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General introduction  

 Neurons are highly polarized cells involved in the generation of functional 

networks. These networks are formed based on the molecular, structural, 

morphological and functional properties of axons and dendrites. This process 

begins early during development with the establishment of neuronal polarity. In 

the past 40 years, the breaking of neuronal symmetry and maintenance of 

polarity had been a fundamental question in neurobiology.  

In vivo Neuronal polarization 

 The neuron as the basic unit of brain function, as well as neuronal 

polarization were first described by Santiago Ramón y Cajal as in his law of 

Dynamic polarization (Ramón y Cajal, 1914, 1954). This law establishes that 

each neuron has domains specifically involved in the reception and emission of 

signals allowing a vectorial flux of information between neurons. Since this first 

description about nerve cells, several works has been done in embryonic rodent 

brains to study the formation of the central nervous system (CNS); in Particular, 

studying the neuronal migration. In this context, radial glia fibers play a key role in 

providing a temporary scaffold and enforcing restrictions in the developing CNS 

that facilitate neuronal migration and axon growth (McDermott et al., 2005). 

 In vivo polarization of mammalian neocortical pyramidal neurons starts 

when migrating neurons travel long distances from the germinal ventricular zone 

(VZ) toward the margin of the cerebral wall to form the primordial layer or 

preplate (PP), which is further split into the superficial marginal zone (MZ) and 

the deeper subplate (SP). Preplate splitting defines the margins of cortical plate 

(CP) formation, which develops in an ‘inside-out’ pattern: newly-arriving neurons 
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bypass the subplate, causing the newest neurons to migrate radially past their 

preceding neurons before stopping at the top of the CP (Berry and Rogers, 1965; 

Rakic, 1972; Gleeson and Walsh, 2000) (Fig 1A). This process arises at the cell-

cycle exit from embryonic day (E) 11 to E18 in the mouse cortex (Lewis et al., 

2013). Migrating neurons adopt a bipolar morphology with a leading process and 

exhibit a trailing process that will further develop as dendrites and axon, 

respectively (Calderon de Anda et al., 2008) (Fig 1A). Later on, axons extend 

rapidly to their final destination, guided by extracellular cues. Upon arrival to their 

targets, axons evolve into more complex morphologies due to axonal branching 

and are allowed to establish a presynaptic domain (Fig 1B). Thus, the sequence 

of events described accounts for the development of cortical and hippocampal 

pyramidal neurons, two of the best-studied models for neuronal polarization 

(Barnes and Polleux, 2009; Lewis et al., 2013). Axon specification and elongation 

is indeed determined by a combination of external signals from the extracellular 

environment and internal signaling pathways during active cell migration.   

In vitro neuronal polarization 

 The study of in vitro neuronal polarity started with the establishment of 

cultured primary neurons derived from rodent hippocampi at the end of the 70’s 

by Banker and Cowan (Banker and Cowan, 1977). Later on, Dotti and colleagues 

described the morphological and morphometric events involved in the 

recapitulation of neuronal polarity, leading to a polarized cell displaying axonal 

and dendritic domains (Dotti et al., 1988).  

 Hippocampal culture is a well-suited model in physiological studies, as it 

allows for direct observation and manipulation of living neurons in a low-density 
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culture, which is ideal for the study of subcellular localization and trafficking of 

proteins coupled to fluorescence imaging, manipulation of DNA expression, and 

pharmacological treatments. (Banker and Cowan, 1977; Kaech and Banker, 

2006). 

 A key advantage of cultured hippocampal neurons is that most of the cells 

are homogeneous, corresponding to pyramidal neurons, with little presence of 

glial cells. In addition, cultured pyramidal neurons phenotypically develop as in 

vivo neurons, showing defined axo-dendritic compartments and synapse 

formation (Banker and Cowan, 1977; Kaech and Banker, 2006).  

 Ex vivo cultured hippocampal neurons undergo dramatic morphological 

changes during their polarization, following a highly stereotyped sequence of 

developmental events that can be divided into five stages, as described by Dotti 

and Banker (Dotti et al., 1988): Stage I is defined soon after cells are plated on 

substrate (Banker and Cowan, 1977; Dotti et al., 1988; Arimura and Kaibuchi, 

2007), where neurons form a continuous actin-based structure all along the cell 

perimeter. This actin-dependent structure is composed of a lamellipodia (thin 

sheets of cytoplasm containing networks of actin filaments that have their fast 

growing bordering the membrane) (Koestler et al., 2008) and extends around the 

cell body and several filopodia (thin finger-like structures projecting from the 

plasma-membrane, which are composed of parallel bundles of filamentous [F]-

actin) (Mattila and Lappalainen, 2008) (Fig. 2). After 6-18 hours, this lamella 

coalesces at distinct spots around the cell periphery, leading to the protrusion of 

several 
minor neurites� of 20-30 �m in length. These minor neurites undergo 

intermittent growth and retraction over short distances, corresponding to Stage 2 
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of neuronal development (Dotti et al., 1988; Barnes and Polleux, 2009; Polleux 

and Snider, 2010). At this stage, neurite tips are decorated with large growth 

cones that are important for motility. Cells remain in Stage 2 up to 36 h with 

subtle net growth of neurites, leading to a symmetric appearance, where all 

neurites possess the capacity to become axons or dendrites (Dotti et al., 1988; 

Kaech and Banker, 2006; Polleux and Snider, 2010) (Fig 2). Stage 3 starts 

during the second day after plating when one of the minor neurites begins to 

extend more rapidly and continuously than its siblings, becoming two to three 

times longer than other neurites. This fast-growing neurite is the axon; the other 

neurites undergo brief bursts of slow growth and retraction and will further 

acquire a dendritic identity (Dotti et al., 1988; Kaech and Banker, 2006; Barnes 

and Polleux, 2009; Polleux and Snider, 2010). The transition between Stage 2 

and Stage 3 is a critical hallmark for neuronal polarization, since it is the initial 

break in symmetry during neuronal development (Craig and Banker, 1994; 

Bradke and Dotti, 2000). The transition from Stage 2 to Stage 3 does not occur 

synchronously across the cell population; half of the neurons in culture under 

optimal conditions reach Stage 3, 24 h after plating, with 80% of all cells reaching 

this stage after 36-48h. (Kaech and Banker, 2006). Interestingly, such a transition 

is the focus for most drug treatments or neuron manipulation to assess whether 

these experimental variations affect development of neuronal polarity (Fig 2). 

After 3–4 days in culture, neurons can be classified as Stage 4, where remaining 

neurites grow and branch acquiring the morphological characteristic of dendrites 

(shorter and thicker than axons) (Polleux and Snider, 2010; Caceres et al., 2012). 

At this stage, axonal and dendritic proteins are segregated, indicating molecular 
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polarization in axons and dendrites (Dotti et al., 1988; Kaech and Banker, 2006; 

Barnes and Polleux, 2009; Polleux and Snider, 2010) (Fig 2). Molecular changes 

distinctive of somatodendritic morphology in Stage 3 and Stage 4 are more easily 

observed by immunostaining with antibodies against microtubule-associated 

proteins (MAPs), such as MAP2 (Kosik and Finch, 1987); while axonal identity is 

observed using antibodies against posttranslational modification on Tau-1 

(Mandell and Banker, 1996) and MAP1B (Johnstone et al., 1997). Stage 5 is 

reached by 7 days in culture (Kaech and Banker, 2006). During this process, 

dendrites become highly branched and establish dendritic components to 

construct premature dendritic spines, which lead neurons to form an extensive 

network of synaptic contact (Dotti et al., 1988; Polleux and Snider, 2010; Caceres 

et al., 2012). In addition, at Stage 5, the assembly of the axonal initial segment, -

a region where action potentials originate (Kole and Stuart, 2012), indicate the 

neuronal maturation required to allow the transmission of electrical activity 

(Segal, 1983; Bartlett and Banker, 1984) (Fig 2). 

 The development of neuronal polarity in cultured cells is very consistent 

from laboratory to laboratory. Moreover, primary culture of neurons has been 

used over the last 30 years to study several important processes in neurobiology. 

The use of continuous (clonal) cell lines, derived from the central nervous 

system, to study axonal determination is not advisable, since these cells do not 

form bona fide axons and dendrites, which are further required for proper 

synapse formation. 
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Extracellular signaling during neuronal polarization 

 Over the last years, several extracellular and environmental cues have 

been identified, improving the knowledge on the signaling pathways involved in 

neuronal polarity both in vitro and in vivo. In this section, we will present an 

overview of the main mechanisms regulated by mechanotropic environmental 

signals and particular extracellular ligands as regulators of neuronal polarity.  

Some of the studies that address the generation of neuronal polarity have been 

done in the nematode Caenorhabditis elegans (C. elegans), due to the 

stereotyped nature of their neuronal morphology and its facility for genetic 

manipulation and lineage studies (Quinn and Wadsworth, 2008). This is 

exemplified by studies assessing the role of the diffusible signal, UNC-6 

(mammalian ortholog, netrin) and its receptor UNC-40 (mammalian ortholog, 

DCC). UNC-6 induced neuronal polarization gives spatial information for axonal 

formation as an attracting-guidance signal during cell migration in developmental 

brain (Adler et al., 2006; Killeen and Sybingco, 2008). Concomitantly, another 

diffusible guidance signal termed Semaphorin 3A (Sema-3A) and its receptor 

plexin regulate asymmetric growth of cortical neurons, acting as a repellent for 

axons and an attractant for apical dendrites (Whitford et al., 2002; Dent et al., 

2004). In addition, the identification of another diffusible signal, termed Lin-44 

(mammalian ortholog, Wnt) and its receptor Lin-17 (mammalian ortholog, 

Frizzled) have been reported to determine neuronal polarity and axon outgrowth, 

independent of their role in the planar cell polarity (PCP) response (Hilliard and 

Bargmann, 2006; Prasad and Clark, 2006; Arimura and Kaibuchi, 2007) (Fig 3B). 



Chapter 1   
	

	 8	

Development of neuronal polarity in mammals is also linked to discrete sources 

of extracellular cues, such as the family of neurotrophins that are involved in 

many different functions in the nervous system, such as survival, neural 

development, and neuronal functions in both the central (CNS) and peripheral 

nervous systems (PNS) (Huang and Reichardt, 2001, 2003). For instance, 

cultured neurons secrete neurotrophins such as brain-derived neurotrophic factor 

(BDNF) and neurotrophin-3 (NT-3) through autocrine and paracrine mechanisms. 

Local application of these factors on immature neurites induces axon 

specification through tropomyosin receptor kinases (Trks) (Nakamuta et al., 

2011a). A similar approach was performed by Shelly and colleagues (Shelly et 

al., 2007) in neurites from cultured neurons growing on patterned substrate or in 

contact with coated-beads with BDNF, become axons. In these experiments, 

when two neurites had contact to a BDNF-source, both become axons, leading to 

neurons bearing multiples axons. (Shelly et al., 2007). The mechanism by which 

BDNF signaling generated these changes in neurons may be related to a self-

amplifying autocrine response, triggered by two nested positive-feedback 

mechanisms: First, BDNF elevates cytoplasmic cAMP and protein kinase A 

activity, which triggers further secretion of BDNF and membrane insertion of its 

receptor, TrkB. Second, BDNF/TrkB signaling activates PI3-kinase, which 

promotes anterograde transport of TrkB in the putative axon, further enhancing 

local BDNF/TrkB signaling (Cheng et al., 2011b). In cultured neurons, BDNF and 

other extracellular signals such as Wnts, the insulin-like growth factor-1 (IGF-1) 

or the transforming growth factor beta (TGF- �), may act in a paracrine mode as 

well (Nakamuta et al., 2011a; Cheng and Poo, 2012). This can induce, for 
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example, activation of the PI3K signaling in neighbouring neurons, suggesting 

that these cues likely work collectively in determining neuronal polarity.  

Furthermore, genetic deletion or chemical inhibition in any single factor is unlikely 

to be significant in neuronal development alone, further supporting the idea that a 

culmination of factors is ultimately responsbile for the end determination of 

neurons (Cheng and Poo, 2012). These results suggest that the break in 

symmetry likely involves a specific amplification signal, one that requires 

contribution from multiple factors. It is noteworthy that local contact of a neurite 

with any of these signals is enough to generate an axon and impair the 

development of this structure in the remaining neurites (Nakamuta et al., 2011a; 

Cheng and Poo, 2012) (Fig 3B). 

 In addition to secreted molecules, cultured neurons are influenced by the 

extracellular matrix and cell adhesion molecules, which induce mechanical action 

from the surrounding environment in the neurons.  

Contact of immature neurites with extracellular matrix proteins, such as laminin or 

neuron-glia cell adhesion molecule (NgCAM) (Esch et al., 2000; Barnes and 

Polleux, 2009) promote axonal specification or enhance neurite outgrowth, both 

in vitro and in vivo, suggesting that neurons detect changes in the composition of 

extracellular substrate (Esch et al., 1999; Menager et al., 2004).  

 However, cultured neurons are preferentially incubated on substrate such 

as poly-L or poly-D- lysine, which promote cell adhesion through their ionic 

interactions (Kaech and Banker, 2006) with neurons, allowing for similar actions 

of an in vivo environment, such as sensing, transduction, and cellular and 

molecular responses. Therefore, the extracellular information is translated into 
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biological responses that produce intracellular signals, such as the second 

messenger cascade, leading to changes in protein synthesis, gene expression, 

or cytoskeleton dynamics; thereby regulating the establishment of neuronal 

polarity. 

Intracellular signaling of neuronal polarization 

 The establishment of a polarized morphology requires two active and 

complementary phenomena: a positive feedback that permits the selective 

elongation of a single neurite that will later develop as the axon, and a negative 

signal that prevents the growth of the remaining neurites. This has been 

proposed as the principle of self-organization in neurons (Turing, 1990; Cheng 

and Poo, 2012). This principle predicts that a cell can initiate internal molecular 

changes that trigger the appearance of polarity by using a combination of an 

enhanced local-activator that acts through positive feedback inside the cell, and a 

global long-range-inhibitor (Arimura and Kaibuchi, 2007; Hutchins, 2010; 

Toriyama et al., 2010; Cheng and Poo, 2012) (Fig 3A). Moreover this signal 

should involve at least four main steps to induce neurite outgrowth or axon 

specification; First, it may modify the amount of plasma membrane recruited by 

vesicle fusion. Second, it may alter the local concentration and activation of 

signalling molecules. Third, it should trigger an increase of actin dynamics and 

microtubule polimerization, (Andersen and Bi, 2000; Arimura and Kaibuchi, 

2007). And forth, there may be an opposite reaction induced by a global inhibitor, 

which precludes the growth of other minor neurites (Naoki et al., 2011) (Fig 3A). 

 The fact that neurons can spontaneously polarize in the absence of an 

asymmetric signal suggests that there exists an intrinsic principle of self-
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organization, which is central to the establishment of neuronal polarity. In 

addition, it may reflect preservation of an asymmetry determinant, which is 

conserved after tissue dissociation to promote axon regrowth in plated cells 

(Menchon et al., 2011; Pollarolo et al., 2011; Caceres et al., 2012). 

Amongst the several intracellular signaling cascades involved in the generation of 

neuronal assimetry, the PI3K-Akt-GSK3� axis is a key player in promoting 

neuronal polarity. 

 Phosphatidylinositol-3 kinase (PI3K) regulates multiple biological 

functions, including gene expression, survival, establishment of cell polarity, and 

axonal specification (Shi et al., 2003; Manning and Cantley, 2007; Barnes and 

Polleux, 2009). PI3K is activated by upstream regulator proteins, such as Ras 

(Huang and Reichardt, 2003; Yoshimura et al., 2006a; Yoshimura et al., 2006b), 

or the insulin receptor, substrate-1 (IRS-1) (Yamada et al., 1997) in response to 

neurotrophic factors such as BDNF or NT3. Active PI3K triggers phosphorylation 

of phosphatidylinositol 4,5- bisphosphate (PIP2), producing phospholipid 

phosphatidylinositol-(3,4,5)-trisphosphate (PIP3) and inositol 1,4,5-trisphosphate 

(InsP3). Next, PIP3 is concentrated in the plasma membrane of the tip of the 

axon during Stage 3, promoting neurite outgrowth and axon specification 

(Menager et al., 2004). PIP3 activates the phosphoinositide-dependent kinase 

(PDK), which phosphorylates and activates Akt [also known as protein kinase B 

(PKB)] (Burgering and Coffer, 1995; Downes et al., 1997). Consequently, 

activated Akt phosphorylates and inactivates the glycogen synthase kinase-3b 

(GSK-3b). Inactivation of GSK-3b promotes dephosphorylation and activation of 

the microtubule assembly–promoting proteins, such as collapsin response 
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mediator protein-2 (CRMP-2) and Tau (Kim et al., 2006), enhancing axon 

specification.  On the other hand, the deletion of the phosphatase and tensin 

homologue (PTEN) antagonize PI3K signaling by decreasing PIP3 levels at the 

tip of the neurites, thus disrupting development of polarity (Shi et al., 2003). PIP3 

promotes interaction with proteins containing pleckstrin homology (PH) domains 

with a high affinity (Hyvonen et al., 1995), favoring the recruitment of such 

proteins to the plasma membrane. Interestingly, both the expression of 

constitutively active forms of PI3K or Akt induces the formation of multiple axons 

in cultured hippocampal neurons (Yoshimura et al., 2006a; Yoshimura et al., 

2006b) (Fig 3B). 

 In addition to the PI3K-Akt- GSK-3b axis, there are many other signaling 

proteins that are important in promoting axon specification and elongation. In this 

context, the small GTPases have key roles. This family of proteins cycle between 

an active GTP-bound and an inactive GDP-bound state (Nobes and Hall, 1995), 

and its activity is mainly controlled by guanine nucleotide exchange factors 

(GEFs), GTPase-activating proteins (GAPs), and guanine nucleotide exchange 

inhibitors (GDIs) (Gonzalez-Billault et al., 2012).  

 The most studied small GTPases are the family of Rho GTPases and their 

effectors, which are involved in functions such as cytoskeletal and membrane 

dynamics, gene transcription, cell polarity, and cell cycle progression. More than 

20 members have been identified, with RhoA (ras homolog gene family, member 

A), Cdc42 (cell division cycle 42) and Rac1 (ras-related C3 botulinum toxin 

substrate 1) being the most characterized members. Activation of Rac1 and 

Cdc42 induces neurite elongation, whereas activation of RhoA is associated with 
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inhibiting the formation of neurites (Sebok et al., 1999; Gonzalez-Billault et al., 

2012). Rac1 and Cdc42 induce extensive protrusive activities that include the 

formation of lamellipodia and filopodia, respectively (Ridley et al., 1992; Nobes 

and Hall, 1995), while RhoA regulates stress fiber formation and cell contraction 

(Ridley et al., 1992; Nobes and Hall, 1995). More recent studies have revealed 

that small Rho GTPases, in association with factors that control their expression, 

activity, lifespan, or subcellular localization, act as ‘‘spatiotemporal signaling 

modules,’’ (Pertz, 2010) modifying microtubule organization, dynamics, plus-end 

capture, and cross talk with actin-based structures, such as growth cone actin 

ribs and the subcortical cytoskeleton (Paglini et al., 1998; Li and Gundersen, 

2008; Lowery and Van Vactor, 2009). Although it has been proposed that there 

are mutually exclusive and opposite roles for Rho and Rac/Cdc42 family 

members, this vision has started to change with the development of biosensors 

to monitor spatio/temporal changes in GTPase activity (Gonzalez-Billault et al., 

2012) (Fig 3B). 

 Aside from the Rho GTPases, there is another family of GTPases involved 

in neuronal polarity. The Ras proteins (H-Ras, K-Ras, N-Ras and R-Ras), which 

are small GTPases that regulate cell growth and differentiation (Hancock, 2003), 

are also reported to be activators of PI3K (Yoshimura et al., 2006b; Oinuma et 

al., 2007) during neuronal polarization. Active Ras interacts with several effector 

proteins; the best characterized are PI3K and Raf (Vojtek et al., 1993). 

Overexpression of wild-type Ras induced multiple axons in cultured hippo- 

campal neurons, whereas ectopically expressed dominant-negative Ras inhibited 
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axon formation (Yoshimura et al., 2006a; Yoshimura et al., 2006b; Oinuma et al., 

2007) (Fig 3B).  

 A member of the Ras subfamily of GTPases, Ras-related protein 1B 

(Rap1B) in hippocampal neurons localize to a single neurite during development, 

promoting the specification of the future axon. Rap1B is initially present in all 

neurites of unpolarized neurons, but becomes accumulated to a single neurite 

during neuronal polarization (Schwamborn and Puschel, 2004). Interestingly, 

Rap1B function depends on PIP3 and seems to act upstream of Cdc42 and the 

Par complex, presumably via activating a Cdc42-GEF (Schwamborn et al., 2007). 

At present, the identity of the GEF protein involved in Rap1B activation remains 

elusive (Fig 3B). 

 The tripartite complex, Par6/Par3/aPKC, which is conserved by many 

species, from worms to vertebrates, is essential for the determination of axons. 

The complex is formed by two scaffold proteins, Par6 and Par3, which interact 

with several proteins involved in cell polarization, such as atypical forms of 

protein kinase C (aPKC: PKC� and �) (Lin et al., 2000; Qiu et al., 2000; 

Etienne-Manneville and Hall, 2001); the kinesin motor protein KIF3A (Nishimura 

et al., 2004); the guanine exchange factor Tiam1 (Chen and Macara, 2005; 

Nishimura et al., 2005); the lipid and protein phosphatase PTEN (von Stein et al., 

2005); the tumor suppressor lethal giant larvae (lgl) (Plant et al., 2003); the 

ubiquitin ligases Smurf1 (Ozdamar et al., 2005a; Cheng et al., 2011a) and 

Smurf2 (Schwamborn et al., 2007); the transforming growth factor receptor 1 

(TGF� R1) (Ozdamar et al., 2005a); and the active version of Cdc42 

(Schwamborn and Puschel, 2004; Warner et al., 2010). Each of these proteins 
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has been implicated in controlling neuronal and cell polarity as being part of the 

Par3/Par6 complex (Fig 3B). 

 Several studies show that in hippocampal neurons, Par proteins and 

aPKC are concentrated at the nascent tip of the extending axon in Stage 3. 

Moreover, inhibition of aPKC activity prevents axon formation (Shi et al., 2003) 

whereas phosphorylated (active) aPKC decorates the tips of growing axons 

(Schwamborn and Puschel, 2004). Furthermore, the Par complex is regulated 

downstream of PI3K, since inhibitors of PI3K prevent polarization and cause 

mislocalization of Par3 and Par6. This indicates that the correct localization and 

activity of the Par complex is necessary for a normal polarization (Shi et al., 

2003).   

The second messenger cAMP and its role in neuronal polarity 

 Cyclic adenosine monophosphate (cAMP) is a second messenger that is 

produced by activation of membrane-bound or soluble adenylyl ciclases (ACs). 

Its production is generally initiated upon the binding of extracellular ligands to Gs 

protein-coupled receptors (Simonds, 1999; Beavo and Brunton, 2002) (Fig 4). 

cAMP regulates fundamental physiological processes, including metabolism, 

secretion, calcium homeostasis, muscle contraction, cell fate, gene transcription, 

development in posmitotic neurons, and neuronal regeneration (Schmidt et al., 

2013) (Fig 4). Shelly et all (2010) showed that local changes in cAMP signaling 

promotes axonal growth concomitantly with a long distance decrease in cAMP 

concentration on minor neurites (Fig. 5) (Hutchins, 2010). A mechanism involving 

cAMP-dependent regulation had been proposed in hippocampal neurons. 

Elevated local levels of cAMP can activate PKA, which can modify two different 
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and complementary molecular events. PKA-dependent phosphorylation stabilizes 

and allows the accumulation of LKB1, an early event involved in axonal 

differentiation (Shelly and Poo, 2011). Moreover, PKA-dependent 

phosphorylation of Smurf1 directs the selective degradation of Par6 or RhoA in 

neurons (Cheng et al., 2011a).  

 During neuronal differentiation, neurons must extend their axons to distant 

regions inside nervous system, in a very well controlled, topographic manner.  

cAMP-PKA signaling is very important since it is involved in axonal guidance and 

neuronal migration processes during nervous system development (Murray and 

Shewan, 2008; Murray et al., 2009). Most of the actions triggered by changes in 

the concentration of cAMP inside cells had been historically linked to changes in 

the activity of PKA, its main effector protein. However, this notion began to 

change with the discovery of a family of novel cAMP effector proteins, exchange 

proteins directly activated by cAMP (EPAC) (de Rooij et al., 1998). The EPAC 

protein family is comprised of EPAC1 (cAMP-GEF-I) and EPAC2 (cAMP-GEF-II), 

which are guanine nucleotide exchange factors for the monomeric G proteins, 

Rap1 and Rap2 (de Rooij et al., 1998; Kawasaki et al., 1998a; Kawasaki et al., 

1998c). These proteins have a cAMP-affinity similar to the PKA holoenzyme, 

suggesting that both effectors may respond to similarly to physiological 

concentrations of this second messenger (Dao et al., 2006).  

 EPAC and PKA may not be the only effector molecules acting downstream 

of cAMP signaling. A member of the A-kinase anchoring protein (AKAP) family 

expressed in the brain, namely AKAP150, may be important in the fine-tuning of 

the local concentration of cAMP in neurons (Moita et al., 2002). AKAP150 levels 
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are also regulated during the development of the nervous system, being lower 

during embryogenesis, but increasing simultaneously with dendritic spine 

formation and maturation (Robertson et al., 2009). Interestingly, AKAP150 may 

provide a platform to integrate cAMP signaling with other signaling cascades, 

such as the PKB/Akt signaling (Nijholt et al., 2008) (Fig 4). 

 In addition, cAMP microdomains inside the cell are facilitated by local 

phosphodiesterase (PDE) pools, this cAMP-specific PDEs (PDE4, PDE7, and 

PDE8) regulate cAMP and limite its diffusion into the cell by degradation (Xu et 

al., 2011). The PDEs, together with the scaffold protein AKAP, modify the cAMP 

signalling in time and space, localizing and facilitating crosstalks between its 

effectors (Fig 4).  

EPAC: a new mediator of cAMP-signaling dependent. 

 The discovery of EPAC1 and EPAC2 has profoundly altered the prevailing 

idea on cAMP signaling, which had historically been associated only with PKA. 

The analysis of molecular mechanisms related to EPAC signaling, has shown 

that the EPAC family regulates many physiological processes (Grandoch et al., 

2010b; Schmidt et al., 2013), such as apoptosis, cell adhesion, control of insulin 

secretion (Schmidt et al., 2013), neurotransmitter release (Gekel and Neher, 

2008; Ster et al., 2009), axonal guidance (Murray et al., 2009) and growth of 

neurites in dorsal ganglion neurons (Murray and Shewan, 2008). EPAC1 and 

EPAC2 are proteins containing multiple domains, which account for an N-

terminal regulatory region and a C-terminal catalytic region. The regulatory 

domain presents in the cAMP-binding site, which autoinhibits its catalytic activity 

in absence of cAMP (Bos, 2003, 2006) (Fig 6A, B). The catalytic region is 
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conserved between both EPAC isoforms and contains the GEF activity that 

specifically activates Rap1 (Fig 6A). Nevertheless, EPAC2 contains a second 

cAMP-binding domain (domain A) in its amino terminal area (Bos, 2003, 2006). 

EPAC1 and EPAC2 proteins contain a Dishevelled/Egl-10/Pleckstrin (DEP) 

domain, which would explain the binding of EPAC to the plasma membrane, and 

a Ras exchanger motif (REM) that stabilizes the CDC25 domain acting as an 

intramolecular bridge between the catalytic and regulatory region (Bos, 2003, 

2006) (Fig 6B). In addition, EPAC has a Ras association domain (RA), which is 

present in several proteins and interacts with active Ras (Fig 6B). 

  Although both EPAC1 and 2 present a RA domain, to date, only EPAC2 

shows association with Ras, which results in a different subcellular location of 

EPAC2 (de Rooij et al., 2000; Bos, 2003) (Fig 6B). EPAC1 and EPAC2 exhibit a 

distinct expression pattern in mature and developing tissues (Schmidt et al., 

2013). EPAC1 is expressed ubiquitously (thyroid, kidney, ovary, skeletal muscle 

and specific brain regions such as the septum and thalamus) (Kawasaki et al., 

1998a; Kawasaki et al., 1998c; Bos, 2003, 2006) and to a greater extent, in 

embryos (Murray and Shewan, 2008). Meanwhile; EPAC2 is expressed 

predominantly in the adult nervous system, mainly in the brain cortex, 

hippocampus (specially CA3 and dentate gyrus), habenula, and cerebellum, as 

well in the adrenal gland (Kawasaki et al., 1998a; Kawasaki et al., 1998c; Gekel 

and Neher, 2008; Murray and Shewan, 2008; Niimura et al., 2009; Ster et al., 

2009). However spatial and temporal differences in the expression of EPAC1 and 

2 suggest functional redundancy between these two proteins (Murray and 

Shewan, 2008; Schmidt et al., 2013).  
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  Since changes in the concentration of cAMP will ultimately modify the 

functions of PKA and EPAC proteins, many efforts had been made to generate 

pharmacological tools to discriminate and specifically target PKA or EPAC 

functions. These tools have been based on cell-permeable cAMP analogues, 

such as N6-benzyladenosine-3', 5’-cyclic monophosphate (6-Bnz-cAMP, 6-Bnz) 

for PKA or 8-(4-chlorophenylthio)-2'-O-methyl-cAMP (8-pCPT-2'-O-Me-cAMP, 8-

pCPT) (Fig 7B), for EPAC (Holz et al., 2008). Similarly, structural analogues of 

cAMP, such as Rp-8-CPT-cAMPS and PKI-(Myr-14-22)-amide (PKI) were 

designed to act as antagonists for PKA. Rp-8-CPT-cAMP inhibits the dissociation 

of PKA regulatory subunits upon binding to cAMP. In contrast, PKI-(Myr-14-22)-

amide (PKI) binds to the free catalytic subunit of PKA, preventing 

phosphorylation of PKA substrates (Dalton and Dewey, 2006). EPAC specific 

antagonists have just recently been developed (Tsalkova et al., 2012a; Tsalkova 

et al., 2012b; Chen et al., 2013). ESI-05 is a specific inhibitor for EPAC2 while 

ESI-09 can inhibit both EPAC1 and EPAC2 (Tsalkova et al., 2012a; Tsalkova et 

al., 2012b; Almahariq et al., 2013) (Fig 7C, D).  

EPAC as mediator of neuronal polarity 

 Whether or not EPAC1 or EPAC2 has a role in the regulation of axon 

specification, the underlying molecular mechanisms should be dependent on 

their molecular target, Rap1, particularly Rap1B (Rehmann et al., 2008), since 

the localization of the active Rap1B at the distal end of a single neurite is a 

crucial step in determining which neurite becomes an axon. It was previously 

shown that the ubiquitin ligase Smurf2 mediates Rap1B degradation in its 

inactive GDP-form but activation of Rap1B at the tip of nascent axon would 
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protect it against proteasomal degradation (Schwamborn et al., 2007). This 

evidence suggests that a necessary initial event would be the local activation of a 

Rap1B-GEF in the distal end of the neurite that will ultimately become the axon. 

EPAC proteins may serve this function.  

 Accordingly, Murray et al. (2009) evaluated the role of PKA and EPAC in 

growth cone responses (attraction and/or repulsion) mediated by axonal 

guidance signals (e.g Netrin-1 and MAG) and suggested that the response of 

attraction and repulsion are conducted by the differential activation of PKA or 

EPAC. One likely mechanism would involve differential activity for these proteins 

in events where cAMP levels are oscillating (Murray et al., 2009). 

 One of the earliest events contributing to axon specification is the 

localization and local activation of PI3K, which triggers accumulation of PIP3 at 

the membrane, leading to Akt kinase plasma membrane recruitment. Akt 

activation in the axon, in turn, induces inactivation of GSK3, providing a 

differential activity of GSK3 in axons and dendrites (Tahirovic and Bradke, 2009). 

A possible molecular link between PI3K and cAMP signaling is associated with 

differential effects on PKA and EPAC activation of Akt, since it has been shown 

that PKA and EPAC can modulate phosphorylation of Akt Ser-473. This occurs 

with opposite effects on the levels of phosphorylation in this residue, through 

mechanisms that are still unclear (Nijholt et al., 2008).  

 Molecular changes involved in neuronal polarization will ultimately modify 

cytoskeleton dynamics to provide the structural frame needed to support proper 

establishment of neuronal polarity. For instance, EPAC1 may interact with 

microtubule-associated proteins, particularly, the light chain (LC2) of MAP1A and 
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light chain (LC1) of MAP1B. LC1 interactions can increase the association 

between EPAC1 and cAMP and thus, the ability to activate Rap1 (Gupta and 

Yarwood, 2005; Borland et al., 2006). A similar interaction between LC1 and PKA 

has not been demonstrated. Moreover, the interaction between EPAC and 

MAP1B is interesting, as it has been demonstrated that MAP1B has a crucial role 

in the formation of the axon (Gonzalez-Billault et al., 2001; Gonzalez-Billault et 

al., 2005; Riederer, 2007). Furthermore, MAP1B interacts with Tiam1, a GEF for 

Rac1, contributing to axonal elongation (Montenegro-Venegas et al., 2010; 

Henriquez et al., 2012). Interestingly, EPAC1 activates Rac through the 

interaction between Rap1 and Rac GEFs, STEF, in CHO and Cos-1 cells and 

Tiam1 in pulmonary endothelial cells (HPAEC) (Maillet et al., 2003; Zaldua et al., 

2007; Birukova et al., 2008). These antecedents suggest that a molecular 

interaction between MAP1B and EPAC would contribute to efficiently activating 

Rap1B. 

 In addition, EPAC has been studied in cell differentiation, using the 

neuroblastoma and neuro-endocrine cell lines, which are cellular Paradigms for 

neuronal differentiation. For instance, PC12 cells are robustly differentiated after 

EPAC activation by EPAC-selective agonist 8-pCPT, leading to a high and 

sustained activation of ERK1/2 (Kiermayer et al., 2005). In addition, EPAC1 is 

involved in SH-SY5Y (Birkeland et al., 2009) and PC6 cell differentiation, 

triggered by neurotrophic actions of the pituitary adenylate cyclase-activating 

polypeptide (PACAP) signaling. PACAP-dependent mechanism involves 

activation of ERK, p38 MAP kinase, and Rit signaling pathways (Shi et al., 2006; 

Monaghan et al., 2008). 
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 With all these antecedents, the aim of this work is to explore the role of 

EPAC proteins as a key player downstream of cAMP signaling during neuronal 

polarization.  
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Figure legends 

Figure 1:  In vivo polarization of cortical neurons; A) Establishment of 

mammalian neurons in vivo from E11-E18: axon-dendrite polarity of pyramidal 

neurons (blue cell) is derived from the polarized emergence of the trailing (TP) 

and leading processes (LP). B) At postnatal stages (P1-P21), pyramidal neurons 

acquire mature features such as the axon initial segment  (AIS, yellow cartridge) 

and dendritic spines (gray protrusions) which are key for synaptic function. 

Ventricular zone (VZ), subventricular zone (SVZ), intermediate zone (IZ), 

marginal zone (MZ), cortical plate (CP), White matter (WM). Numbers in B 

represent cortical layers, WM  (Modified from (Barnes and Polleux, 2009)) 

Figure 2: Neuronal polarization in cultured hippocampal neurons: (A) 

Hippocampal neurons change from round cells bearing lamellipodia (Stage 1) 

into multipolar cells (Stage 2). One neurite extends rapidly to become the axon 

(Stage 3). The remaining shorter neurites will become dendrites (Stage 4). This is 

followed by formation of dendritic spines, synapses, and functional maturation 

and [polarization (Stage 5). (B) Phase contrast images of hippocampal neurons 

in culture during stages of development; 1, 2, 3, 4 and 5. Scale bar in stages 1- 4, 

25 µm. (Modified from (Polleux and Snider, 2010) and (Kaech and Banker, 2006) 

Figure 3: A tentative model of the principle of self-organization and the 

coordination of extracellular and intracellular signaling in axon formation. 

(A) Local amplification mechanisms for axon formation have random fluctuations 

within cytoplasmic axon determinants and growth-promoting activities. In Stage 

2, the initial fluctuation of a local activator (Positives regulation) in one of the 

neurites could be stabilized and amplified by a local autocatalytic process that 
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generates the activator as well as by a long-range diffusible inhibitor (Negative 

regulation) that amplifies the local asymmetry, when this balance is upset (In 

Stage 3) by extracellular signals, auto-activation of receptors or adhesion 

molecules and by the recruitment of signaling molecules lead to spontaneous 

axon formation. (B) Overview of selected signaling pathways that may initiate 

neuronal polarization and axon specification. (Adapted from (Arimura and 

Kaibuchi, 2007; Cheng and Poo, 2012; Lalli, 2012). 

Figure 4: Global cAMP signaling and its biological response:  

Generation of the second messenger cyclic AMP (cAMP) is initiated upon 

stimulation of G protein-coupled receptors through binding of appropriate ligands 

and subsequent activation of membrane-bound AC family members. Next to G 

protein-coupled receptors and ACs, cAMP-specific PDEs shape the cAMP 

gradient throughout the cell to maintain the spatiotemporal nature of cAMP 

signaling. EPAC may, act either alone or in concert with PKA regulating diverse 

biologic responses through Rap GTPases or other effectors. In addition, A-

Kinase anchoring proteins (AKAPs) are signal-organizing molecules providing a 

molecular framework that orients kinase such as PKC and PKA towards selected 

substrates. Finally, cAMP-PKA signaling may amplify the biological response 

through a crosstalk with calcium signaling through the inositol 1,4,5-trisphosphate 

receptor (IP3R), releasing calcium from intracellular stores.  
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Figure 5: cAMP signals promote axonal growth.  

(A) Postmigratory neuron with several undifferentiated neurites. One of these 

stochastically exhibits higher cAMP concentrations (at the top). (B) The neurite 

with high cAMP concentrations reinforces its own cAMP signaling through 

positive feedback and reduces cAMP concentrations in the other neurites. This 

higher cAMP concentration stimulates growth of the top neurite (which becomes 

the axon) leading a reduction in the other neurites (Adapted from (Hutchins, 

2010). 

Figura 6: EPAC Overview 

The hypothetical model predicts equilibrium between active and inactive states of 

EPAC, both in the cAMP-bound state and nonbound state. Depicted in the model 

is the cAMP-B domain of EPAC1. (B) Multidomain structure of EPAC. Interaction 

Partners that determine both intracellular localization and activity of EPAC1 and 

EPAC2 are indicated such as small GTPase Ran and Ras. cAMP-A, low-affinity 

cAMP-binding site; PA, phosphatidic acid; RA, Ras association domain; REM, 

Ras exchange motif; ERM, (Ezrin, Radixin, Moesin); RANBP2, RAN-binding 

protein-2. (Adapted from (Schmidt et al., 2013)) 

Figure 7: EPAC-selective agonist and antagonist. 

(A) Structure of the cAMP. (B) Structure of the superagonist 8-pCPT-2�-O-Me-

cAMP for EPAC1 and EPAC2, which is cleaved into the active form by the action 

of esterases. (C) Structure of the selective antagonist for EPAC1 and EPAC2 

which displays an at least 100-fold selectivity for EPAC proteins comPared to 

PKA type II and I in in vitro assays. (D) Structure of EPAC2 antagonist, which 

displays an at least 100-fold selectivity for EPAC2 over EPAC1 and PKA type II 
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and I in in vitro assays. (Adapted from (Bos, 2003; Tsalkova et al., 2012b; 

Almahariq et al., 2013; Schmidt et al., 2013)  
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Figure 3 

 

 

 

 

 

 

 

 

 

 



Chapter 1   
	

	 30	

Figure 4 
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Figure 5 
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Figure 6 
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Figure 7 
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Scope of the thesis  

 The establishment of a polarized morphology and functional specialization 

of different cellular comPartments are essential for the differentiation of neurons. 

The second messenger cyclic adenosine monophosphate (cAMP) plays a central 

role in neuronal differentiation. EPAC is a cAMP effector, which suggests a 

possible role during neuronal polarization. In this thesis, we aim to study the 

specific role of EPAC and its mechanism downstream during neuronal polarity in 

hippocampal neurons.  

 In chapter 2, we present a review that focuses on the regulation of 

microtubule and actin cytoskeleton during neuronal morphogenesis by small 

GTPases, in Particular the small RhoGTPase family members, which have 

emerged as crucial regulators of cytoskeletal dynamics. In this review, we will 

comprehensively analyse findings that support the Participation of RhoA, Rac, 

Cdc42, and TC10 in different neuronal morphogenetic events.  

 In chapter 3, we focus on EPAC and the polarity complex 

(Par3/Par6/aPKC). First, we determined the expression and subcellular 

localization of both EPAC in culture of neuronal cells from mouse hippocampal 

tissue. Second, we measured the expression and subcellular distribution of the 

proteins that are involved in regulation of the polarity complex and the signalling 

upstream and downstream Rap1B. Third, we measured the effect on neuronal 

polarity with pharmacological treatments and investigated the role of EPAC, PKA, 

PI3K, and atypical PKC (a member of the polarity complex). Furthermore, we 

performed genetic modifications with a Par6 construct to relationship with the 

EPAC-Rap1B pathway. The last step was to conduct experiments in live cell 
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imaging, to analyse the dynamics of actin and the subcellular activation of the 

effector of EPAC, Rap1B. 

 In chapter 4, we discuss how both isoforms of EPAC (EPAC1 and 

EPAC2) are differentially expressed during the development of axons in primary 

neuronal cell culture from rats and mice. Furthermore, neurons expressing a 

constitutively active EPAC1 or treated with the EPAC-specific agonist, 8-pCPT 

were characterized by the presence of supernumerary axons and 8-pCPT 

treated-neurons show positive stain for mature axonal markers, which are 

required for the identity of the axon initial segment and trafficking of synaptic 

proteins along the axon. Moreover, the knockdown and knockout of EPAC1 

induced a reduction in neuronal polarization. We also oberved that the axonal 

regulation by EPAC during neuronal polarity is related with its effector 

downstream, Rap1B. Finally, we determined that cAMP-EPAC signaling alters 

the neuronal polarity PKA independent, thereby providing alternative and 

complementary mechanism for PKA in the development of the axon. 

 In chapter 5, we describe a possible role of cAMP compartmentalization 

by AKAPs in neuronal processes, such as learning and memory; and the 

physiological events that could involve AKAP in pathological neurodegenerative 

diseases. 

 In chapter 6, we study neuronal differentiation in the N1E-115 

neuroblastoma cell line under cAMP analog treatment such as Dybuturyl-cAMP. 

Our focus was to study some neuronal cytoskeleton associated proteins and the 

cAMP players: EPAC, PKA, and AKAP. We showed that the differentiation of 

N1E115 is higher in the presence of Dibutyryl-cAMP (DB-cAMP). Analysis of the 
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expression of microtubule regulating proteins in the differentiated cells revealed 

that most of the microtubules promoting factors were up regulated during 

neuronal differentiation. Additionally, we found the activation of PKA and EPAC 

synergistically induced neuronal differentiation. Moreover, inhibition of EPAC and 

disruption of the interaction PKA-AKAP reduced the effect induced by DB-cAMP. 

Altogether, these results show that changes during neuronal differentiation 

involve both cAMP players, in particular EPAC and Rap1B. Additionally, these 

two cAMP players likely have a similar role during this process, as was shown in 

neurons. Finally, the neuronal differentiation was accompanied by microtubule 

stabilizing factors, which suggests a connection between cAMP signaling and 

these proteins. 

 In chapter 7,we discuss about the role of EPAC in neuronal polarization 

and the future perspective of this work.  

 

 

 

 

 

 

 

 

 



 General Introduction
    
 

	
	

37	

References: 

Adler CE, Fetter RD, Bargmann CI (2006) UNC-6/Netrin induces neuronal 
asymmetry and defines the site of axon formation. Nat Neurosci 9:511-
518. 

Almahariq M, Tsalkova T, Mei FC, Chen H, Zhou J, Sastry SK, Schwede F, 
Cheng X (2013) A novel EPAC-specific inhibitor suppresses pancreatic 
cancer cell migration and invasion. Mol Pharmacol 83:122-128. 

Andersen SS, Bi GQ (2000) Axon formation: a molecular model for the 
generation of neuronal polarity. BioEssays : news and reviews in 
molecular, cellular and developmental biology 22:172-179. 

Arimura N, Kaibuchi K (2007) Neuronal polarity: from extracellular signals to 
intracellular mechanisms. Nat Rev Neurosci 8:194-205. 

Banker GA, Cowan WM (1977) Rat hippocampal neurons in dispersed cell 
culture. Brain Res 126:397-342. 

Barnes AP, Polleux F (2009) Establishment of axon-dendrite polarity in 
developing neurons. Annu Rev Neurosci 32:347-381. 

Bartlett WP, Banker GA (1984) An electron microscopic study of the development 
of axons and dendrites by hippocampal neurons in culture. II. Synaptic 
relationships. J Neurosci 4:1954-1965. 

Beavo JA, Brunton LL (2002) Cyclic nucleotide research -- still expanding after 
half a century. Nat Rev Mol Cell Biol 3:710-718. 

Berry M, Rogers AW (1965) The migration of neuroblasts in the developing 
cerebral cortex. Journal of anatomy 99:691-709. 

Birkeland E, Nygaard G, Oveland E, Mjaavatten O, Ljones M, Doskeland SO, 
Krakstad C, Selheim F (2009) EPAC-induced Alterations in the Proteome 
of Human SH-SY5Y Neuroblastoma Cells. Journal of Proteomics & 
Bioinformatics 02:244-254. 

Birukova AA, Zagranichnaya T, Alekseeva E, Bokoch GM, Birukov KG (2008) 
EPAC/Rap and PKA are novel mechanisms of ANP-induced Rac-
mediated pulmonary endothelial barrier protection. J Cell Physiol 215:715-
724. 

Borland G, Gupta M, Magiera MM, Rundell CJ, Fuld S, Yarwood SJ (2006) 
Microtubule-associated protein 1B-light chain 1 enhances activation of 
Rap1 by exchange protein activated by cyclic AMP but not intracellular 
targeting. Mol Pharmacol 69:374-384. 

Bos JL (2003) EPAC: a new cAMP target and new avenues in cAMP research. 
Nat Rev Mol Cell Biol 4:733-738. 

Bos JL (2006) EPAC proteins: multi-purpose cAMP targets. Trends Biochem Sci 
31:680-686. 

Bradke F, Dotti CG (2000) Establishment of neuronal polarity: lessons from 
cultured hippocampal neurons. Curr Opin Neurobiol 10:574-581. 

Burgering BM, Coffer PJ (1995) Protein kinase B (c-Akt) in phosphatidylinositol-
3-OH kinase signal transduction. Nature 376:599-602. 

Caceres A, Ye B, Dotti CG (2012) Neuronal polarity: demarcation, growth and 
commitment. Curr Opin Cell Biol 24:547-553. 



Chapter 1   
	

	 38	

Calderon de Anda F, Gartner A, Tsai LH, Dotti CG (2008) Pyramidal neuron 
polarity axis is defined at the bipolar stage. Journal of cell science 
121:178-185. 

Chen H, Tsalkova T, Chepurny OG, Mei FC, Holz GG, Cheng X, Zhou J (2013) 
Identification and characterization of small molecules as potent and 
specific EPAC2 antagonists. J Med Chem 56:952-962. 

Chen X, Macara IG (2005) Par-3 controls tight junction assembly through the Rac 
exchange factor Tiam1. Nature cell biology 7:262-269. 

Cheng PL, Poo MM (2012) Early events in axon/dendrite polarization. Annu Rev 
Neurosci 35:181-201. 

Cheng PL, Lu H, Shelly M, Gao H, Poo MM (2011a) Phosphorylation of E3 ligase 
Smurf1 switches its substrate preference in support of axon development. 
Neuron 69:231-243. 

Cheng PL, Song AH, Wong YH, Wang S, Zhang X, Poo MM (2011b) Self-
amplifying autocrine actions of BDNF in axon development. Proc Natl 
Acad Sci U S A 108:18430-18435. 

Craig AM, Banker G (1994) Neuronal polarity. Annu Rev Neurosci 17:267-310. 
Dalton GD, Dewey WL (2006) Protein kinase inhibitor peptide (PKI): a family of 

endogenous neuropeptides that modulate neuronal cAMP-dependent 
protein kinase function. Neuropeptides 40:23-34. 

Dao KK, Teigen K, Kopperud R, Hodneland E, Schwede F, Christensen AE, 
Martinez A, Doskeland SO (2006) EPAC1 and cAMP-dependent protein 
kinase holoenzyme have similar cAMP affinity, but their cAMP domains 
have distinct structural features and cyclic nucleotide recognition. J Biol 
Chem 281:21500-21511. 

de Rooij J, Rehmann H, van Triest M, Cool RH, Wittinghofer A, Bos JL (2000) 
Mechanism of regulation of the EPAC family of cAMP-dependent 
RapGEFs. J Biol Chem 275:20829-20836. 

de Rooij J, Zwartkruis FJ, Verheijen MH, Cool RH, Nijman SM, Wittinghofer A, 
Bos JL (1998) EPAC is a Rap1 guanine-nucleotide-exchange factor 
directly activated by cyclic AMP. Nature 396:474-477. 

Dent EW, Barnes AM, Tang F, Kalil K (2004) Netrin-1 and semaphorin 3A 
promote or inhibit cortical axon branching, respectively, by reorganization 
of the cytoskeleton. J Neurosci 24:3002-3012. 

Dotti CG, Sullivan CA, Banker GA (1988) The establishment of polarity by 
hippocampal neurons in culture. J Neurosci 8:1454-1468. 

Downes C, Holmes A, Gaffney P, Reese… C (1997) Characterization of a 3-
phosphoinositide-dependent protein kinase which phosphorylates and 
activates protein kinase B< i> �</i>. Current Biology. 

Esch T, Lemmon V, Banker G (1999) Local presentation of substrate molecules 
directs axon specification by cultured hippocampal neurons. J Neurosci 
19:6417-6426. 

Esch T, Lemmon V, Banker G (2000) Differential effects of NgCAM and N-
cadherin on the development of axons and dendrites by cultured 
hippocampal neurons. Journal of neurocytology 29:215-223. 

Etienne-Manneville S, Hall A (2001) Integrin-mediated activation of Cdc42 
controls cell polarity in migrating astrocytes through PKC�. Cell. 



 General Introduction
    
 

	
	

39	

Gekel I, Neher E (2008) Application of an EPAC activator enhances 
neurotransmitter release at excitatory central synapses. J Neurosci 
28:7991-8002. 

Gleeson JG, Walsh CA (2000) Neuronal migration disorders: from genetic 
diseases to developmental mechanisms. Trends in neurosciences 23:352-
359. 

Gonzalez-Billault C, Avila J, Caceres A (2001) Evidence for the role of MAP1B in 
axon formation. Mol Biol Cell 12:2087-2098. 

Gonzalez-Billault C, Munoz-Llancao P, Henriquez DR, Wojnacki J, Conde C, 
Caceres A (2012) The role of small GTPases in neuronal morphogenesis 
and polarity. Cytoskeleton 69:464-485. 

Gonzalez-Billault C, Del Rio JA, Urena JM, Jimenez-Mateos EM, Barallobre MJ, 
Pascual M, Pujadas L, Simo S, Torre AL, Gavin R, Wandosell F, Soriano 
E, Avila J (2005) A role of MAP1B in Reelin-dependent neuronal 
migration. Cerebral cortex 15:1134-1145. 

Grandoch M, Roscioni SS, Schmidt M (2010) The role of EPAC proteins, novel 
cAMP mediators, in the regulation of immune, lung and neuronal function. 
Br J Pharmacol 159:265-284. 

Gupta M, Yarwood SJ (2005) MAP1A light chain 2 interacts with exchange 
protein activated by cyclic AMP 1 (EPAC1) to enhance Rap1 GTPase 
activity and cell adhesion. J Biol Chem 280:8109-8116. 

Hancock JF (2003) Ras proteins: different signals from different locations. Nat 
Rev Mol Cell Biol 4:373-384. 

Henriquez DR, Bodaleo FJ, Montenegro-Venegas C, Gonzalez-Billault C (2012) 
The light chain 1 subunit of the microtubule-associated protein 1B 
(MAP1B) is responsible for Tiam1 binding and Rac1 activation in neuronal 
cells. PLoS One 7:e53123. 

Hilliard MA, Bargmann CI (2006) Wnt signals and frizzled activity orient anterior-
posterior axon outgrowth in C. elegans. Developmental cell 10:379-390. 

Holz GG, Chepurny OG, Schwede F (2008) EPAC-selective cAMP analogs: new 
tools with which to evaluate the signal transduction properties of cAMP-
regulated guanine nucleotide exchange factors. Cell Signal 20:10-20. 

Huang EJ, Reichardt LF (2001) Neurotrophins: roles in neuronal development 
and function. Annu Rev Neurosci 24:677-736. 

Huang EJ, Reichardt LF (2003) Trk receptors: roles in neuronal signal 
transduction. Annual review of biochemistry 72:609-642. 

Hutchins BI (2010) Competitive outgrowth of neural processes arising from long-
distance cAMP signaling. Science signaling 3:jc1. 

Hyvonen M, Macias MJ, Nilges M, Oschkinat H, Saraste M, Wilmanns M (1995) 
Structure of the binding site for inositol phosphates in a PH domain. 
EMBO J 14:4676-4685. 

Johnstone M, Goold RG, Bei D, Fischer I, Gordon-Weeks PR (1997) Localisation 
of microtubule-associated protein 1B phosphorylation sites recognised by 
monoclonal antibody SMI-31. Journal of neurochemistry 69:1417-1424. 

Kaech S, Banker G (2006) Culturing hippocampal neurons. Nat Protoc 1:2406-
2415. 



Chapter 1   
	

	 40	

Kawasaki H, Springett G, Mochizuki N, Toki S, Nakaya M, Matsuda M, Housman 
D, Graybiel A (1998a) A family of cAMP-binding proteins that directly 
activate Rap1. Science (New York, NY) 282:2275-2279. 

Kawasaki H, Springett GM, Toki S, Canales JJ, Harlan P, Blumenstiel JP, Chen 
EJ, Bany IA, Mochizuki N, Ashbacher A, Matsuda M, Housman DE, 
Graybiel AM (1998b) A Rap guanine nucleotide exchange factor enriched 
highly in the basal ganglia. Proc Natl Acad Sci U S A 95:13278-13283. 

Kiermayer S, Biondi RM, Imig J, Plotz G, Haupenthal J, Zeuzem S, Piiper A 
(2005) EPAC activation converts cAMP from a proliferative into a 
differentiation signal in PC12 cells. Mol Biol Cell 16:5639-5648. 

Killeen MT, Sybingco SS (2008) Netrin, Slit and Wnt receptors allow axons to 
choose the axis of migration. Developmental biology 323:143-151. 

Kim WY, Zhou FQ, Zhou J, Yokota Y, Wang YM, Yoshimura T, Kaibuchi K, 
Woodgett JR, Anton ES, Snider WD (2006) Essential roles for GSK-3s 
and GSK-3-primed substrates in neurotrophin-induced and hippocampal 
axon growth. Neuron 52:981-996. 

Koestler SA, Auinger S, Vinzenz M, Rottner K, Small JV (2008) Differentially 
oriented populations of actin filaments generated in lamellipodia 
collaborate in pushing and pausing at the cell front. Nature cell biology 
10:306-313. 

Kole MH, Stuart GJ (2012) Signal processing in the axon initial segment. Neuron 
73:235-247. 

Kosik K, Finch E (1987) MAP2 and tau segregate into dendritic and axonal 
domains after the elaboration of morphologically distinct neurites: an 
immunocytochemical study of cultured rat cerebrum. The Journal of 
neuroscience : the official journal of the Society for Neuroscience 7:3142-
3153. 

Lalli G (2012) Crucial polarity regulators in axon specification. Essays Biochem 
53:55-68. 

Lewis TL, Jr., Courchet J, Polleux F (2013) Cell biology in neuroscience: Cellular 
and molecular mechanisms underlying axon formation, growth, and 
branching. J Cell Biol 202:837-848. 

Li R, Gundersen GG (2008) Beyond polymer polarity: how the cytoskeleton 
builds a polarized cell. Nat Rev Mol Cell Biol 9:860-873. 

Lin D, Edwards AS, Fawcett JP, Mbamalu G, Scott JD, Pawson T (2000) A 
mammalian PAR-3-PAR-6 complex implicated in Cdc42/Rac1 and aPKC 
signalling and cell polarity. Nature cell biology 2:540-547. 

Lowery LA, Van Vactor D (2009) The trip of the tip: understanding the growth 
cone machinery. Nat Rev Mol Cell Biol 10:332-343. 

Maillet M, Robert SJ, Cacquevel M, Gastineau M, Vivien D, Bertoglio J, Zugaza 
JL, Fischmeister R, Lezoualc'h F (2003) Crosstalk between Rap1 and Rac 
regulates secretion of sAPPalpha. Nature cell biology 5:633-639. 

Mandell JW, Banker GA (1996) A spatial gradient of tau protein phosphorylation 
in nascent axons. J Neurosci 16:5727-5740. 

Manning BD, Cantley LC (2007) AKT/PKB signaling: navigating downstream. Cell 
129:1261-1274. 

Mattila PK, Lappalainen P (2008) Filopodia: molecular architecture and cellular 
functions. Nat Rev Mol Cell Biol 9:446-454. 



 General Introduction
    
 

	
	

41	

McDermott KW, Barry DS, McMahon SS (2005) Role of radial glia in cytogenesis, 
patterning and boundary formation in the developing spinal cord. Journal 
of anatomy 207:241-250. 

Menager C, Arimura N, Fukata Y, Kaibuchi K (2004) PIP3 is involved in neuronal 
polarization and axon formation. Journal of neurochemistry 89:109-118. 

Menchon SA, Gartner A, Roman P, Dotti CG (2011) Neuronal (bi)polarity as a 
self-organized process enhanced by growing membrane. PLoS One 
6:e24190. 

Moita MA, Lamprecht R, Nader K, LeDoux JE (2002) A-kinase anchoring proteins 
in amygdala are involved in auditory fear memory. Nat Neurosci 5:837-
838. 

Monaghan TK, Mackenzie CJ, Plevin R, Lutz EM (2008) PACAP-38 induces 
neuronal differentiation of human SH-SY5Y neuroblastoma cells via 
cAMP-mediated activation of ERK and p38 MAP kinases. Journal of 
neurochemistry 104:74-88. 

Montenegro-Venegas C, Tortosa E, Rosso S, Peretti D, Bollati F, Bisbal M, 
Jausoro I, Avila J, Caceres A, Gonzalez-Billault C (2010) MAP1B 
regulates axonal development by modulating Rho-GTPase Rac1 activity. 
Mol Biol Cell 21:3518-3528. 

Murray AJ, Shewan DA (2008) EPAC mediates cyclic AMP-dependent axon 
growth, guidance and regeneration. Mol Cell Neurosci 38:578-588. 

Murray AJ, Tucker SJ, Shewan DA (2009) cAMP-dependent axon guidance is 
distinctly regulated by EPAC and protein kinase A. J Neurosci 29:15434-
15444. 

Nakamuta S, Funahashi Y, Namba… T (2011) Local application of neurotrophins 
specifies axons through inositol 1, 4, 5-trisphosphate, calcium, and 
Ca2+/calmodulin-dependent protein kinases. Science …. 

Naoki H, Nakamuta S, Kaibuchi K, Ishii S (2011) Flexible search for single-axon 
morphology during neuronal spontaneous polarization. PLoS One 
6:e19034. 

Niimura M, Miki T, Shibasaki T, Fujimoto W, Iwanaga T, Seino S (2009) Critical 
role of the N-terminal cyclic AMP-binding domain of EPAC2 in its 
subcellular localization and function. J Cell Physiol 219:652-658. 

Nijholt IM, Dolga AM, Ostroveanu A, Luiten PG, Schmidt M, Eisel UL (2008) 
Neuronal AKAP150 coordinates PKA and EPAC-mediated PKB/Akt 
phosphorylation. Cell Signal 20:1715-1724. 

Nishimura T, Kato K, Yamaguchi T, Fukata Y, Ohno S, Kaibuchi K (2004) Role of 
the PAR-3-KIF3 complex in the establishment of neuronal polarity. Nature 
cell biology 6:328-334. 

Nishimura T, Yamaguchi T, Kato K, Yoshizawa M, Nabeshima Y, Ohno S, 
Hoshino M, Kaibuchi K (2005) PAR-6-PAR-3 mediates Cdc42-induced 
Rac activation through the Rac GEFs STEF/Tiam1. Nature cell biology 
7:270-277. 

Nobes CD, Hall A (1995) Rho, rac, and cdc42 GTPases regulate the assembly of 
multimolecular focal complexes associated with actin stress fibers, 
lamellipodia, and filopodia. Cell 81:53-62. 



Chapter 1   
	

	 42	

Oinuma I, Katoh H, Negishi M (2007) R-Ras controls axon specification upstream 
of glycogen synthase kinase-3� through integrin-linked kinase. Journal of 
biological chemistry. 

Ozdamar B, Bose R, Barrios-Rodiles M, Wang… H (2005) Regulation of the 
polarity protein Par6 by TGFß receptors controls epithelial cell plasticity. 
Science. 

Paglini G, Kunda P, Quiroga S, Kosik K, Caceres A (1998) Suppression of radixin 
and moesin alters growth cone morphology, motility, and process 
formation in primary cultured neurons. J Cell Biol 143:443-455. 

Pertz O (2010) Spatio-temporal Rho GTPase signaling - where are we now? 
Journal of cell science 123:1841-1850. 

Plant PJ, Fawcett JP, Lin DC, Holdorf AD, Binns K, Kulkarni S, Pawson T (2003) 
A polarity complex of mPar-6 and atypical PKC binds, phosphorylates and 
regulates mammalian Lgl. Nature cell biology 5:301-308. 

Pollarolo G, Schulz JG, Munck S, Dotti CG (2011) Cytokinesis remnants define 
first neuronal asymmetry in vivo. Nat Neurosci 14:1525-1533. 

Polleux F, Snider W (2010) Initiating and growing an axon. Cold Spring Harbor 
perspectives in biology 2:a001925. 

Prasad BC, Clark SG (2006) Wnt signaling establishes anteroposterior neuronal 
polarity and requires retromer in C. elegans. Development 133:1757-1766. 

Qiu RG, Abo A, Steven Martin G (2000) A human homolog of the C. elegans 
polarity determinant Par-6 links Rac and Cdc42 to PKCzeta signaling and 
cell transformation. Current biology : CB 10:697-707. 

Quinn CC, Wadsworth WG (2008) Axon guidance: asymmetric signaling orients 
polarized outgrowth. Trends in cell biology 18:597-603. 

Rakic P (1972) Mode of cell migration to the superficial layers of fetal monkey 
neocortex. The Journal of comParative neurology 145:61-83. 

Ramón y Cajal S (1914) Estudios sobre la degeneración y regeneración del 
sistema nervioso. Madrid,: Impr. de hijos de N. Moya. 

Ramón y Cajal S (1954) Neuron theory or reticular theory? Objective evidence of 
the anatomical unity of nerve cells. Madrid,: Consejo Superior de 
Investigaciones Científicas, Instituto Ramón y Cajal. 

Rehmann H, Arias-Palomo E, Hadders MA, Schwede F, Llorca O, Bos JL (2008) 
Structure of EPAC2 in complex with a cyclic AMP analogue and RAP1B. 
Nature 455:124-127. 

Ridley AJ, Paterson HF, Johnston CL, Diekmann D, Hall A (1992) The small 
GTP-binding protein rac regulates growth factor-induced membrane 
ruffling. Cell 70:401-410. 

Riederer BM (2007) Microtubule-associated protein 1B, a growth-associated and 
phosphorylated scaffold protein. Brain Res Bull 71:541-558. 

Robertson HR, Gibson ES, Benke TA, Dell'Acqua ML (2009) Regulation of 
postsynaptic structure and function by an A-kinase anchoring protein-
membrane-associated guanylate kinase scaffolding complex. J Neurosci 
29:7929-7943. 

Schmidt M, Dekker FJ, Maarsingh H (2013) Exchange protein directly activated 
by cAMP (EPAC): a multidomain cAMP mediator in the regulation of 
diverse biological functions. Pharmacological reviews 65:670-709. 



 General Introduction
    
 

	
	

43	

Schwamborn JC, Puschel AW (2004) The sequential activity of the GTPases 
Rap1B and Cdc42 determines neuronal polarity. Nat Neurosci 7:923-929. 

Schwamborn JC, Muller M, Becker AH, Puschel AW (2007) Ubiquitination of the 
GTPase Rap1B by the ubiquitin ligase Smurf2 is required for the 
establishment of neuronal polarity. EMBO J 26:1410-1422. 

Sebok A, Nusser N, Debreceni B, Guo Z, Santos MF, Szeberenyi J, Tigyi G 
(1999) Different roles for RhoA during neurite initiation, elongation, and 
regeneration in PC12 cells. Journal of neurochemistry 73:949-960. 

Segal M (1983) Rat hippocampal neurons in culture: responses to electrical and 
chemical stimuli. Journal of neurophysiology 50:1249-1264. 

Shelly M, Poo MM (2011) Role of LKB1-SAD/MARK pathway in neuronal 
polarization. Dev Neurobiol 71:508-527. 

Shelly M, Cancedda L, Heilshorn S, Sumbre G, Poo MM (2007) LKB1/STRAD 
promotes axon initiation during neuronal polarization. Cell 129:565-577. 

Shelly M, Lim BK, Cancedda L, Heilshorn SC, Gao H, Poo MM (2010) Local and 
long-range reciprocal regulation of cAMP and cGMP in axon/dendrite 
formation. Science 327:547-552. 

Shi GX, Rehmann H, Andres DA (2006) A novel cyclic AMP-dependent EPAC-Rit 
signaling pathway contributes to PACAP38-mediated neuronal 
differentiation. Mol Cell Biol 26:9136-9147. 

Shi SH, Jan LY, Jan YN (2003) Hippocampal neuronal polarity specified by 
spatially localized mPar3/mPar6 and PI 3-kinase activity. Cell 112:63-75. 

Simonds WF (1999) G protein regulation of adenylate cyclase. Trends in 
Pharmacological Sciences 20:66-73. 

Ster J, de Bock F, Bertaso F, Abitbol K, Daniel H, Bockaert J, Fagni L (2009) 
EPAC mediates PACAP-dependent long-term depression in the 
hippocampus. J Physiol 587:101-113. 

Tahirovic S, Bradke F (2009) Neuronal polarity. Cold Spring Harbor perspectives 
in biology 1:a001644. 

Toriyama M, Sakumura Y, Shimada T, Ishii S, Inagaki N (2010) A diffusion-based 
neurite length-sensing mechanism involved in neuronal symmetry 
breaking. Molecular systems biology 6:394. 

Tsalkova T, Mei FC, Cheng X (2012a) A fluorescence-based high-throughput 
assay for the discovery of exchange protein directly activated by cyclic 
AMP (EPAC) antagonists. PLoS One 7:e30441. 

Tsalkova T, Mei FC, Li S, Chepurny OG, Leech CA, Liu T, Holz GG, Woods VL, 
Jr., Cheng X (2012b) Isoform-specific antagonists of exchange proteins 
directly activated by cAMP. Proc Natl Acad Sci U S A 109:18613-18618. 

Turing AM (1990) The chemical basis of morphogenesis. 1953. Bulletin of 
mathematical biology 52:153-197; discussion 119-152. 

Vojtek AB, Hollenberg SM, Cooper JA (1993) Mammalian Ras interacts directly 
with the serine/threonine kinase Raf. Cell 74:205-214. 

von Stein W, Ramrath A, Grimm A, Muller-Borg M, Wodarz A (2005) Direct 
association of Bazooka/PAR-3 with the lipid phosphatase PTEN reveals a 
link between the PAR/aPKC complex and phosphoinositide signaling. 
Development 132:1675-1686. 



Chapter 1   
	

	 44	

Warner SJ, Yashiro H, Longmore GD (2010) The Cdc42/Par6/aPKC polarity 
complex regulates apoptosis-induced compensatory proliferation in 
epithelia. Current biology : CB 20:677-686. 

Whitford KL, Marillat V, Stein E, Goodman CS, Tessier-Lavigne M, Chedotal A, 
Ghosh A (2002) Regulation of cortical dendrite development by Slit-Robo 
interactions. Neuron 33:47-61. 

Xu Y, Zhang HT, O'Donnell JM (2011) Phosphodiesterases in the central 
nervous system: implications in mood and cognitive disorders. Handbook 
of experimental pharmacology:447-485. 

Yamada M, Ohnishi H, Sano S, Nakatani A, Ikeuchi T, Hatanaka H (1997) Insulin 
receptor substrate (IRS)-1 and IRS-2 are tyrosine-phosphorylated and 
associated with phosphatidylinositol 3-kinase in response to brain-derived 
neurotrophic factor in cultured cerebral cortical neurons. J Biol Chem 
272:30334-30339. 

Yoshimura T, Arimura N, Kaibuchi K (2006a) Signaling networks in neuronal 
polarization. J Neurosci 26:10626-10630. 

Yoshimura T, Arimura N, Kawano Y, Kawabata S, Wang S, Kaibuchi K (2006b) 
Ras regulates neuronal polarity via the PI3-kinase/Akt/GSK-3beta/CRMP-
2 pathway. Biochemical and biophysical research communications 340:62-
68. 

Zaldua N, Gastineau M, Hoshino M, Lezoualc'h F, Zugaza JL (2007) EPAC 
signaling pathway involves STEF, a guanine nucleotide exchange factor 
for Rac, to regulate APP processing. FEBS Lett 581:5814-5818. 

 
 

 

 


