Kotenyova T, Nyman T, Nordlund P and Kursula P (2007) The 

structure of human collapsin response mediator protein 2, a regulator of axonal growth. Journal 

of neurochemistry 101:906-917. 

Stewart AL, Anderson RB, Kobayashi K and Young HM (2008) Effects of NGF, NT-3 and GDNF 

family members on neurite outgrowth and migration from pelvic ganglia from embryonic and 

newborn mice. BMC developmental biology 8:73-73. 

Sumi T, Imasaki T, Aoki M, Sakai N, Nitta E, Shirouzu M and Nitta R (2018) Structural Insights into 

the altering function of CRMP2 by phosphorylation. Cell structure and function 43:15-23. 

Taghian K, Lee JY, Petratos S (2011). Phosphorylation and cleavage of the family of collapsin response 

mediator proteins may play a central role in neurodegeneration after CNS trauma. Journal of 

neurotrauma 29, 1728-1735. 

Tanaka KF, Samuels BA and Hen R (2012) Serotonin receptor expression along the dorsal-ventral axis 

of mouse hippocampus. Philosophical transactions of the Royal Society of London Series B, 

Biological Sciences 367:2395-2401. 

Teixeira CM, Rosen ZB, Suri D, Sun Q, Hersh M, Sargin D, Dincheva I, Morgan AA, Spivack S, Krok 

AC, Hirschfeld-Stoler T, Lambe EK, Siegelbaum SA and Ansorge MS (2018) Hippocampal 5-

HT input regulates memory formation and schaffer collateral excitation. Neuron 98:992-

1004.e1004. 

Thomas DR (2006) 5-HT5A receptors as a therapeutic target. Pharmacology & therapeutics 111:707-

714. 

Thompson AJ and Lummis SC (2007) The 5-HT3 receptor as a therapeutic target. Expert opinion on 

therapeutic targets 11:527-540. 

Torrao AS and Britto LRG (2002) Neurotransmitter regulation of neural development: acetylcholine 

and nicotinic receptors. Anais da academia Brasileira de ciências 74:453-461. 

Trakhtenberg EF and Goldberg JL (2012) The role of serotonin in axon and dendrite growth. 

International review of neurobiology 106:105-126. 

Tsai SJ (2017) Role of neurotrophic factors in attention deficit hyperactivity disorder. Cytokine & 

growth factor reviews 34:35-41. 

Usuki S, Tamura N, Yuyama K, Tamura T, Mukai K and Igarashi Y (2018) Konjac Ceramide (kCer) 

Regulates NGF-induced neurite outgrowth via the Sema3A signaling pathway. Journal of oleo 

science 67:77-86. 

Vilaró MT, Doménech T, Palacios JM and Mengod G (2002) Cloning and characterization of a novel 

human 5-HT4 receptor variant that lacks the alternatively spliced carboxy terminal exon. RT-



 

66 
 

PCR distribution in human brain and periphery of multiple 5-HT4 receptor variants. 

Neuropharmacology 42:60-73. 

Wagenführ L, Meyer AK, Braunschweig L, Marrone L and Storch A (2015) Brain oxygen tension 

controls the expansion of outer subventricular zone-like basal progenitors in the developing 

mouse brain. Development (Cambridge, England) 142:2904. 

Wakayama S, Kawahara Y, Li C, Yamagata K, Yuge L and Wakayama T (2009) Detrimental effects 

of microgravity on mouse preimplantation development in vitro. PloS one 4:e6753-e6753. 

Wang T, Yang Z, Zhou N, Sun L, Lv Z and Wu C (2017) Identification and functional characterisation 

of 5-HT4 receptor in sea cucumber Apostichopus japonicus (Selenka). Scientific reports 

7:40247-40247. 

Waterson Michael J and Horvath Tamas L (2015) Neuronal regulation of energy homeostasis: beyond 

the hypothalamus and feeding. Cell metabolism 22:962-970. 

Weber JP, Andrásfalvy BK, Polito M, Magó Á, Ujfalussy BB and Makara JK (2016) Location-

dependent synaptic plasticity rules by dendritic spine cooperativity. Nature communications 

7:11380. 

Woods S, Clarke NN, Layfield R and Fone KCF (2012) 5-HT(6) receptor agonists and antagonists 

enhance learning and memory in a conditioned emotion response paradigm by modulation of 

cholinergic and glutamatergic mechanisms. British journal of pharmacology 167:436-449. 

Yamashita N, Ohshima T, Nakamura F, Kolattukudy P, Honnorat J, Mikoshiba K and Goshima Y 

(2012) Phosphorylation of CRMP2 (collapsin response mediator protein 2) is involved in 

proper dendritic field organization. The journal of neuroscience 32:1360. 

Yang S, Li S and Li XJ (2018) MANF: A new player in the control of energy homeostasis, and beyond. 

Frontiers in physiology 9. 

Yohn CN, Gergues MM and Samuels BA (2017) The role of 5-HT receptors in depression. Molecular 

brain 10:28-28. 

Yoneda A, Morgan-Fisher M, Wait R, Couchman JR and Wewer UM (2012) A collapsin response 

mediator protein 2 isoform controls myosin II-mediated cell migration and matrix assembly by 

trapping ROCK II. Molecular and cellular biology 32:1788-1804. 

Yoshida H, Kanamaru C, Ohtani A, Li F, Senzaki K and Shiga T (2011) Subtype specific roles of 

serotonin receptors in the spine formation of cortical neurons in vitro. 

Yoshimura T, Kawano Y, Arimura N, Kawabata S, Kikuchi A and Kaibuchi K (2005) GSK-3β regulates 

phosphorylation of CRMP-2 and neuronal polarity. Cell 120:137-149. 

Yoshimura Y, Ishikawa C, Kasegai H, Masuda T, Yoshikawa M and Shiga T (2016) Roles of 5-HT1A 

receptor in the expression of AMPA receptor and BDNF in developing mouse cortical neurons. 

Neuroscience research 115:13-20. 

Zhang G, Zhang Y, Yang J, Hu M, Zhang Y and Liang X (2012) Altered serous levels of monoamine 

neurotransmitter metabolites in patients with refractory and non-refractory depression. Neural 

regeneration research 7:1113-1118. 

Zhang JN and Koch JC (2017) Collapsin response mediator protein-2 plays a major protective role in 

acute axonal degeneration. Neural regeneration research 12:692-695. 

Zhang J, Zhao B, Zhu X, Li J, Wu F, Li S, Gong X, Cha C and Guo G (2018) Phosphorylation and 

SUMOylation of CRMP2 regulate the formation and maturation of dendritic spines. Brain 

research bulletin 139:21-30. 

Zhou XF and Rush RA (1996) Functional roles of neurotrophin 3 in the developing and mature 

sympathetic nervous system. Molecular neurobiology 13:185-197. 

 

 

 

 

 



 

67 
 

List of figures 

Figure 1. Schematic representation of PI-3/Akt pathway. Activation of TRK receptors (A, B, and 

C) via neurotrophies, activate the PI-3 kinase which further inhibit the phosphorylation of CRMP2 and 
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Figure 2. Molecular structure and chemical synthesis of 5-HT. Molecular structure of 5-HT (A), 
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Figure 3. Circular tree representation of various 5-HTRs in CNS and gut. 
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brain, pons, medulla, cerebellum, and spinal cord), and GI-tract.   

Figure 5. 3D structure of 5-HT4R. Homologous 3D model of 5-HT4R protein of Mus musculus 

generated using I-TASSER (A).  Outer membrane (OM), trans membrane (TM) and inner membrane 

(IM) regions (B). Top-view of 5-HT4R showing the tunnel of the channel protein (C). Figure 

representing probability of the protein regions falling in OM, TM and IM regions, predicted using 

TMHMM server (D). 

Figure 6. Schematic representation of roles of 5-HT4R in the developing and adult brain. 

Figure 7. Pictorial representation of the study plan for role of 5-HT4R in the growth of 

neurites. 5-HT4R agonist RS67333 and antagonist GR125487 were used to activate and inhibit the 

function of the receptor in axon and dendritic formation. 

Figure 8. Flow chart representing the dissociation culture of mice hippocampal neurons at E18 

stage. Hippocampi were dissected, and dissociation culture were performed. Further, drug treatment 

and immunohistochemistry were performed to analyze the effect of 5-HT4R on the growth of axon 

and dendrites 

Figure 9. Diagrammatic representation of the terminologies and parameter used for the 

measurement for the growth of axon and dendrites. Total dendritic/axonal length = Sum (Length of 

all dendrites/axon trunk + collaterals); Average dendritic length = Total dendritic length / number of 

primary dendrites. Red circle shows the branching point of axon/or point of the emergence of axon 

collaterals. Green circle represents the point of emergence of primary dendrites from soma. Yellow 

circle denotes the point of emergence of secondary dendrites from primary dendrites. 

Figure 10. Flow chart represents the methodology for analysis of axon and dendrite growth. 

Dissociation culture was performed in the presence/absence of 5-HT4R agonist/antagonist, and neurons 

were fixed at DIV 4. Immunocytochemistry was performed with SMI-31 and MAP2 and measurement 

were taken from neurocyte software for the growth of axon and dendrite. 
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Figure 11. Flow charts explain the procedure of sample preparation for scanning electron 

microscope    imaging for the measurement of axon diameter. (A) Flow chart represents the complete 

procedure of sample preparation for scanning electron microscope imaging and analysis. (B) Flow chart 

represents the fixation protocol for sample preparation. 

 

Figure 12. Flow chart represents the procedure for the molecular analysis. 

 

Figure 13. In vitro and in vivo expression of 5-HT4R in axons and dendrites of hippocampal 

neurons. (A-C) Hippocampal neurons at E18 were cultured for 4 days and in vitro expression of 5-

HT4R was investigated. 5-HT4R in the dendrites were visualized by anti-MAP2 (red) and anti-5-HT4R 

(green) antibodies, MAP2 as dendrite marker (A). Staining with anti-SMI-31 (green) and anti-5-HT4R 

(red) antibodies shows the expression of 5-HT4R in the axon using SMI-31 as an axon marker (B). 

Fluorescent images are showing the expression of 5-HT4R in GABAergic (GAD65 positive neurons) 

and non-GABAergic neurons. Neurons were stained with DAPI (blue), 5-HT4R (green) and GAD65 

(red) (C). (A-C) Scale bar: 75 m. (D, E) Immunostaining of cryostat sections of hippocampus at E18 

with anti-5-HT4R antibody. Nuclei were stained with DAPI. White arrows are showing CA1, CA2, 

CA3 and DG regions. DG: dentate gyrus. Magnified view of the DG is shown (E). GCL: granular cell 

layer, SGZ: subgranular zone. Scale bar: 250 m (D), 100 m (E).  

Figure 14. Effects of 5-HT4R agonist (RS67333) on the axon growth. (A-D) Hippocampal neurons 

were cultured for 4 days in the absence (A), and presence of 1 nM (B), 10 nM (D) and 100 nM (D) of 

RS67333. Morphological characterization of axons was performed using anti-SMI-31 (green) and anti-

MAP2 antibodies (red), and effects of the treatment of RS67333 were analyzed on axon growth. 

BI=Branching index, TL=Total axon length. (A-C order) Scale bar: 75 m. Arrows indicate the longest 

neurite (axon). (E-F) Treatment with RS67333 significantly increased the total axon length (E) and 

branching index (F). RS= RS67333. Data are shown as mean ± SEM. Asterisks indicate statistical 

significance (One-way ANOVA with Tukey's post hoc test; **p < 0.01, ***p < 0.001). The number of 

neurons analyzed is shown in each bar. 

Figure 15. Effects of 5-HT4R agonists (RS67333, BIMU8) and 5-HT on the axon growth. (A-D) 

Hippocampal neurons were cultured for 4 days in the absence (A), and presence of 100 nM RS67333 

(B), 100 nM BIMU8 (C) and 100 nM 5-HT (D). The neurons were immunostained with the anti-SMI-

31 (green) and anti-MAP2 antibodies (red), and the effects on the axon growth were analyzed. 

BI=Branching index, TL=Total axon length.  Scale bar: 75 m. Arrows indicate the longest neurite 

(axon).  (E-F) Treatment with RS67333, BIMU8 and 5-HT significantly increased the total axon length 

(E) and branching index (F). RS=RS67333. Data are shown as mean ± SEM. Asterisks indicate 

statistical significance (One-way ANOVA with Tukey's post hoc test; *p <0.05, **p < 0.01, 

****p<0.0001). The number of neurons analyzed is shown in each bar.  
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Figure 16. Effects of 5-HT4R agonists (BIMU8 and RS67333) and antagonist (GR125487) on the 

axon growth. (A-E) Hippocampal neurons were cultured for 4 days in the absence of agonist/antagonist 

(A), and the presence of 100 nM BIMU8 (B), 100 nM RS67333 (C), 100 nM RS67333 + 5 nM 

GR125487 (D), and 5 nM GR125487 (E). Morphological characterization of axons was performed 

using anti-SMI-31 (green) and anti-MAP2 antibodies (red), and effects of the treatment of RS67333 

were analyzed on axon growth. Arrows indicate the longest neurite (axon). BI= Branching index, TL= 

Total axon length. Scale bar: 75 m. (F, G) Treatment with GR125487 neutralized the effects of 

RS67333 on the total axon length (F) and axonal branching index (G). GR= GR125487, RS= RS67333. 

Data are shown as mean ± SEM. Purple, violet, green, blue and cyan asterisks indicate statistical 

significance with the bar of corresponding color (One-way ANOVA with Tukey's post hoc test; *p 

<0.05, **p < 0.01, ***p < 0.001, ****p<0.0001). (H, I) Hippocampal neurons were cultured for 4 

days in the absence (H) and presence of 100 nM RS67333 (I). Scanning electron micrographs showing 

the ultrastructure of axons. Scale bar: 50 m (1000 X), 5 m (6000 X). (J) On the basis of scanning 

electron micrographs axon diameter was measured. Data are shown as mean ± SEM. Asterisks indicate 

statistical significance (Student’s t-test, Paired, ****p<0.0001). The number of neurons analyzed is 

shown in each bar.  

Figure 17. Effects of 5-HT4R agonist (RS67333) on the dendritic growth. (A-D) Hippocampal 

neurons were cultured for 4 days in the absence/control (A), and presence of 1 nM (B), 10 nM (C) and 

100 nM (D) of RS67333. Morphological characterization of dendrites was performed using anti-MAP2 

antibody (red) and effects of the treatment of RS67333 on total dendritic length (TL), average dendritic 

length (AL), number of primary dendrites (PD), and branching index (BI) were analyzed. Scale bar: 50 

m. Arrows indicate an axon (the longest neurite). (E-H) Bar graphs show that treatment with RS67333 

significantly increased the total dendritic length (E), number of primary dendrites (G) and branching 

index (H), but no effect was observed on average dendritic length (F). RS= RS67333. Data are shown 

as mean ± SEM. Asterisks indicate statistical significance (One-way ANOVA with Tukey's post hoc 

test; *p <0.05, **p < 0.01, ****p<0.0001). The number of neurons analyzed is shown in each bar.  

Figure 18. Effects of 5-HT4R agonists (RS67333, BIMU8) and 5-HT on the dendritic growth. (A-

D) Hippocampal neurons were cultured for 4 days in the absence (A), and presence of 100 nM RS67333 

(B), 100 nM BIMU8 (C) and 100 nM 5-HT (D). The neurons were immunostained with the anti-MAP2 

antibody, and the effects on the dendritic growth were analyzed. AL=Average dendritic length, 

BI=Branching index, PD=number of primary dendrites, TL=Total axon length.  Scale bar: 50 m. 

Arrows indicate an axon (the longest neurite).  (E-H) Treatment with RS67333, BIMU8 and 5-HT 

significantly increased the total axon length (E), number of primary dendrites (G) and branching index 

(H). RS=RS67333. Data are shown as mean ± SEM. Asterisks indicate statistical significance (One-

way ANOVA with Tukey's post hoc test; *p <0.05, **p < 0.01, ***p < 0.001, ****p<0.0001). The 

number of neurons analyzed is shown in each bar.  
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Figure 19. Effects of 5-HT4R agonists (BIMU8 and RS67333) and antagonist (GR125487) on the 

dendritic growth. (A-E) Hippocampal neurons were cultured for 4 days in the absence of 

agonist/antagonist (A), and the presence of 100 nM BIMU8 (B), 100 nM RS67333 (C), 100 nM 

RS67333 + 5 nM GR125487 (D), and 5 nM GR125487 (E). Morphological characterization of dendrites 

was performed using anti-MAP2 antibody (red) and effects of the treatment of RS67333 on total 

dendritic length (TL), average dendritic length (AL), number of primary dendrites (PD), and branching 

index (BI) were analyzed. Scale bar: 50 m. (F-H) Treatment with GR125487 neutralized the effects 

by RS67333 in the total dendritic length (F), number of primary dendrites (H) and branching index (I). 

No significant effect of any agonists and antagonist was observed on average dendritic length as 

compared with the control (G). GR= GR125487, RS= RS67333. Data are shown as mean ± SEM. 

Purple, violet, green, blue and cyan asterisks indicate statistical significance with the bar of 

corresponding color (One-way ANOVA with Tukey's post hoc test; *p <0.05, **p < 0.01, ***p < 

0.001, ****p<0.0001). The number of neurons analyzed is shown in each bar. 

Figure 20. Fluorescent images showing the 5-HT4R and CRMP2 colocalization in hippocampal 

neurons. (A-C) Neurons were immunostained with antibodies against 5-HT4R (red), CRMP2 (green), 

and pCRMP2 (blue). B and C are enlarged images shown in A. pCRMP2, CRMP2 and 5-HT4R were 

expressed in the soma and dendrites (B) and the axon and its collateral branches (C). Scale bar: 75 m 

(A), 25 m (B), 20 m (C). (D, E) Colocalization of 5-HT4R (green) and CRMP2 (red) in the 

hippocampus at E18. DAPI staining was performed to label the cell nuclei (D). Arrowheads represent 

the hippocampal area (DG: dentate gyrus). Scale bar: 100 m. (D) 2D scattered plot (pixel map) for the 

green and red channel. The colocalized area of 5-HT4R and CRMP2 was shown in yellow line (dotted) 

square box. Y-axis shows the green channel intensity, X-axis shows the red channel intensity and 

diagonal line shows the ratio of green to red channel, which represents the linear regression from both 

channels (E). 

Figure 21. Effects of CRMP2 expression on 5-HT4R mediated axon formation analyzed by 

CRMP2 knockdown study. (A-D) Hippocampal neurons were cultured for 4 days in the absence of 

RS67333 (A), the presence of 100 nM of RS67333 (B), 100 nM RS67333 + CRMP2 siRNA (C), and 

100 nM RS67333 + control siRNA B (D). Axon growth was evaluated using the immunostaining with 

anti-SMI-31 (green) and anti-MAP2 antibodies (red) and total axon length (TL) and branching index 

(BI) were analyzed. Scale bar: 75 m. (E-G) Bar graphs represent the effects of the CRMP2 knockdown 

on total axon length (E), and branching index (F). Expression of CRMP2 mRNA was analyzed by qRT-

PCR (G). RS= RS67333. Data are shown as mean ± SEM, purple, green, violet and blue asterisks 

indicate statistical significance with the bar of corresponding color (One-way ANOVA with Tukey's 

post hoc test; *p <0.05, **p < 0.01, ***p < 0.001, ****p<0.0001). 8 culture wells were analyzed in 

each experimental condition. The number of neurons analyzed is shown in each bar. 
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Figure 22. Effects of CRMP2 expression on 5-HT4R mediated dendrite growth analyzed by 

CRMP2 knockdown study. (A-D) Hippocampal neurons were cultured for 4 days in the absence of 

RS67333 (A), the presence of 100 nM of RS67333 (B), 100 nM RS67333 + CRMP2 siRNA (C), and 

100 nM RS67333 + control siRNA B (D). Dendritic growth was evaluated using the immunostaining 

with anti-MAP2 antibody (red), and total dendritic length (TL), average dendritic length (AL), number 

of primary dendrites (PD), branching index (BI) were measured. Scale bar: 50 m. Arrows indicate an 

axon (the longest neurite). (E-H) Bar graphs represent the effects of the CRMP2 knockdown on the total 

dendritic length (E), average dendritic length (F), number of primary dendrites (G), branching index 

(H). RS= RS67333. Data are shown as mean ± SEM. Purple, green, violet and blue asterisks indicate 

statistical significance with the bar of corresponding color (One-way ANOVA with Tukey's post hoc 

test; **p < 0.01, ***p < 0.001, ****p<0.0001). The number of neurons analyzed is shown in each bar.  

Figure 23. Analysis of molecular pathways associated with 5-HT4R. (A-E) Hippocampal neurons 

were cultured for 4 days in the absence (control) and presence of a 5-HT4R agonist (RS67333). qRT-

PCR showed that treatment of RS67333 increased the mRNA expression of CRMP2 (A). Lysates of 

cultured hippocampal neurons were separated by SDS-PAGE and immunoblotted with anti-pCRMP2 

and anti-CRMP2 antibodies. -actin was used as an internal control (B). Immunoblot analysis showed 

that treatment of RS67333 decreased pCRMP2, while increased CRMP2 (C). qRT-PCR showed that 

treatment of RS67333 increased the mRNA expression of neurotrophic factors (BDNF, NT-3 and NGF) 

(D), and TRK receptors (TRK-A, TRK-B, and TRK-C) (E). (A-E) Data are shown as mean ± SEM. 

Asterisks indicate statistical significance (Student’s t-test; paired, *p <0.05, ***p < 0.001). At least 4 

wells were analyzed in each experimental condition.  

Figure 24. Effect of 5-HT4R agonist RS67333 on neurite formation. Role of 5-HT4R on neurite 

formation. (1) Pharmacological activation of 5-HT4R through agonist RS67333, (2) Overexpression of 

CRMP2, BDNF, NT-3, NGF and TRK-A. (3) Increased secretion of BDNF, NT-3 and NGF. (4) 

Autocrine and paracrine activation of cell membrane receptors via BDNF, NT-3 and NGF. (5) 

Dephosphorylation of CRMP2. Increase in nonophosphorylated active CRMP2. (6) Growth of axon 

(length, diameter and branching) and dendrites (length and branching). 
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